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SUMMARY

The aim of this study was to investigate the virus-specific cell-mediated immune
responscs, particularly virus-specitic CD4" T cells, elicited [ollowing oronasal

exposure to feline lenkaemia virus (FeLV).

In Chapter 1, the general features of the retroviridae are outlined; current knowledge
on various aspects of FelV, including epidemiology, pathogenesis and clinical
disease is reviewed. General fcaturcs of the immune responscs to retroviridae are
described; in addition, the virus-specific immune response to FeLV, and othcr
retroviridae such as human immunodeficiency virus (HIV), Friend retrovirus
complex (FV) and bovine leukaemia virus (BLV), is illustrated in detail. The
technologies currently available to detect virus-specific CD4™ T cell responses are

desctibed and reviewed. This chapter also outlines the aims of this thesis.

Chapter 2 describes the development and characterisation of monoclonal and
polyclonal antibodies to feline interferon-y (fIFN-y). These novel reagents were
generated as tools to detect virus-specific immunc responses using intracellular
cytokine staining (ICS), and flow cytomeiry. The sensilivity of these novel reagents
in the detection of both recombinant fIFN-y using an enzyme linked immunosorbent
assay (ELISA) and Wesiern blots, and the production of intracellular fIFN-y in

physiologically stimulated cells using flow cytometry, was illustrated.

A longitudinal FeLV immunopathogenesis study was conducted to monitor the
evolution of virus-specific cell-mediated imomune responses, particularly virus-
specific CD4" T cells, following oronasal exposure to FeLV. A group of six specilic
pathogen free (SPF) cats was exposed oronasally to 5 x 10° focus forming units (Ffu)
FelLV-A/Glasgow-1 aged sixteen weeks, in the expectation that approximately fifty
per cent of cats would recover, and fifty per cent would become persistently infected.
Howcver, all six cats became persistently infected, In an atiempt to modify the
outcome of exposure and improve the chances of recovery, a second group of six
SPF cats was exposed to a lower dose of FelV, 5 x 10" ffu FeLV-A/Glasgow-1,
under identical conditions. Five of these cats became persistently infected following
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oronasal exposure to FcLV, and onc cat ostensibly recovered. Although virus was
not detected in the peripheral blood from this cat at any time throughout the study,
proviral DNA was detected in the bone marrow and lymphoid tissues post mortem,
as 4 latent infection. An account of the virological parameters measured in these cats
throughout the study is given in Chapter 3. Sensitive and sophisticated assays, such
as the p27 ELISA, virus isolation (VI), and quanlilalive reverse transcription-
polymerase chain reaction (QRT-PCR), were used to detect antigenaemia, viracmia
and proviral DNA, respectively, in the peripheral blood throughout the study, and in

the lymphoid tissues post mortem.

Disease ountcomes and proviral DNA loads werc correlated with virus-specific CD4"
T cell responses. In Chapter 4, virus-specific cell-mediated immune responses in
these cats were investigaled using two techniques, the lymphocyte proliferation assay
(LPA) and TCS, analysed using flow cytometry. Results obtained in either assay did
not correlate with the proviral DNA load; however, the data generated using ICS
appeared to be more relevant to the outcome of infection. Latently infected cat E12
failed to develop virus-specific proliferative responses in the petipheral blood;
however, the virus-specific upregulation of fIFN-y in CD4" T cells was detected
using ICS. Conversely, persistently infected cats generated significant virus-specific
proliferative responses in the peripheral blood, and transient low [(requencies of
virus-specific CD4" T cell responses were detected using ICS in the critical carly

weeks following exposure.

The bone marrow and lymphoid tissues are important sites of FeLV integration and
replication. In Chapter 5, FeLV expression in the post mortem bone marrow and
peripheral lymph node (PLN) tissues of these cats is described. In addition, the
impact of an active bone marrow infection on haematopoiesis is assessed, using
concurrent cytological and hacmatological analyses of bonc marrow and peripberal
blood, respectively. Persistently infected cats expressed FeLV in the bone marrow
and in PLN tissues; in addition, abnormal haematology and cytology reports were
recorded for cach of these cats. The lalently infected cat did not express FeLV in
either the bone marrow or PLN tissues; furthermore, cytology and haematology
reports were norinal in this cat, In Chapter 6, the resulis of this thesis are brought

together and discussed in the context of current research.
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1.1 Retroviridae

1.1.1 Introduction

Retroviruses comprisc a large family of enveloped RNA viruses, defined by common
morphological and replicative properties. Each family member is equipped with a
reverse transcriptase (RT) enzyme, which derives double-stranded DNA {rom the
genomic dimer RNA. This distinctive feature of rctroviral replication facilitates viral
integration into host chromosomal DNA as provirus. Once integrated, proviral DNA
is replicated along with the host DNA. The dual processes of reverse transcription
and Integration contribute to the proficiency ol retroviruses in establishing lifelong

infections in their hosts (Vogt, 1997a).

Retrovituses are significant causes of cancer and other serious discascs in humans
and animals. Since the discovery of the first disease-causing retrovirus, equine
infectious anaemia virus (EIAV), in 1905 (Vallée and Carré, 1905), investigators
have strived to understand the pathogenesis of retroviral disease, identify the
corrclates of protective immune responses, and develop novel curative and
prophylactic therapies. More recently, workers have sought to manipulate the

rcetrovirus 10 advance other areas of medicine and science.

The pathogenesis of retroviral disease is not completely understood, and its
elucidation remains an important aspect of viral research. Although retroviral
disease can be investigated most effectively in its natural host, experimental animal
models have an important role, particularly in investigating human retroviral disease.
Thus, feline immunodeficiency virus (FIV) infection in the cat is a nseful model! for
human immunodeficiency virus (HIV) infection (Willett et af., 1997; Hosie et af.,
1998; Ilynn et al., 2000b), while the mutine leukaemia virus (MLV) complex
provides an important model to study genetic resistance to retroviral infection, the
cvolulion of oncogenesis and tumour immunity (Adams ef al., 1985; Bealy ef al.,

1999; Dittmer ef al., 2001).

Their unique life cycle and ability to flout antiviral defences make retroviruses
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successful intracellular pathogens. Protective vaccines are proving elusive to
investigators while treatments for retroviral infection are rarely curative. However,
while considerable success has been achieved, particularly in regard to vaccination
against feline lcukaemia virus (FeLV) (Marciani et al., 1991; Hanlon et al., 2001),
and FIV (Hosic ef al., 2000; Dunham et al., 2002), protective regimes have yet to be

established for many retroviral infections.

Intcrestingly, the fields of molecular biology and biotechnology have exploited the
retroviral life cycle in developing novcl rcagents and techniques. Retroviruses ate
proving to be useful vectors in gene transfer (Rosenberg et al., 1990), while reverse
transcriptase enzymes from avian and murine retroviruses are used extensively to

generate cDNA copics of RNA for molecular cloning and sequencing (Vogt, 1997a).
1.1.2 History

Retroviruses were tirst discovered because of their ability to cause disease,
particularly cancer (Temin, 1992). However, the first retrovirus to be described,
EIAV, was in fact non-oncogenic (Vallée and Carré, 1905). In 1908, a Danish team
(Ellermann and Bang, 1908) demonstrated that leukosis in chickens was caused by a
virus now known as the avian leukosis virus (ALV). Shortly afterwards, Rous
(1911} described the experimental transmission of sarcoma in chickens using cell-
ftee material (Rous sarcoma virus, RSV). A further twenty years would clapse
before viral-induced tumours were describcd in mammalian species, when a
filterable agent transmilled in milk was reported to cause murine mammary
carcinoma (Bittner, 1936). Over the [ollowing decades, tumour-causing retroviruscs
were identificd in many outbred mammalian species: Fel.'V (Jarrcit ef al., 1964b);
gibbon ape leukaemia virus (GALV) (Theilen et al., 1971); bovine leukaemia virus
(BLV) (van Der Maaten ef al., 1972), and Jaagsickte sheep rctrovirus (JSRV)
{(Verwoerd et wl,, 1983). The first oncogenic human retrovirus, human T cell
leuvkaemia virus-1 (HTLV-1) was isolated in 1980 (Poiesz et al., 1980). More
recently, retroviruses with oncogenic properties that principally cause
immunodeficiency diseases have been identified: HIV (Barré-Sinoussi et al., 1983)
and FIV (Pedersen et al., 1987).
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Originally, murine and avian RNA lcukaemogenic viruses were believed to be
transmitted solely as Mendelian iraits (Aaronson and Todaro, 1968; Huebner and
Todaro, 1969; Hardy er al., 1973). The vertical transmission of retroviruses was first
described in 1951, when MLV was isolated from a strain of mice sclected for high
frequency of leukaemia (Gross, 1951). Citing the results of prior studies using
murine embryonic cells, Huebner (1969) hypothesised that viral information in the
form of an oncogene-bearing virogene was present within the genome of most
vertebrates. Huebner believed that the virogene was transmiited from animal to
progeny animal, and from cell to progeny cell, and proposed that oncogenic reagents
and carcinogens precipitated activation of the oncogene. However, the discovery of
FeLV in 1964, and the subsequent revelation that this retrovirus could be
horizontally transmitted, proved significant landmarks in the field of retroviral
research (Jarrett ef al.,, 1964b; Hardy et al., 1973). All discasc-inducing retroviruses

are now known to be horizontally transmitted (Hardy, 1993).

1.1.3 Taxonomy

Historicully, retroviruses within the retroviral family were divided into types A, B, C
and D, based on their morphological appearance in cells using electton microscopy
(EM). Recently, the availability of genomic sequence data has enabled the
retroviruses 1o be regrouped according to sequence conscrvation; however, these
divisions often refiect the morphological similaritics identified earlier. Retroviruses
are now classified under the following genera: alpha (), beta (3), gamma (y), delta
(8) and cpsilon (&) retroviruscs, lentiviruses and spumaviruses (Mayo and van

Regenmortel, 2000) (Table 1.1).

1.1.4 Retroviral Genomic QOrganisation

All retroviral genomes consist of two identical single-stranded positive sense
molecules of RNA, which are physically linked by hydrogen bonds to form a dimer.
A third molecule ol nucleic acid, a specific type of tRNA used as a primer for reverse
transcription, is present freely within the nucleocapsid (Vogt, 1997b). The diploid
genome consists of three principal genes, gag, pol and env. The gene order in all
retroviruses is 3'-gag-pol-env-3'. Some retroviruses possess additional ‘accessory’
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genes encoding regulatory non-siructural proteins, and are described as ‘complex’.
Accessory genes regulate and co-ordinate relroviral gene expression. The HIV
genome cncompasses a number of accessory genes including fat, rev, vif, vpr and nef.
"The tat gene activates transcription, while rev regulates RNA splicing. The products
of the nef, vpr and vif genes facilitate viral infectivity (Vogt, 1997b). I'he genome of
retroviruses possessing only the genes required for replication is termed ‘simple’,

such as in FeLV (Vogt, 1997a) (Fig. 1.1).

Gag proteins, comprising nucleocapsid (NC), capsid (CA} and matrix (MA) proteins,
form the internal virion structure. The pro gene lies belween the gag and pol genes,
and encodes the viral protease (PR). Pol-encoded proteins, RT and integrase (IN),
facilitate viral replication. Finally, the surface (SU) and transmembrane (TM)
componcnts of the outer glycoprotein cnvelope are products of the env gene (Fig.
1.2; Table 1.2).

The NC core comprises thec RNA genome as well as NC proteins. These proteins ate
closely associated with the genome and arc involved with RNA packaging, at least iz
vitro (Coffin, 1992). Surrounding the core lies an internal virion shell made up of the
CA protein, the exact structural and biological functions of which have yet to be
identified. The MA protein lines the inside of the viral envelope and may intcract
with the Env protcins in order to facililate viral budding from the host cell membrane
(Vogt, 1997b). The pro gene product, PR, generates mature Gag and Pol proteins
through proteolytic cleavage of the precursor proteins (Vogt, 1996). This process

occurs either late in assembly or immediately after budding.

The viral RT has RNA and DNA polymerase activity, in addition to RNA
endonucleolytic activity, and gencrates double-stranded DNA from the single strand
of viral RNA. The IN protein dernonstrates both nucleolytic and ligation activity and

is responsible for the integration of proviral DNA into cellular DNA (Katz and
Skalka, 1994).

The viral envelope is a lipid bilayer, which is derived from the host cell membrane
during the budding process. The envelope surface contains SU and TM

glycoproteins, which are derived from a common precursor polypeptide (Vogl,
26




Fig. 1. 1 Genetic organisation of prototypic retroviruses

A *simple’ retroviral genome (A) contains four major coding regions, gag, pro, pol,
env, a ‘complex’ retroviral genome (B) contains four major coding domains in
addition to information for six regulaiory proteins. Based on Vogt, V. M. 1997,
Retrovital Virions and Genomes, pp 27-69 in J. M. Coffin, S. H. Hughes, and H. E.

Varmus, editors. Retroviruses. Cold Spring Harbor Laboratory Press, New York.
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Fig. 1.2 Schematic cross-section through a retroviral particle

Based on Vogt, P. K. 1997. Historical Introduction to the General Propertics of
Retroviruses, pp 1-25 in J. M, Coffin, S. I1. IHughes, and H. E. Varmus, editors.
Retroviruses. Cold Spring Harbor Laboratory Press, New York,
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1997b). The SU protein mediates virus-host cell attachment via the host cell
receptor, and thus entry into the host cell. In addition, the SU, due to its external
location, contains the major antigenic determinants for virus neutralising antibodies
(VNA). The TM protein anchors the envelope protein complex to the virus envelope

and mediates envelope fusion with the host cell membrane.

1.2 Feline Leukaemia Virus

1.2.1 Discovery of FeLV
1.2.1.1 Transmission of FeLV

Feline leukaemia virus was first associated with feline leukaemia in 1964 (Jarrett ¢z
al., 1964b). Four kittens, injected at birth with cell-free matcrial from a field case of
thymic lymphosarcoma (LSA), died within eighteen months; three of these kittens
were subsequently diagnosed with LSA. This was the first report of the horizontal
transmission of spontaneous LSA. In 1967, a similar experiment was conducted;
cats were inoculated with cell-free tumour cxtracts and found to transmit disease.
The presence of virus within all experimentally induced cases of LSA was confirmed
using EM techniques (Rickard et al., 1967). Kawakami et ¢l. (1967) reporied similar
findings using virus isolated from plasma. In 1969, Rickard et al. used cellular and
cell-free thymic tumour extracts derived from a cat with spontaneous lymphocytic
leukaemia to inoculate newborn kittens. Eighty-two per cent of kittens dicd from
leukaemia, seven per cent died from other diseases and ten per cent survived. Two
uninoculated in-contact controls died from leukaemic lesions and C-shaped

nucleocapsid cores (type-C particles) were demonstrated in tissues post mortem.

1.2.1.2 Identification of FeLV in Neoplastic Tissues

Using transmission electron microscopy (TEM), type-C viral particles were
identified within the neoplastic tissne from a kitten in the original transmission study
(Jatrett ef af., 1964b), and purporled lo be the acliological agent (Jarrett ef al.,
1964a). Furthermore, virus-like particles were demonstrated in three-quarters of

spontaneous feline LSA cases involving spleen, thymus or mesenteric lymph nodes
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..



(MLN), using EM imaging (Laird ez al., 1967). Type-C particles were apparent
within extracellular spaccs and intraccllular vacuoles; in addition, particles were
observed budding from plasma membranes, which suggested that the tumour cells

were actively producing virus.

1.2.1.3 Isolation of FeLV from Plasma

In 1967, FeLLV was isolated from the plasma of cats, suffering from both naturally
and experimentally induced leukaemia, using sucrose-density gradients (Kawakami
et al., 1967). The isolated virus displayed characteristic of type-C particles, similar
to MLV, with a buoyant density of 1.15-1.17 giem® (O'Counnor et al., 1964).
Electron micrograph preparations of the isolated virus showed typical morphological
features of immature and mature type-C particles. Mature virions measured
approximately 115 ym in diameter, with an outer envelope and inncr dense core.
The isolated viral particles were effective and rapid inducers of LSA in kitlens less

than four days old.

1.2.1.4 Detection of Group Specific Antigen

The group specific antigen (GSA) represented the internal componeni of avian and
murine leukaemia viruses, which occurted freely in leukaemic and other infected
cells. The GSA described in the carly years of FeLV research corresponds to the
FeLLV CA protein p27. Feline leukaemia virus was recognised as an oncogenic virus
morphologically similar to MLV and ALV, prompting suggestions that these viruses
might be relatcd. Using the Ouchterlony immunoprecipitation technique, Geering ef
al. (1968) demonstrated that FeL'V shared the GSA of MLV, but not ALV. Feline
leukaemia virus GSA was subsequently detected in twenty-five out of thirty-three
cats with LSA, using precipitating rabbit antiserum raised against purified virus in
immunodiffusion tests. Flectron microscopy was used to verify the presence of

FeLV in cats considered positive by immunodiffusion (Hardy et «f., 1969).

1,2.1.5 Culture of FelV

The virus was initially cultured in spleen, thymus, liver, heart and kidney cells from
28




newborn kittens in vitro, as well as in embryonic lung cells. The cells were cultured
with cell-free homogenales of leukaemic cells and platelels from spontaneous
lcukaemic cases (Jarrett et al., 1968). In each culture system, virus couid be detected
within most cells after eleven days, and was present until the tcrmination of the
experiment at day twenly-nine. Virus was observed budding from cell membranes,
suggesting active replication. Thereafler, a culture system based on feline embryonic
cells of the FEA strain was uscd; cclls were propagated using Eagles® minimal
essential medium (MEM) supplemented with fen per cent foetal calf serum (FCS)
(Jarrett et al., 1972; Jarrell et al., 1973).

1.2,2 Taxonomy

Feline leukaemia virus is classified as a y-retrovirus. This group includes many
viruses within the MLV family as well as endogenous retroviral sequences in porcine
cells (PERV), GALV and the reticuloendotheliosis virus. Feline leukaemia virus
displays type-C particles on budding from infected cells using HM techniques (Fig.
1.3). On maturation, the core appears spherical and is centrally located within the
virion (Coffin, 1992).

1.2.3 Evolution

At least three groups of endogenous FeLV-related cat viruses have been detected in
the cellular DNA from all domestic cats and some close relatives (Benveniste et al.,
1975; Hardy, 1993). These endogenous viruscs are genetically transmitted, do not
replicate in cats, and cannot cause disease by themselves (Hardy, 1993). IHowever,
some recombine with exogenous FeLV, giving rise 10 pathogenic viruses with an
altered host range (Stewart er af., 1986). Feline endogenous retroviral sequences are
related to endogenous viruses in other species, such as rodents and primates, from
which these endogenous sequences, and ultimately the pathogenic and contagious

exogenous FeLlLV, are believed to be derived (Benveniste ef al., 1975).

Feline leukaemia virus-related genme sequences (enFel.V) have been detected in
cellular DNA of specific pathogen tree (SPF) domestic cats (Felis catus) and in DNA

of three other closely related felidae: the jungle cat, sand cat and Buropean wildcat
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Fig. 1.3 TEM demonstrating FeLV budding from membrane of an

infected cell

Transmission electron micrograph images of FeL.V during the final stages of budding
(A and B). Mature virions arc apparent within the extracellular space (B). Images

prepared by Laird, H.M., University of Glasgow.






(Benveniste ef al., 1975). These species all originated from the Mediterrancan basin
and are closely related genetically, More distantly related felidae, originating from
the Americas, Sub-Saharan Africa or Southeast Asia, lack these FeLV-related genes.
Analysis of rodent cellular DNA, particularly from the rat, but also from mouse and
hamster, revealed that they also contained FeLV-related sequences (Benveniste ef al.,
1975). Therefore, it appears that the FeL.'V-related sequences were acquired by cats
subsequent {o the initial felidae evolulionary divergence, but before the separation of
the four closely related felidae described above. The source of enFeLV would
appear to be the rat (Sherr et al., 2002) (Fig. 1.4). The enFeLV cxist as full-length
proviruses; however, they contain many stop codons, which prevent their expression
as whole infectious viruses. Ilowever, the env gene of these viruses may participate
in recombinational cvenis with exogenous FelLV to produce novel variant viruses
(Jarrett, 2001).

The endogenous feline RD-114 virus, referred to as feline endogenous virus (FeEV),
displays a similar viral sequence to an infectious endogenous virus in baboons,
baboon endogenous virus (BaEV), implying a cross-species infection by an ancestor
virus of BaEV (McAllister ef al., 1972; Hardy, 1993). The FeEV is prescnt in feline
cellular DNA as a complete provirus, which produces infectious virus if expressed.
However, the virus is xenotropic; thus, it cannot reinfect cat cells and is considered
non-pathogenic (Jarrett, 2001). 'The existence of a third feline endogenous virus
distantly related to a primate virus MAC-J, has also been implied, bui not
characterised (Todaro et al., 1978; Bonner and Todaro, 1979). However, the MAC-1
sequences in feline cells do not give rise (o inlectious replicating virus particles
(Hardy, 1993).

1.2.4 Genomic Organisation

The genetic structure of FeLV parallels that of other simple retroviruses, such as the
MLV complex (Hardy, 1993) (Fig. 1.5). Only the genome of an isolate of FeLV
subgroup A, which causes feline acquired immune deficiency syndrome (FeLV-
FAIDS), has been sequenced in its entirety (Donahue er ai., 1988) (Accession nos
M18247 and M19392), Feline leukaemia virus gene products have yet to be fully

characterised but deficiencies in the knowledge base have been plugged through
30
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extrapolation from the closely related, and more completely characterised, MLV
complex (Neil and Ontons, 1985).

Feline leukacmia virus gag gene products comprise both glycosylated and non-
gylocosylated proteins. Approximately half of the principal Gag precursor protein,
P65, remains in the cell cytosol 1o be assembled into progeny virus, whereas the
remaindet is translocated to the lumen of the endoplasmic reticulum (ER) where it is
glycosylated and transported to the plasma membrane (Jarrett, 2001). The
glycosylated Pr65 is cleaved at the cell sutface releasing a soluble glycosylated gp40.
The gp40 protein contains determinants recognised by p27, p12 and p10 antiscra and
thus is likely to contain peptide sequences from p27, p12 and p10 Gag proteins (Neil
et al., 1980b). Glycosylated Gag proteins contribute to murine retrovirion assembly
(H. Fan, personal communication). However, the role of these proteins in FeLV
infection is yel unclear. It has been suggested that anli-Gag antibodies may
contribute to the formation of immune complexes, or that the large amounts of
soluble glycosylated protein released from FeLV-infected cells may trigger anergic
responses (Jarrett, 1999). Within the cytosol, the non-glycosylated Gag protein,
Pr63, is further cleaved into p10, p12, p15 and p30 proteins (Okasinski and Veliccr,
1976; Khan and Stephenson, 1977). The largest of these maturc proteins, p30, forms
the internal virion shell, or CA. The p15 entity functions as thec MA protein (Hardy,
1993). While the role of the smaller p10 and pl2 proteins has vet to be fully
elucidated, these may be involved in packaging and binding of the nucleic acid as
NC proteins (Neil and Onions, 1985).

Feline leukaemia virus pol gene products have not been characterised. Howeves, the
closely related MLV pol gene encodes PR, RT and IN proteins (Levin ¢f al., 1984).
The env gene products are derived from a single large precursor protein Pr80, which
yields a glycosylated SU protein gp70 (Bolognesi, 1974), and a smaller non-
glycosylated TM protein, p15 (p15E). The FeLV TM protein p1SE undcrgoes further
processing to yield pl2. These smaller hydrophobic proteins are buried within the
outer viral membrane and are disulphide-linked to SU protein gp70 (Neil e al.,
1980a), several hundred of which make up the outer virus emvelope (Neil and
Onions, 1985).
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1.2.5 Feline Leukaemia Virus Subgroups

Three subgroups of FeLV have been identified, Fel.V-A, -B and -C, based on
differcnces in their SU protein gp70 (Jarrett and Russell, 1978). A distinction was
made based on the results of interference tests (Sarma and Log, 1971; Sarma and
Log, 1973), neutralisalion tests using subgroup-specitic antisera (Sarma and Log,
1973; Russell and Jarrett, 1978b), and viral host cell range (Jarrett ef al, 1973;
Sarma et ql., 1975).

Sarma and Log (1971) reported that when FelL.V-infected feline embryonic fibroblast
(FEF) cells were superinfected with 4 closely related pseudotype virus derived from
an identical FcLV strain, the FEF cells were resistant to viral transformation in a
phenomenon known as viral interference, where both viruscs are assumed to use the
same cellular receptor. However, when the FEF cells were superinfected with a
pseudotype virus derived from a different FeLV strain to the original infecting strain,
no interference occurred. Trom the resulis of this study, Sarma proposed the
existence of three FeL'V subgroups, A, B and C. Virus ncutralisation studies were
conducted using subgroup-specific antisera in order to confirm the interference data
(Sarma and Log, 1973). The findings were identical, verifying the existence of three
major FeLV cavelope variations corresponding to three FeLV subgroups. In his
original interference study, Sarma and Log (1971) demonstrated that FelV-A
induced viral interference only when used in conjunction with homologous
pseudotype viruses, whereas FeL'V subgroup B and C viruscs were able to induce
interference to the pseudotype viruses derived from FcLV-A, in addition to their
homologous pseudotype viruses. These findings suggested thal subgroups B and C
might contain FeLV-A scquences.  Supporling data were provided from
neutralisation studics testing viral isolales prepared from both lymphomatous cats
and healthy cats in multiple cat households. Subgroup A was identified in every
FeLV isolate, whereas subgroups B and C occurred only in combination with
subgroup A viruses (Jarrett et gi., 1978). In a subsequent study, FeLV-B was
reported to occur in approximately forty-two per cent of field isolates in combination
with Fel.V-A, while FeLV-C was identified in only one per cent of isolates,
occurring either as FeLV-AC or as FeLV ABC (Jarrett et al., 1984). Furthermore,

kittens infected with isolates containing FeLLV-B alone were unable o (ransmit the
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virus to contact cats (Jarrctt and Russell, 1978), suggesting that horizontal

transmission could not occur without FeLV-A.

The unexpectedly high distribution of neutralising antibodies to FeLV-C in cats from
FeLV-infected multiple cat households, Fel.V-positive experimentally infected cats
and lymphomatous cats (Russell and Jarrett, 1978a), compared to the percentage of
ficld isolates which contained subgroup C (Jarrett e al., 1978), raised the possibility
that these antibodies were evoked by a determinant expressed by an endogenous
FeLV-likc gene present in all cat cells. It was suggested that the rare FeLV-C
isolates arose de novo as a result of recombination between Fel.V-A and these
endogenous genes (Russell and Jarrett, 1978b). However, further studies disproved
this conjecture (Rigby et «l., 1992). Thc phenotypic determinants of subgroup C
isolates were isolated to a single variable region (Vr) of FeLV SU protein gp70. The
sequence of this region varied from ome naturally occurring isolate to another

implying that each isolate arose through mutation of FeLV-A (Rigby et al., 1992).

Neutralisation studies conducted to investigate the antigen specificities of VNA to
the three FeLV subgroups showed that all FeLV-A viruses uscd in the experiment
were neutralised to the same extent by two antisera raised to FelLV-A/Glasgow 1.
'These findings suggested that subgroup A virus was very stable antigenically
(Russell and Jarrett, 1978b), and supported growing speculation that FeLV-A might
be the prototype virus from which subgroups B and C were derived (Russell and
Jarrett, 1978a). It had alrcady been shown that subgroups FeLV-A, B and C werc
very closely related (Levin ef al., 1976), demounstrating eighty-five per cent genetic
homology. A later study examined the more divergent sequence of the FeLV-A env
gene and compared the region in two Fel.V-B isolates (Stewart ez al., 1986). The
authors reported that the FeLV-B probes prcparcd to the region in question
hybridised only to FeLV-B isolates and endogenous FeLV-related sequences,
supporting the hypothesis that FeLV-B was derived from recombination between

FeLLV-A and proviral elements within the fetine genome.

Data derived from the studies described above and subsequent work (Roy-Burman,
1996; Betchel ef al., 1999) has greatly improved our understanding of the origin of

the three principal FeLV subgroups. From all the available data, it is clear that
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FeLV-A serves as the prototype virus from which other phenotypic variants are
derived. Feline leukaemia virus-A is the most frequently occurring subtype in
nature, and is highly conserved antigenically. In addition, FeLV-A is ecotropic, and
has the mos. restricted host range, growing almost exclusively in feline cells (Hardy,
1993). Subgroup FeLV-B is polytropic and ariscs de novo from recombination
events between FeLV-A and endogenous eny sequences; various recombinant
genotypes may arisc depending on the site of recombination. Feline leukaemia virus-

C is also polytropic and is derived from mutational events within FelLV-A.

Certain subgroups have been linked with particular diseases under experimental
conditions. Aplastic anaemia was shown to be associated with FeLV-C (Mackey ef
al., 1975; Onions et al., 1982). Additionally, a higher prevalence of FeLV-AB than
FeLV-A alone was reportedly associated with LSA (Jarrett e al., 1978).

1.2.6 Epidemiology

1.2.6.1 Prevalence of Fel.V Infection

In 1989, a study was published reporting the prevalence of FeLV in the U.K., (Hosie
et al., 1989). The data were acquired from over two thousand blood samples
submitted lo the University of Glasgow from sick and healthy cats. Samples were
screened using a commercial capture enzyme linked immunosorbent assay (ELISA)
that detected the presence of the FeLV CA protein p27 in plasma (Leukassay F
ELISA, C-Vet Veterinary Products Ltd, Tancashire, U.K.). Positive results were
confirmed using virus isolation (VI) techniques on FEA cells (Jarrett ef al., 1982a).
The prevalence of Fel.V infection was reported to be cighteen per cent in sick cats,
and five per cent in healthy cats. The incidence of FeLV was not grealer in either
sex, and the highest probability of infection was among cats aged belween onc and
five years. Currently, the prevalence of FeLV infection in healthy cats within the
U.K. is estimated to be approximately one per cent (Addic, D. and Jarrett, O.,
personal communication, 2002). This dramatic reduction in the prevalence of FeLLV
is associated with the recent availability of several commercial vaccines (Section

1.3.2.5), and the success of “test and removal’ policies in catteries.
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1.2,6.2 Transmission of Fel.V

Following the discovery of FeLV in 1964, epidemiological and experimental data
rapidly identified FeLV as an exogenous horizontally transmitted virus. In an eatly
Fel.V transmission experiment, two uninoculated cats housed with FeL.V-inoculated
cats died (Rickard et al., 1969). Leukaemic lesions were discovered in both cats post
mortem, in which type-C particles were ideniified. Type-C particles were also
identificd in plasma pellets and bone marrow samples from a third uninoculated in-
contact cat. Blood from this third cat was injected into an cxperimenial kitten that
subsequently developed LSA, from which type-C particles were identified.
Furthermore, spontaneous infections arose in laboratory cat colonics (Jarrett et al.,
1972; Essex ef al., 1977; Hoover et al., 1977a; Pedersen ef al., 1977). In one
incident, six out of twenty-five uninoculated controls living in the same isolation
cage as inoculated littermates, died. Half of these bad evidence of FeLV infcction
(Rickard et al., 1969).

The development of a rapid diagnostic test to determine FeLV status provided
conclusive prool that FeL'V was a horizontally transmitted disease. In 1973, Hardy
et al. developed a serological test to detect FeLV GSA in blood smears using rabbit
anti-serum prepared against FeLV GSA (Fig. 1.6). Using this novel indirect
immunofluorescent antibody (IFA) test, Hardy et al. (1973) demonstrated that
normal cats living with two or more cats with L.SA, were twice as likely to be FeLV-
positive than cats living with only one cal with either LSA or an FeLV-associated
disease. Twao thirds of the LSA-positive cats that were living in households with an
average of 3.1 cats with LSA werc unrelated to the other diseased cats. The IFA lest
also demonstrated that apparenily normal cats living in houscholds with a known
history of LSA had a high risk of becoming infected, and that overt FeLV in normal
cats living under other circumstances was very rare ((0.14%). A follow-up study
investigating the fate of those I'eLV-positive cats living under apparentily normal
circumstances discovered that these cats had an eight hundred and eighty-eight times
greater incidence of developing LSA, compared to normal cats. Sixtecn per cent of

these cats developed LSA and over seven per cent died of non-responsive anaemia.

In utero infections also occur, where infected queens transfer FelV Lo their foetuses

35



Fig. 1.6 Positive IFA test on PBMC smear

Indirect immunofluorescence test illustrating the presence of the FeLV CA protein
p27 in neutrophils (white arrow) and platelets (dashed arrow, open head) in the

peripheral blood, using rabbit antiserum against the FeL.V CA protein p27.






(Hardy, 1981a). However, most of these infections will result in foctal or nconatal
death. A small proportion will survive but remain persistently viraemic (Pedersen,
1988).

1.2.6.3 Sources of FeLV Infection

Prolonged intimate contact between a viraemic cat and a normal cat is required for
horizontal transmission. A number of factors contribute to this requirement: the poor
environmental stability of the virus (Francis et al., 1979), the relatively large dose of
virus required for infection via the oronasal route, and age resistance (Floover e al.,
1976).

Saliva is considered the most likcly vehicle for spreading the virus (Haxdy et al.,
1973; Pedersen, 1988; Hoover and Mullins, 1991; Hardy, 1993; Jarrett, 2001). Cats
are social animals and spend hours grooming themselves and their companions.
Large amounts of infectious virus are present in the salivary glands of viraemic cats
(Francis et al., 1977, Hoover ef al., 1977b); FeLLV has been identified in the parotid
glands of six FeL'V-positive cats with LSA (Hardy et al., 1969). Tt was considered
that aerosols of the virus created from nasal and salivary secretions emitted by
persistently viracmic cats might also be an important route for dissemination of the
virus (Hardy et al., 1973). However, as Francis et al, (1977) observed, persistently
viraemic cats are usually clinically healthy, and rarely cough and sneeze.
Furthermore, Fel.V-naive cats housed in the same room, but not in contact with,

FeLV-viraemic cats, did not become infected (Hoover et al., 1977a).

Feline leukaemia virus GSA can be detected in the kidneys {rom seventy per cent of
cats suffering from LSA; GSA has been identified in the infiltrating neoplastic
Iymphocytes, and forms discrete deposits on glomerular basement membranes. From
these sites, infectious virus and infected transformed cells can pass into the urine
(Hardy et al., 1973); however, infectious virus is poorly preserved in urine (Hoover
et al., 1977a). Feline leukaemia virus is also found free in plasma; therefore, it is
possible that blood-sucking parasites could acquire and transmit FeLLV. Bitc wounds
are a more efficient means of transmitting the virus than the oronasal route as large

amounts of virus can be injected directly into the bloodstream. However, blood
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transfer does not appear to be an important factor in transmission of FeLV (Hoover
and Mullins, 1991). Infection can also be transmitted using contaminated surgical

instruments and infected blood transfusions (Pedersen, 1988).
1.2.7 Pathogenesis of FelLV Infection

The epidemiological data suggest that most cats acquire FeLV via the oronasal route.,
In the acute stage of infection, virus initially rcplicates in lymphocytes and
macrophages within the tonsils, before being conveyed via efferent lymphatics to the
draining lymph nodes of the head and neck (Rojko ef al., 1979). Virus replicates
extensively within the Ilymph node; then, after two to twelve days, infected
lymphocytes and macrophages disseminate the virus via the blood to bone marrow;
thymus; spleen; intestine; MLN and peripheral lymph nodes (PLN) (Rojko and
Kociba, 1991). Fcline lcukacmia virus replicates easily in the actively dividing cclls
of bonc marrow precursor cells, gut endothelial crypt cells and germinal centre B
cells. Al this point, unless the immune response has curtailed virus growth, FeLV
will spread to epithelial and glandular tissues throughout the cat, which usually
include salivary, tonsillar, pharyngeal, urinary bladder, gastric, intestinal, pancreatic,
endometrial and cndothelial tissucs (Hoover ef al., 1977b; Rojko et 4f., 1978; Rojko
et al., 1979; Rojko and Kociba, 1991).

Imimunohistochemical staining of formalin-fixed tissue scctions from cals sullering
from an FeLV-associated disease, using anti-FeLV monoclonal antibodics (mAb),
gave a valuable insight inio the nature and distribution of FeLV-infected cells
(Kovacevic et al., 1997). Yeline leukaemia virus CA protein p27 and SU protein
gp70 were detected in the bone marrow from some, but not all, FeLV-infected cats in
the same study. Where present, these viral proteins were chiefly associated with
megakaryocytes. In lymph nodes, expression of the FcLV CA proicin p27 was
mainly restricted to the follicles, in association with the follicular dendritic cell
(FDC) population, whereas FeLLV SU protein gp70 was detected in the lymph node
follicles, paracortex and medulla. In spleen, both FeLV CA protein p27 and SU
protein gp70 expression was confined to the follicles. Where FeLV proteins were
detected in the small intestine, p27-positive cells were found only in erypt epithelial

cells, whereas FeLV SU protein gp70 was detected in virtually all mucosal
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lymphocytes.

In acute infection, FeLV appears to imitially replicate in the lymphoreticular
Iymphocyte and macrophage populations (Rojke et af., 1979). However, in
persistently viraemic cats, the main source of FeLV appears to be the follicular B cell
{Rojko et al., 1979; Raojko et al., 1981). Peripheral blood mononuclear cells from
kittens and adult SPF cats were exposed to FeLV in vitro following a two-day pre-
incubation period. Both B and T cells were found to be permissive to FeLV
infection. However, lymphocytes from SPFE kittens replicated fifty times as much
FeLV as SPF adult cats in vitro (Rojko et af., 1981). In addition, macrophages from
kittens are five times more susceptible to FeLV than macrophages from adult cats in
vitro, and this effect was enhanced one hundred fold by the addition of corticosteroid
(Hoover et al., 1981). However, macrophages from rccovered cats were not any
more resistant than those from naive cats. The inhibition of macrophage function
through the administration of silica in vivo was associated with the suppression of

cell-mediated immune responses (Hoover ef «l., 1981).

1.2.8 Outcome Following Exposure to FeLLV

There are three well-defined outcomes following exposure to FeLV, namely
spontanecus recovery, persistent viraemia and the development of a latent infection.
If a virus-specific immune response develops during the acute phase of infection,
FeLV replication is halted and virus expression abrogated. If sufficiently prompt, the
antiviral response may prevent virus being borne into the blood from infected lymph
nodes of the head and neck so that a viraemia does not occur. The immune response
may cmerge later, following a transient viraemia but before widespread
dissemination of the virus, typically four to eight weeks following exposure (Hoover
et al., 1977b; Rojko e al., 1979). Where the immune response has successfully

abrogated virus expression, thase cats are deemed to have recovered from infection
(Fig. 1.7).

However, cats that experiencc a transicnt viracmia before recovering are highly
likely fo retain virus as a latent proviral infection within bone marrow or lymph node

cells for a variable duration (Rojko ez al., 1982b; Madewell and Jarrett, 1983). Most
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Fig. 1.7 Possible outcomes following exposure to FeLLV

There are three possible outcomes following exposure to FeLV, namely recovery,

persistence or latency.
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latently infected cats were observed to eliminate virus within thirty months of
exposure (Pacitti and Jarrett, 1985). Provirus persists in bone marrow monocytic
precursor cells and certain T cell populations (Rojko et al., 1982b). Viral proteins
are not expressed; therefore, the infection is not detectable unless biopsy or post
mortem specimens of bone marrow or lymph node are cultuwred in vitro (Mudewell
and Jarrett, 1983; Pedersen et el., 1984). It is possible to reactivate latent virus in
vivo through the admiristration of pharmacologic doses of corticosteroids (Rojko et
al., 1982b; Pedersen et 4l., 1984), or through pregnancy (Pacitti ef al., 1986). It has
been reported that cats with latent infections have an increased incidence of FeLV-
associated disease and lymphomas, compared to non-infected cats (Lutz et al.,

1980a; Rojko et al., 1982b; Lafrado and Olsen, 1986).

A rare oulcome following FeLV exposure has been described as an alypical or
discordant infection (Lutz ef al., 1982). Afflected cats give conflicting FeLV status
results using VI and p27 ELISA diagnostic tests, being typically antigenacmic but
aviraemic. These discordant cats are most likely latently infected, and occasicnally
express viral proteins that are detected using the p27 ELISA (Kahn ef al.,, 1980;
Madewell and Jarrett, 1983). Localised or sequestered infections have also been
identified using immunofluorescencc. An cxperimentally infected cat in which
neither antigenaemia or viraemia was detected, expressed FeLV CA protein p27 in

spleen, but not bone marrow (Hayes et al., 1989).

Cats that are unable to contain viral replication by sixteen weeks are considered
persistently viraemic. These cats will die from an FeLV-associated disease within
two to three years. Persistently viraemic cats secrete contain large amounts of virus

in saliva and nasal secretions, and are important sources of infection for FeLV-naive
cats.

1.2.9 Factors Influencing Qutcome Following Exposure to FeLV

Virus isolate, dosc, hosl susceptibility, age at time of exposure and route of cxposurc

all interact to influence the outcome following cxposure o FeLLV (Hoover ef al.,
1976).
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1.2.9.1 Age-Related Resistance

Age at the time of exposure to FeLV is an important factor influencing the outcome
of FeL.V infection in cats. All newborn kittens are susceptible 1o experimental FelLV
infection, unless protected by maternal antibodies (Kawakami ef al., 1967; Rickard et
al., 1969; Hoover et al., 1976; Jarrett ef al., 1977). Resistance to FelV increases
with age. Under experimental conditions when viral dose, isolate and route are
consistent, only a minoxity of cats are susceptible to experimental infection by four
months of age (Jarrett et al, 1982a). Age-related resistance may rellect the
susceplibilities ol particular cell subsels to FeLV infection; it has been shown in vitro
that Iymphocytes and macrophages from kiticns werc more susceptible to FeLV
infection than those from adult cats (Hoover et al., 1981; Rojko et al., 1981).
Furthermore, kittens are born with greater CD4:CD8 ratios (approximately 3.5:1)
than adults (approximately 1.5:1). Changes in the CD4:CD8 ratio appcar to bc
primarily associated with increased CD8" T cell numbers, which appears io be
sensitive to antigen exposure. (Sellon ef al., 1996). An aduit ratio may not be
reached until the cat is one year old. Although neonatal kittens have high numbers of
CD4" T cells, kittens less than ten weeks of age produce lower levels of interleukin
(IL)-2 in response to concanavalin A (Con A), compared to adult cats, indicating that

these cells are unable to function to capacity (Tompkins, M.B., unpublished data).
12,10 Clinical Disease Associated with FeLV

Feline leukaemia virus replicates in all nucleated cells in feline bone marrow (Hardy,
1981b), and favours other rapidly dividing cells elsewhere, such as lymphoid,
myeloid, mucosal and epithelial cells (Hardy, 1993). Therefore, the potential for

degenerative and proliferative discasc is great (Fig. 1.8).
1.2.10.1 Oncogenesis

Feline leukaemia virus is a simple retrovirus, bearing only the genes necessary for
replication.  As such, the virus is without specific oncogenes. However, FeLV is
responsible for most feline haematopoietic tumours, which accounted for one third of

all feline tumours in the U.S. (Dorn ef al., 1968; Hardy, 1981b). All haematopoietic
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Fig. 1.8 Images illustrating FelLV-associated disease

Fig. 1.8.A and B demonstrate two forms of feline lymphosarcoma, alimentary (A)
and multicentric (B). Myelogenous leukaemic cells are demonstrated in blood smear
(C). In Fig. 1.8.D bone marrow from a normal cat (upper) is compared with bone
marrow from a Fel.V-viraemic cat (fower), where a paucity of erythrocytes indicates

a severe non-regenerative anaemia.







cell lines, the myeloid, lymphoid, crythroid, and platelet series, are susceptible to
FeLV transformation (Cotter, 1990). It is still unclear exactly how FeLV contributes
to the genetic dysregulation that culminates in malignancy. A numbcer of
mechanisms have been proposed including insertional mutagenesis, whereby
provirus integrates adjacent to a cellular oncogene, which activates it; and
transduction, where provirus incorporates cellular oncogenes in a recombination
gvent. An investigation into spontaneous FeLV-associated thymic LSA identified
changes in the cellular myc gene in fifty per cent of cases {six) (Neil er al., 1984).
Five genomes had myc-containing proviruses, and one genome demonstrated proviral
integration adjacent to c-myc. Rearrangement of the ¢c-myc locus was detected in two
out of four experimentally induced tumours, associated with adjacent proviral
integration. Therefore, in the field cases, oncogenesis was most often associated
with recombination between FeLV provirus and c-myc. These findings were similar
to other reports (Levy ef al., 1984; Mullins ef gl., 1984), where naturally-occurring
FeLV-associated tumours showed evidence of myc-containing FellV provirus.
However, since more than seventy-five per cent of naturally-occurring LSA in cats
do not have (hese acule transforming defective FelLV-myc viruscs, other mcchanisms
by which FcLV can induce LSA must cxist (Hardy, 1993). In mice, polyiropic mink
ccll focus-inducing (MCF)}-MLYV arc generated as a result of a recombination event
between ecotropic MLV and endogenous env scquences; the formation of which
appears to be the initial step in the induction of lymphomas in AKR mice (FFan,
1993). The substituted portion of the env gene of a Moloney virus-derived MCE-
MLYV virus was reported to be remarkably similar to the analogous region of FeLV-
B, prompting suggestions that the recombination event which generated FeLV-B

may ulso precipitate oncogenesis in the cat (Hardy, 1993).
1.2.10.2 Lymphosarcoma

The most common FelV-associated tumour is LSA, a malignant tumour of
lymphocytes (Hardy, 1981b). Lymphosarcoma may originaie within any organ and
sprcad to other siles, but is classified according to the site of primary involvement.
The calegories are thymic (mediastinal) LSA, alimentary LSA, multicentric LSA and
unclassificd (Hardy, 1981b; Cotter, 1990). Thymic LSA originates from thymic

lymphocytes but can extend throughout the chest cavity. Three-quarlers are
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associated with FeLV, and usually occur in cats aged approximately two and a half
years (Hardy, 1981b). Alimentary LSA is more prevalent in older cats; however, a
much lower percentage of these, approximately twenty-five per cent, are associated
with FeL.V (Pedersen, 1988). Alimentary LSA was the most commonly diagnosed
form of LSA in Scotland (Crighton, 1969b; Crighton, 1969a). These tumours may
arise from any source of lymphocytes along the gastrointestinal tract (GIT) but most
are derived from B cells within the lamina propria (Hardy, 1981b). Multicentric
LSA originates from multiple sites, such as the internal organs and Iymph nodes.
Nincty per cent arc associated with FeLV and they tend to occur in cats of
approximately four years of age. Multicentric LSA was the most common LSA form
identified in the U.S. (Hardy, 1993). Unclassilied LSA originates from a single sitc
anywhere, apart from the GIT and thymus, such as skin, eyes, or ncrvous system; this
is the least common form of LSA (Hardy, 1993).

1.2.10.3 Leukaemia

Leukacmia without concurrent LSA is rarc (Crighton, 1969b; Hardy, 1981b). Where
leukaemia occurs, it is often associated with multiceniric LSA. In fact,
approximately thirty per cent of cats with LSA havc concurrent leukaemia (Hardy,

1993), the majority of which have multicentric LSA.

1.2.10.4 Feline Leukaemia Virus-Negative Tumours

Approximately thirty per cent of cats with LSA are aviracmic. Howcver, FcLV
proviral DNA sequences, distinct from endogenous sequences, have been detected in
virus-negative T.SA tissues (Koshy et al., 1979; Koshy et al., 1980). In addition,
proviral DNA has been detected in non-LSA tissues, oflen bone marrow cells, in
sixty per cent of these cats (Hardy er al., 1980; Hardy, 1993). Feline leukaemia virus
was reactivated from the bone marrow, but not LSA cells, in two aviraemic cats with
LSA (Rojko et al., 1982b). These findings suggested that FeLV was able to induce
transformation but was not required to maintain the transformed state (Hardy, 1993).
Francis et al. (1979) reported that out of one hundred and eighty-~four cats diagnosed
with either LSA or lymphoblastic leukaemia, sixty-one were avicacmic (thirty-three
per cent), using the IFA test. He observed a distinct variation in the age distribution
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ol viraemic and aviraemic cats at the time of diagnosis; viraecmic cats were diagnosed
with LSA or lymphoblastic leukaemia at a significantly lower age (3.5 years), than
aviraemic cats (4.9 years). Another study reported that in old cats, a higher
proportion of tumours occurred in aviraemic animals (Gardner ef al, 1974).
Tlowever, in Francis® study (1979), the actual number of tumours in youny aviraemic
cats was equivalent 1o those in older aviraemic cats, but tumours were rarely

associated with viraemia in old cats.
1.2.10.5 Myeloproliferative Disease

Primary bone marrow neoplastic disorders are referred to as myeloproliferative
diseases (MPD), which may involve any one or a combination of cells that originate
in the bone marrow. Twenty per cent of FeLV-infected cats were reported to suffer
from MPD, such as reticuloendotheliosis, erythemic myelosis, erythroleukaemia,
myelogenous leukaemia, megakaryocytic leukaemia and myelofibrosis (Hardy,
1981b).

1.2.10.6 Anaemia

The incidence of anaemia is high among Fel.V-viraemic cats (Mackey et ¢l., 1975).
Secondary anaemia associated with concurrent FeLV disease, such as LSA, MPD or
immunosuppressive disease, 18 common. Fifty-four per cent of LSA-positive cats
with no accompanying bone marrow infiltration, suffered concurrent anaemia, which
was suggested to be of haemolytic origin (Mackey et al., 1975). In addition,
transient regenerative anaemia was reported to occur following the experimental
infection of kiitens with FeLV-A and FeLV-B, prior to the development of
haematopoictic neoplastic lesions (Mackey ef al., 1975). This form of anaemia was
accompanied by increased bone marrow erythropoiesis and extramedullary

haematopoiesis in the spleen, consistent with haemolytic anaemia.

However, primary non-regenerative anaemia without concurrent FeLLV disease is an

important syndreme in viraemic cats and is particularly associated with subgroup C.

Kittens inoculated neonatally with FeLV-C died within sixteen weeks of infection,

typically of congestive heart failure (Mackey et al, 1975). Bone marrow was
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severely depleted of erythropoietic tissue consistent with aplastic anaemia (Fig.
1.8.D). Similar results were reported by Hoover et gl. (1974); neonatal kittens were
inoculated with a KT-FeLV isolate containing subgroups A-C, which was donated by
a cat suffering from progressive non-regenerative amaemia three months prior to
death. Thirteen out of fifteen inoculated kittens demonsirated a severe progressive
non-regencrative anaemia, presumably due to the FeLV-C component. Microscopic
examinations of the bone marrow revealed a marked paucity of erythroid cell
precursors. The pathogenesis of FeLV-~C associated anaemia is yel unresolved.
Research is currently focused on establishing the target cells for FeLV-C and
identifying the palhogenic viral genetic delerminants. Previous studies have
indicated that FeLV-C greatly impairs the differentiation of early erythroid
progenitor cells (burst-forming units, BFU) within the bone marrow, inhibiting

erythrocyte production (Onions ef al., 1982; Hoover and Mullins, 1991).

1.2.10.7 Other Fel. V-Associated Diseases

(i) Immune Complex Disease

Immune complexes form in sitnations of soluble antigen excess, rendering
persistently viraemic cats susceptible to the development of immune complex
disease. Many immune complexes deposit in the renal glomeruli (Weksler, 1975),

although very few cats develop associated signs.

(i1) Reproductive Abnormalities

A variely of reproductive abnormalities has been associated with FeL'V. Abortion,
foetal resorption, infertility, stillbirths and nconatal deaths are reported to occur in

over eighty per cent of FeLV-positive cats (Pedersen, 1988).

(iit) Enteritis

Feline leukaemia virus has a predilection for the rapidly dividing intestinal crypt
cells, Feline lenkaemia virus-associated enteritis (FAE) is a non-neoplastic candition
associated with persistent FeL'V infection, which is characterised by diarrhoea,
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haecmatemesis and apaemia (Hardy, 1993). Viral proteins can be detected
immunohistochemically in the small intestines of FeLV-positive cats; although only
FeL'V SU protcin gp70 and TM protecin plSE proteins are strongly expressed in
regions of pathological change associated with FAFE (Kipar ez al., 2000).

1.3 Immune Responses to Retroviral Infections

1.3.1 General Introduction

Retroviruses are obligate intracellular pathogens; therefore, to swivive, they must
establish a productive infection within a host cell. The immune system has evolved
to resist such a scenario, and if successful, the animal recovers and is immune to
subsequent exposure. However, if the host fails to mount an effective immune
response, or if the retrovirus itself has evolved escape mechanisms, a persistent
rctroviral infection usually resulis. Persistent infections may be latent or productive,
depending on whether the virus is actively replicating. If provirus remains in the
host cell genome and fails to cxpress viral proteins, the immune system cannot be
alerted to its presence; thus, provirus persists in a latent state, such as often occurs
following FeLV viraemia (Madewell and Jarrett, 1983). Alternatively, failure of the
immune system to clear actively replicating virus may lead to a productive persistent

infection, as transpires in most cases of HIV, FV and lymphocytic choriomeningitis
virus (LCMV) infections.

Many retroviruses successfully establish either latent or productive persistent
infections in host cclls. Several viral factors contributing to the failure of the
immune response have been identified. Some retroviruses, such as HIV-1, are
specifically cytotoxic to key clements of the specific immune response, such as the
CD4" T cell. In addition, HIV-1 is an eifective immune escape artist: heavy
glycosylation of the gpl20 protein, a key VNA cpitope, masks othcr potential
immunogenic sites (Haseltinc ef al., 1989). The HIV genome is also highly variable
(Hu and Temin, 1990), so that mutations of key epitopes may arise within an
individual at a sufficiently high frequency to cscape VNA or cytotoxic T lymphocyte
(CTL) recognition (Phillips et af., 1991; Couillin ef al., 1994; Borrow et al., 1997).
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Escape mutants appear to have a survival advantage, as they persist (Borrow ef al.,
1997). Furthermore, some retroviruses may contain immunosuppressive elements,
such as the FeLV TM protein p1SE, which has been reported to selectively inhibit
cells within the immune system (Mathes er al., 1979). The HIV-1 Nef protein causes
the downregulation of major histocompatibility complex (MHC) class I molecules,

effectively protecting infected cells against CT1. killing (Collins et al., 1998).

1,3.1.1 Humoral Immune Response

Virus neutralising antibodies have a critical role in inhibiting viral infectivity and
cell-to-cell transmission. Secreted immunoglobulins bind free virus particles in
mucosal secretions, serum, lymph and bone marrow. 'The exposed envelope and
capsid proteins are bound by the immunoglobulin, stcrically inhibiting viral
attachment to cellular receptors; therefore, any potential viral effect on the cell is
ncutralised. Although most retroviruses induce VNA, in many instances they are
either not protective (Bex et al., 1979; Essex, 1982), or requirc other elements of
cellular immunity in order to elicit a protective immune response (Hasenkrug and
Chesebro, 1997; Dittmer ef al., 1999).

1.3.1.2 Cell-mediated Immune Response

(i) CD4™ T cells

In humans and mice, CD4" T cells can be divided into twa subtypes, T helper (Th)1
and Th2, according to their pattern of cytokine secretion (Mosmann ef gl., 1986;
Fiorenline et al., 1989; Mosmann and Coffman, 1989; Abbas er al, 1996).
However, the distinction is not as complele as originally proposed; many cells have
been identified which produce an array of cytokines that is not consistent with either
Thl or Th2 subsets. These cells are termed ThO cclls, and are more numcrous in the
early stages of lymphocyte activation (Kelso, 1995). Howcver, both experimental
and natural conditions have been identified, which inducc clearly polarised immune
responses, such as persistent infection with parasites such as Leisamania major, and
bacteria such as Listeria monocytogenes and Mycobacteria spp. (Abbas et al., 1996).
In fact, chronic conditions of antigen persistence provide the most obvious examples

46



of CD4" T cell polarisation (Sher and Coffman, 1992).

The key Thl cytokine, interferon (IFN)-y, is a critical element of the host immune
response, activating macrophages and enhancing their microbicidal activity,
promoting the production of opsonising antibodies, immunoglobulin (Ig)}G2a and
1gG3, and activating CTL (Farrar and Schreiber, 1993; Boehm ef al., 1997) (Fig.
1.9). Therefore, the principal function of Th1 cells lies in their ability to activate the
phagocytic and CTL-mediated destruction of intracellular microbes (Abbas et al.,
1996). Th2 cells are characierised by their production of IL-4 and IL-5. Interleukin-
4 elicits the isotype switching of B cells to IgE, which activates mast cells, while IL-
5 activates cosinophils. Therefore, Th2 responses atc the dominant responses in
helminth infections and allergic phenomena, which are characterised by the

activation of both mast cells and eosinophils (Abbas ez al., 1996).

Mature naive CD4" T cells are non-polarised, and division inlo subtypes is a product
of the cytokine microenviroment in which they first encounter an antigenic stimulus
(Abbas et al., 1996; Swain, 1999), Interleukin-12, IL-18 and IFN-y, are all involved
in eliciting Thl responses, whereas IL-4 drives Th2 polarisation (Trinchieri, 1995;
Tominaga ef al., 2000). Recently, it has been shown that human dendritic cell (DC)
subsels can be defined according to whether they promote differentiation of Th cells
imo Thl or Th2 subsets (Rissoan ef al., 1999). Dendritic cell subset-1 (DC1)
produced IL-12 shortly after CD40L activation; conversely, DC2 produced neither
IL-12 nor IL-4. The type I IFNs, IFN-a and IFN-f, are also significant products of
uninfected precursor DC2 subset (pDC2) (Siegal et al, 1999), and have a
controversial role in directing human CD4" T cells into Thl cells (O'Shea and
Visconti, 2000).

CD4* T cells are important in the priming, maturation and maintenance of CD8* T
cell responses through mechanisms as yet uncxplained. However, the role of CD4" T
cells in the activation of DC and secretion of key cytokines such as IFN-y, both

involved in the initiation and regulation of cellular and humoral immune responses,

is likely to be relevant.
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Dendritic cells are activated through interactions between the CD40 molecule
expressed on DC, and the CD40L molecule expressed on CD4" T cells (Ridge et al.,
1998; Schoenberger et al., 1998). Activated DC are critically important in the
priming of naive CD8" T cells (Ridge et al., 1998; Schoenberger et al., 1998).
Therefore, DC aclivation by CD4" I cells is an integral part of CD8" T cell priming
(Zajac ef al., 1998b). CD4" T cells may also be important in maturing CD8* T cell
function {(Zajac et al., 1998a; Appay et al., 2000).

CD4" T cells are involved in the maintenance of CD8" T cell effector functions,
particularly during chronic viral infections. Studies investigating chronic LCMV
infection in mice have indicated that CD8" T cell responses cannot be maintained in
the absence of CD4" T cell help (Battegay ef al., 1994; Matloubian et al., 1994). In
CD4-depleted mice, 1.CMV-specific CT1. responses remain normal during the acute
stage of infection, but are not maintained during the chronic phasc of discasc. As a
result, these mice become persistently infected with the virus. Furthermore, LCMV-
specific T cells in chronically infected mice are functionally inept, an effect

exacerbated in a state of CD4™ T ccll deficiency (Zajac et al., 1998b).

Virus-specific CD4" T cells are also required to maintain CD8" memory T celis in
chronic human viral infections. The effectiveness of CD8" T cell clones infused into
cytomegalovirus (CMV)-infected patients depended on the availability of specific
CD4" T cell help (Walter ef al., 1995). In addition, poor CD4* T ccll responses in
HIV infection correlate with higher viral RNA loads (Roscnberg et al., 1997).

(ii) CD8" T cells

CD8" T cells are the principal mediators of retroviral clearance. Cytotoxic T
lymphocytes are activated CD&" T cells, and function as potent killers of virally
infected cells via perforin-dependent or Fas-mediated mechanisms. In addition, CTL
secrete inhibitory antiviral cytokines such as [FN-y and tumour necrosis factor
(TNF)-a., as well as chemokines. ‘Regulated on activation, normal T cell expressed
and secrcted’ (RANTES), macrophage inflammatory protein (MIP)-1a and MIP-1p
competitively inhibit binding of HIV to the CCRS chemokine receptor in vitro,
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effectively suppressing replication (Cocchi et al., 1995). The relative importance of
lytic and inhibitory functions varies with individual viruses (McMichael and

Rowland-Joncs, 2001).

(it} Interferon-y

Interferon-y is recognised as a critical component of the innate and adaptive host
immune response to viral, bacterial and parasitic pathogens of man and animals
(Kexap et al., 1999; Shankar et al., 2000; Dittmer ef ¢l., 2001; Bourreau et al., 2002).
Mutant mice with genetic deficiencies in IFN-y, the receptor for IFN-y (IFN-yR), or
the Stat-1 transcription factor, were unable to generate an effective immune response

against microbial infections (Shtrichman and Samuel, 2001).

Interferon-y was, until recently, believed to be the product solely of natural killer
(NK) cells (Carnaud et al., 1999) and particular T cell subsets (Farrar and Schreiber,
1993), i.e. CD4* Thi (Kohno et al., 1997; Rabinson ez al., 1997) and CD8" T cells
(Cousens et al., 1999). However, other sources of IFN-y have since been identified,
such as the B cell (Yoshimolo ef «l., 1997); macrophage (Munder et al., 1998;
Schindler et @i, 2001); DC (Ohteki er al., 1999; Hochrein et al, 2001); the
regulatory T cell (Tr) (Trinchieri, 2001), and the NKT cell {Carnaud et al., 1999).

Interferon-y interacts with the ubiquitously and almost universally expressed IFN-YR,
launching a diverse serics of events that directly and indirectly serve to contain
microbial invasion. The induction of apoptosis and the inhibition of viral replication
are anlimicrobial events directly mediated by IFN-y. Additionally, the role of IFN-
¥ in the upregulation of MHC class I and 11, the activation of antigen presenting cells
(APC) and the induction of Thl responses, contributes indirectly but powerfully to
antimicrobial resistance (Farrar and Schreiber, 1993; Young and Hardy, 1995;
Boehm et gl., 1997). Interferon~y acts directly to antagomise viral growth and
replication through the induction of threc genes encoding dsRNA. activated protein
kinase (PKR). 2’-5’-oligoadenylate synthestase (2-5A synthetase) and dsRNA
specific adenosine deaminase (dSRAD) (Boehm et al., 1997). Protein kinase is
activated by binding to dsRNA intermediates produced by RNA. viruses, thus
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interfering with protein synthesis. Activation of 2-5A synthetase vitimately leads Lo
activation of ribonuclease (RNAse)L that degrades single-stranded viral and cellular
RNAs, inhibiting protein synthesis and viral growth. The dsRAD enzyme utilises
dsRNA as a substrate in the deamination of adenosine, damaging mRNA resulling in

the translation of a non-functicnal protein.

Interferon-y promotes Thl development by enhancing IL-12 sccretion by
macrophages, and by maintaining IL-12R expression on CD4" T cells, rendering
them more responsive to IL-12 (Trinchieri, 1995). The addition of IFN-y during Th
priming in vitre accelerated and enhanced the effect of IL-12 on Thi differentiation
(Wenner et al., 1996). Interferon-y exerted an anti-proliferative effect on murine Th?2
cells but not on murine Thl cells in virro (Maggi et al., 1992), suggesting that the
role for IEN-y in Thl differentiation lies in its ability to prevent the outgrowth of Th2
cells (Constant and Bottomly, 1997).

Major histocompatibility complex class I molecules are constitutively expressed on
most nucleated cell types, with greatest expression on lymphomyeloid cells, whereas
only professional APC, such as B Iymphocytes, macrophages and dendritic cells,
constilutively express MHC class II molecules in humans and mice (Boehm et al.,
1997). Intcrestingly, both resting and activated feline lymphocytes constitutively
express MHC class II molecules (Willett and Callanan, 1995). Nonctheless, IFN-y
can induce MHC class IT cxpression, as well as augmenting MHC class T molecule
expression on virtually all cells, strongly promoting antigen presentation (Lapierre et
al., 1988; Boehm et al., 1997). Interferon-y promotes isotype switching from IgM by
acting directly on the B cell (Snapper and Paul, 1985). Antibodies of isotype 13G2a
and IgG3 are opsonising antibodies, binding fo high affinity Fc recepltors on

macrophages and complement proteins in order to enhance phagocytosis.

Nitric oxide (NO), an unstable radical gas, is derived from L-arginine and molecular
oxygen. The catalyst for this reaction comprises a series of enzymes fermed nitric
oxide synthase (NOS), an intermediate of which is inducible by IFN-y acting with a
second signal, such as TNF-a or lipopolysaccharide (LPS). In mice, IFN-y-
dependent NO formation appears to have a major role in the killing of iniracellular
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pathogens such as Leishmania major and Listeria monocytogenes (Green et al.,
1990). Interferon-y also enhances the ability of macrophages to participate in other
immunc cffector responses through the induction of high affinity Fe receptors and by
boosting antibody dependent cell-mediated cytotoxicity (ADCC), and promoting
complement protein synthesis (Farrar and Schreiber, 1993). Interferon-y promotes
the development of immature myeloid precursors into mature monocytes, and
enhances antigen presentation through increased MHC class 11 expression and
accelerated formation of intracellular and cells surface proteins, such as intracellular
adhesion molecule (ICAM)-1 (Farrar and Schreiber, 1993).

L3.2 Immune Response to FeLV
1.3.2.1 Introduction

The immune mechanisms that determine the outcome following exposure to FelL.V
have yet to be fully resolved. Both VNA and complcment-dependent antibodies
(CDA) have been detected in the peripheral blood from FeLV exposed cats
(Charreyre and Pedersen, 1991). In some circumstances, VNA can confer protection
(Jarrett er al,, 1977). Recently, the role of CTL. in mediating both vaccinal protection
and recovery has been investigated (Flynn et af., 2000a; Flynn et af., 2002a).

1.3.2.2 Humoral Immunity

Cals exposed to FeL'V under experimental and natural conditions produce a wide
range of virus-specific antibodies (Lutz et ql., 1980; Charreyre and Pedersen, 1991;
Hawks et al., 1991), regardicss of whether they recover or remain persistently
viraemic. Antibodies were detected to viral proteins gp70, p27, p15, p12 and pl0, as
well as to eight additional antigenic components of 38, 47, 36, 24, 17, 15.7, 12 and
8.5 kDa, in both recovered and persistently viraemic cats (Lotz ef al., 1980b) using a
GEDELISA assay. This assay combincs two techniques, polyacrylamide gel
electrophoresis (PAGE) and LELISA; purified FeLV was electrophoresed on a
polyacrylamide gel and molecular weight markers were used to detect the position of
protein bands, which were cut out and used to coat polystyrenc tubes. Antibodics to
each of the FeLV proteins could then be detected using an ELISA.
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Similarly, in a second study, both recovered and viraemic cats generated antibodies
to viral protcins pl3, pl2, pl0, p27 and gp70, detected using Western blots
(Charrcyre and Pedersen, 1991; Hawks et al., 1991). In general, a negative Western
blot pattern was consistent with persistent viraemia (Charreyre and Pedersen, 1991).
Hawks ef al. (1991) found that differences in anti-p27 antibody responses alone were
statistically significant beiween persistently viraemic kittens and transiently viraemic

or aviraemic kittens.

However, other authors reported that neither recovered nor viraemic cats produce
anti-Gag antibodies, although anti-p27 antibodies can be induced in recovered cats
(Jarrett, 1999). This might imply that the FcLV CA protein p27 either induces an
anergic immune response, or absorbs circulating anti-p27 antibody (Neil et al.,
1980b; Hawks ef al., 1991).

(i) Virus Neutralising Antibodies

Virus neutralising antibodies may be of any isotype, although IgA antibodies may
have an important role in the sites of early viral infection, such as in the oropharynx
of cats infected with FeLV (Abbas et al., 1997a). Virus neutralising antibodies
predominately target epitopes located on the FeLV SU protein gp70 and TM protein
p15E (Russell and Jarrett, 1978a; Elder et al., 1987). Nick et al. (1990) mapped two
epitopes on SU protein gp70, and one epitope on TM protein p15SE, capable of
inducing powerful cross-neutralising antibodies against all eV subgroups. Grant
et al. (1983) demonstrated virus neutralising activity using mAbs directed against a
number of FcLV Env glycoproteins. Epitope expression appeared to vary with the
virus isolate under study, demonstrating antigenic polymorphism within FeLV

subgroups and between isolates (Russell and Jarrett, 1978a; Grant ef al., 1983).

Neconatal kittens born to FeLV-immune queens may be protected by passively
transferred maternal antibodies. Two queens exposed to FeLV-A/Glasgow-1
developed FeLV-specific VNA and remained clinically healthy (Jarrett ef al., 1973).
Kittens born to each queen were allowed to suckle for two days before being
challenged subcutaneously with Fel.V. Kittens that received passively transferred

VNA were protected from challenge, whereas kitiens born to a naive queen became
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viraemic. The VNA titres from the passively protected Kittens decayed
exponentially, and were completely absent by sixieen weeks. In this study,
maternally derived antibody protected kittens from postnatal challenge, and the
authors predicled that suckling kittens are likely to be proiected in the same way

under natural conditions (Jarrett ef gl., 1977).

In general, recovered cats produce higher antibody titres, which peak earlier, than
persistently viraemic cats (lutz ef af., 1980b; Charreyre and Pedersen, 1991). Using
the data from their study, Lutz ef al. (1980b), concluded that extreme levels of virus-
specific antibody correlated with the clinical outcome of infection. Lower antibody
levels were detected in cats thal became persistently viraemic following cxpcrimental
exposure to FeLV, compared to cats that recovered without becoming viraemic.
Transiently viraemic cats produced levels of antibody that overlapped with those

produced by aviraemic and persistently viraemic cats.

Although VNA appeared to be protective in Jarrett’s study (1977), and arc often
present at higher levels in recovered cats, VNA do not necessarily mediate recovery.
In a recent longitudinal FeLV immunopathogenesis study, all cats that recovered
from experimental challenge developed significant VNA titres. However, the
appearance of VNA followed, or was concurrent with, clearance of infectious virus
(Flynn et af., 2002b). Similar findings have been reported in other studies where a
small proportion of cats recovering from experimental challenge with FeLV do not
have detectable VNA (Hoover et al., 1976; Russell and Jarrett, 1978b; Charreyre and
Pedersen, 1991). Morcover, VNA were present in the serum of some cats that

eventually became persisiently viraemic (Charreyre and Pedersen, 1991).

Virus ncutralising antibodies are umnlikely to be involved in eliciting protective
immunity following vaccination. Specific pathogen free kittens were vaccinated
with one of three commercially available vaccines, and were exposed to FeLV
viraemic cats. Significant differences in antibody responses were not detected
between kittens that developed persistent viraemia, and either those that became
transiently viraemic, or those that recovered without becoming viraemic (Hawks et
al., 1991). Furthermore, in a recent FeLY DNA experimental vaccine study (Hanlon
et al., 2001), protection was conferred in the absence of VNA. Moreover, infectious
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virus was cleared from the blood before virus-specific VNA were generated post-

challenge, indicating that VNA were not involved in recovery.
(ii) Complement-Dependent Antibodies

Complement-dependent antibody interacts with antigen, bound in an immune
complex or attached to a cell surface, and mediates viral or cell lysis (Abbas et al.,
1997b). Complemeni-dependent antibodies are not present in unexposed SPF cats
but appear following exposure to FeLV, and are present in both recovered and
persistently viraemic cats (Grant ef ¢l,, 1978; Grant et al., 1979). These antibodies
are directed to neither Env nor Gag proteins (Grant et al, 1978), and can be
demonstrated in vitro using immune cat sera and feline complement to lyse FeLV
antigen-expressing FL74 cells (Grant et al., 1977). Complement-dependent antibody
is typically of isotype IgG1, IgG3 or [gM. Grant ef al. (1979) observed that in FelLV
immune cats, CDA levels declined over time, whereas persistenily viracmic cats
expericneed cyclical fluctuations in CDA levels. The author also considered whether
CDA might be direcled against tumour antigens rather than viral antigens as
demonstrated by a significant corrclation between the presence of CDA and the

presence of lymphoma.
1.3.2.3 Cell-mediated Immune Response

The importance of CTL as mediators of protective immunity and effectors of
recovery in retroviral infections such as FIV and HIV, has been established (Flynn e¢
al., 1996; Kaul et al., 2000). The ability of CTL to control FeLV replication and
mediate recovery has recently been delineated; cats that recovered following
experimental cxposurc {0 FeLV developed early virus-specific CTL responses, which
were maintained until infectious virus was cleared from the blood (Flyan et al.,
2002b). All FeLV-exposed cats demonstrated two peaks in CTL activity, at weeks
four to seven, and subsequently at wecks ten to thirteen, which coincided with two
peaks in proviral DNA load (at weeks four and ten). The early CTL response was
Gag/Pro-specific, while the second peak was Env-specific. Cats that failed to
recover from FeLV infection following experimental challenge exhibited delayed

and short-lived virus-specific CTL. In addition, the adoptive transfer of a single
54

X T



infusion of mixed virus-specific CD4" and CD8" T cells significanily reduced the
praviral DNA burdens in persistently infected cats, indicating a direct role for virus-

specific T cells in the control of FeLLV viraemia (Flynn ef al., 2002b).

Virus-specific CTL are also important in protective vaccinal immunity. High levels
of FeLV-specific CTL were detected in the blood and lymphoid tissues from FelLV
DNA-vaccinated protected cats (Flymn et @l,, 2000a; Hanlon et al., 2001). Virus-
specific CTL were detected at significantly higher levels in both protected and
recovered cats, compared to persistently viraemic cats. Furthermore, significantly
higher levels of Gag/Pro-specific CTL were detected in transiently viraemic cats that
recovered, compared to persistently viraemic cats. However, differences in Env-
specific CTL responses between the same groups were not significant (Flynn et al.,
2000a), indicating that the predominant CTL response in protected and recovered
cats is Gag/Pro-specific. The authors suggested that the CTL responses of
persistently viraemic cats may be directed to viral proteins other than Gag, Pro or

Env, such as the Pol protetns RT and IN.

1.3.2.4 Immunosuppression

Early studies indicated that both cell-mediated and humoral immune responses were
suppressed in FeLV-exposed cats (Perryman ef al., 1972; Cockerell et al., 1976,
Hebebrand et al., 1977; Mathes et al., 1978; Hebebrand et al., 1979; Mathes ef al.,
1979). At thai time, il was not clear whether lymphopenia caused by thymic atrophy
and viral infection of lymphoid tissues could account for the ensuing
immunosuppression (Perryman ez al., 1972), or whether other, as yet undefined,
immuosuppressive factors were involved. An emerging consideration was the status
of the CD4" T cell, known to be important in the regulation of both cell-mediated and

humoral immune responscs as well as innate non-specific immune responses.

In 1976, Cockerell et al. cxamined the response of lymphocytes from FeLV-infected
kittens to mitogen-induced activation using the lymphocytc blast transformation
(LBT) assay. He discovered that, compared to uninflected controls, infected kittens
had a greatly reduced ability to respond to Con A, and to a lesser extent, pokewced
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mitogen (PWM). Disease progression was characterised by an early decline in B cell
numbers, which subsequently returned to normal levels. In humans and mice, Con A
is known to be T cell selective, whereas PWM stimulates both T and B cells. If these
mitogens exerted similar selective effects on feline cells, the findings from this study
would indicate that FeLV exerts a greater suppressive cffcct on T cells, compated to
B cells. The author also suggested that the early decline in B cell numbers might

reflect carly defective CD4™ T cell function.

Light clinically hcalthy but persistently viraemic cats were inoculated with (-
tyrosine-p -glutamic acid)-poly-pi-alanine-poly--lysine, ((T,G)AL) antigen, a T cell-
dependent antigen in the rat. Subsequent blood sampling revealed that six out of
cight cats showed a delayed and reduced (T,G)AlL-specific antibody response
compared to an uninfected control group (Trainin ef al., 1983), prompting the author
to suggest that a CD4* T cell malfunction in Lhe persistenlly viraemic cats might

have conlributed (o the diminished humoral response.

The immunosuppressive effect of FcLV did not appear to be restricted to B and T
cells. Persistently viraemic cats are highly susceptible to opportunistic bacterial and
fungal infections, which might indicate impaired innate immunity. Indeed,
polymorphonuclcar (PMN) cells from Fel.V-infected cats were shown to be
tunctionally impaired in vitro as determined by the chemiluminescent {CL) response.
Depressed PMN function first became evident during early viraemia and continued
to decline throughout the course ol the expcriment, even (hough all cais had
succeeded in eliminating virus and were clinically healthy (Lafrado and Olsen,
1986). In 1987, Lafrado et al. investigated the effect of FeLV on the functional
capacity of PMN cells from healthy cats. Inactivated virus added to latex bead-

stimulated PMN suppressed CL activity by fifty per cent, compared to controls.

The suppressive effect of UV-inactivated Fel.V on lymphocyte fonction had
previously been reported. The response of PBMC from SPF cats to the mitogen Con
A in a LBT assay, was suppressed twenty to sixty-five per cent in the presence of
inactivated FcLV (Hebebrand et al., 1977). The inactivated virus was not cytotoxic,
as determined using Trypan Blue exclusion to assess the viability of cultured cells.

Similarly, UV-inactivated FelLV significantly suppressed cat Lymphocyte recognition
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of allogenic cells using the mixed leukocyte reaction (MLR) (Stiff and Olsen, 1983).

It is apparent from these studies that Fel.V in vivo, and inactivated FeLV in vitro, can
suppress T, and to a lesser extent B, cell function, as well as PMN function.
Evidence exists to suggest that (he FeL.V TM protein p15E may be partly responsiblc
for the immunosuppressive effects of FeLV. Mathes et al. (1979) added purified
FeLV TM protein p15E to Con A-stimulated lymphocytes from SPF cats, and found
a markedly reduced responsiveness in the LBT, compared to an identical incubation
with purified FeLV CA protein p27. Inhibition was shown to be independent of
competition for Con A binding sites and FeLV TM protein p15E toxicity. Lafrado ez
al. (1987) also observed a suppression of chemiluminescent activily when latex-
stimulated PMN fram healthy cals were incubated with FeLV TM protein pI1SE. The
ability of Fel.LV TM protein p15E to suppress human lymphocyte mitogenic and
antigen-specific responses was illustrated using the LBT (Hebebrand et al., 1979);
proliferative responses to the mitogens Con A and phytohaemagglutinin (PHA) were

reduced by up to ninety-six per cent, in four out of six humans tested.

The mechanisms through which inactivated KeLV and/or p15E might exert an
immunosuppressive cffcct have been investigated. Copelan et al. (1983) reported
that purified FeLV TM protein p15E inhibited the proliferative responses of human
lymphocytcs to Con A when the cells were co-cultured with IL-1, and suggested that
FeLV TM protein plSE interfered with IL-2 production by T cells. Shortly
afterwards, UV-inactivated FeL'V was shown to depress the accumulation of IL-2
and macrophage activating factor (MAF) in Con A-stimulated murine T cells (Orosz
et al., 1985). Both 1L-2 and MAF production by CD4* T cell and CTL populations,
respectively, were blocked. It was concluded that FelLV acted directly to exert a

gencral but temporary impairment on the ability of the T cell to produce, and respond

to, cytokines.

Further evidence that FeLV impairs cytokine production has been documented.
Peripheral blood mononuclear cells and splenic lymphocytes from FeLV-infected
cats could not be induced to produce significant levels of feline IFN-y ({IFN-y) in
response to Staphylococcus aurcus prolein A (SPA) (Liu ef ¢l., 1984). Similar

findings were recorded in vitro, where PMBC from SPF cats were co-cultured with
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inactivated FeLV and Staphylococcus aureus enterotoxin A (SEA) in LBT assays.
Supernatants were collected and assayed for fIFN-y activity using a plaque reduction
assay. Levels of fIFN-y were markedly reduced where inactivated FeLV was
included in the culture system, compared to activity detected using the mitogen alonc
(Engelman ef al., 1984). The effect was dose dependent, with increased antiviral

activity detected at lower concentrations of inactivated Fel.V.

Nonetheless, no dilferences in protection alforded by a canarypox virus recombinant
FeLV vaccine (ALVAC-FL) expressing cither intact Env, or Env in which
‘immunosuppressive’ sequences were eliminated, were detected (Tartaglia et al.,
1993).

1.3.2.5 Vaccination

Currently, three FeLV vaccines are commercially available in the U.K. (Sparkes,
1997). The first of these is an adjuvanted form of whole inactivated FeLV
(‘Fevaxyn’, Fort Dodge Animal Health, Wyeth, New Jersey, U.S.); the second is an
adjuvanted mixed subunit [rom FeLV-infected tissue culture filtrate (‘Leukocell 27,
Plizer Lid, Kent, U.K.). Finally, a vaccine based on a purificd, adjuvanted,
recombinant non-glycosylated form of FeLV SU protein gp70 (p45), is available
{*Leucogen’, Virbac S.A. Carros cedex, France). Ideally, an effective vaccine should
protect FeLV exposed cats from both viraemia and lalent inlection. However, none
of these vaccines fully protect exposed cats against the development of viraemia or
latent infection (Jarrett and Ganiere, 1996; Sparkes, 1997).

Few independent vaccine efficacy studies are available; many efficacy studies have
either been conducted or supported by the manufacturer, and results are often
conflicting. The preventable fraction (PF) figures (Sparkes, 1997), which represent
the proportion of cats protected by vaccination in excess of that protected by natural
resistance, reveal variations between studies testing the same vaccine. For instance,
the ‘Leukocell 2° vaccine has a reported PF which varies between 4.8 per cent
(Jarrett and Ganiere, 1996), and one hundred per cent (Lafrado, 1984). However,
vaccine efficacy cannol truly be compared without considering other factors such as
the number of cats wsed in the study, the number of cats that developed persistent
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viraemia, the route of challenge and the age of cats at the time of challenge.
Nonetheless, however these vaccines are compared, none have successfully managed
to prevent transicnt viracmia when challenged in a contralled study (Sparkes, 1997).
In fact, none of these vaccines consistently protected against the development of

persistent viraemia (Sparkes, 1997).

The search for more effective vaccines has precipitated experimentation with novel
adjuvants (Osterhaus et al., 1985), live viral vectors (Willemse er al., 1996) and
DNA vaccination (Hanlon er al., 2001). An experimental FelLV DNA vaccine
containing gag, pol and env genes, as well as 1L-12 and 1L-18 DNA, was shown fo
be an effeetive vaceine, in that all cats receiving this construct were protected from
persistent and transient viraemia (Hanlon ez al,, 2001). However, protection from

latent infection was not complete.

The mode of protection conferred by the commercially available vaccines has not
been investigated. It was believed that VNA were critical mediators of protection
(Loar, 1993; Sparkes, 1997), although significant VNA ftilres were not observed
using some vaccine preparations until after challenge (Pedersen, 1993). Indeed,
inoculation with the FeLV DNA vaccine described above did not elicit any anli-
FeLLV antibody response before challenge. After challenge, strong VINA responses
were clicited in the majority of recovered and protected cats. These antibodies did
not appear any earlier, or at any greater titre, in vaccinated protected cats, compared
to recovered control cats; these data suggest that the VNA were nol induced by the
vaccinc (Hanlon et al., 2001). In contrast, high levels of FeLV-specific CTL were
detected in the blood and lymphoid tissues from vaccinated protected cats (Flynn et
al., 2000a). In both protected and recovered cats, FeLV-specific CTL were detccied
at significanily higher levels than in persistently viraemic cats, indicating that
protection was conferred by CTL. The inclusion of DNA encoding cylokines 11.-12
and IL-18 in the vaccine construct would have enhanced the generation of CTL
ctfector cells; these cytokines are known to drive Thl immune responscs (Trinchieri,
1995; Torminaga et al., 2000). Therefore, for Fel.V, vaccine strategies Tavouring Thl
responses that generate virus-specific CTL should prove the most successful in

eliciting protective immunity.

59



1.3.3 Immune Response to Other Retroviruses

What information regarding antiretroviral immunity can be gleancd from other

systems, and applied to FeLV?

1.3.3.1 Role of CD4" T Cells in Antiretroviral Immunity

Cytotoxic T lymphocyte responses, T cell proliferalive responses and VNA are all
required elements in a protective immune response against FV (Hasenkrug and
Chesebro, 1997).  Virus-specific CD4" T cells provide help for both CTL
(Hasenkrug and Chesebro, 1995) and B cells (Perry et al., 1994; Super et al., 1998).
The rapid development of CD4" T cell proliferative responses is associated with
recovery from a high dose challenge of FV (Miyazawa et gl., 1988). Depletion of
CD4" T cclls én vive had little effect in the early stages of recovery but did lead to a
marked reduction in recovery in the final stages, suggesting that CD4" T cells were
less important in the early stages of recovery but were required to maintain the
recovered status (Robertson et al., 1992). The CD4* T cell response is specific for
determinants in the FV Inv protein, and two epitopes have been characterised within

the SU protein gp70.

In HIV-1 infected humans and non-human primates, CD8* T cells are central to anti-
HIV-1 immunc responses (Schmitz er a¢f., 1999; McMichael and Rowluand-Jones,
2001). An additional role for VNA in the suppression of primate lentiviral infections
has also been postulated (Shibata er al, 1999). Since CD4% T cells have a
fundamental role in the promotion and regulation of thesc two arms of the immunc
response, the capacity of these cells 1o [unction normally during primale lentiviral
infections is of critical importance. Human immunodeficiency virus-1 infection is
characterised by a steady decline in CD4" T cell numbers, preswmably lost through
infection and virus-induced apoptosis (Rosenberg and Walker, 1998; Altfield and
Rosenberg, 2000). The number of virus-specific CD4" T cells is also low (Pitcher et
al., 1999). HIV preferentially infects virus-specific CD4" T cells (Douek et al.,
2002), which may be particularly vulnerable to HIV infection because of their
association with HIV-bearing dendritic cells within lymph nodes. However, a
functional defeet in CD4" T cells is apparent early in the asymptomatic phase, before
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the dramatic drop in CD4" T cell numbers occurs (Miedema ef al., 1988; Clerici et
al., 1989; McMichael and Rowland-Jones, 2001). Nonetheless, in both humans and
rhesus macaques, early virus-specific CD4" T cell responses can be restored using
antiretroviral therapy. The application of such therapy in rhesus macaques during
primary infection with simian immunodeficiency virus (SIV) replication led to the
rapid suppression of viral replication in some animals, together with the development
of strong SIV-specific CD4" T cell responses. Furthermore, these animals were
resistant to re-challenge. Simian immunodeficiency virus-specific CD4" T cell
responses inversely correlated with viral RNA load, implicating CD4" T cells in
resistance to infection (Lifson et al., 2000). Early antiretroviral therapy can also
‘rescue’ this H1V Gag-specific CD4™ T cell response in humans (Rosenberg ef al.,
1997; McMichael and Rowland-Jones, 2001).

However, in the absence of treatment, the majority of patients infected with HIV-1
experience a progressive and irreversible loss of CD4" T cell function, characterised
by a deterioration of delayed type hypersensitivity (DTH) responses to common
recall antigens (Dolan ¢/ al., 1995); a loss of in viiro responsiveness to mitogenic and
antigenic stimulation (Clerici et al., 1989), and a switching from Thl to Th2 cytokine
profiles (Maggi ez al., 1994). Human immunodeficiency virus-1-specific CD4* T
cell responses bave been measured in patients throughout the course of infection
using lymphacyte proliferation assays (LPAs). Only the long-term non-progressor
(I.TNF) patients consistently demonstrated significant levels of proliferation to viral
antigens (Rosenberg et al., 1997; Picker and Maino, 2000). This cohort of HIV-
infected individuals maintain normal CD4* T cell numbers and low to undetectabie
viral RNA loads, exhibit no signs of HIV-1-related disease and consistently
demonstrate vigorous cellutar and humoral responses to HIV (Rosenberg et al.,
1997). However, AIDS patients with lower viral RNA Joads did show some HIV-
specific CD4™ T cell responses (Musey et al., 1999). Responses were predominately
directed towards Gag proteins; occasionally, responses lowards Env and Pol proteins

were detected (Rosenberg ¢t al., 1997; Musey et al., 1999).

Intracellular cytokine staining (ICS) using flow cytometry 1o detect IFN-y expression
provides a means of MHC-independent quantification of antigen-specific CD4* T

cell frequencies (Pitcher et al., 1999), and is more reflective of the true frequency of
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antigen-specitic CD4" T cells (Picker and Maino, 2000). Using this method, HIV-1-
specific CD4' T cells were detected in all LTNP and recently infected (less than three
years) patients, and surprisingly, in over half of the chronically infected patients with
progressive disease. The response was primarily against Gag proteins, and the
cytokine profile characteristic of Thl cells (IFN~y and IL-2). In the proliferation
studics, an inverse corrclation was detected between plasma viral RNA loads and
CD4" proliferative responses (Rosenberg et al., 1997; Musey et al., 1999); however,
using ICS, there was no slatistically signilicant correlation between HIV-1-specific
CD4" T cell frequencies and viral RNA load, although the median frequencies were
higher in LTNPs than in the progressor group (Pitcher et af,, 1999). A second study
using similar ICS techniques to detect IFN-y expression in recognition of cognate
antigen, concurred; the difference in Gag-specific CD4" T cell frequencies between
LTNPs and the slow progressors (SPs) was not statistically significant (Boaz ef al.,
2002). However, Gag-specific CD4" T cells that produced both IFN-y and 1L-2 were
associated with a good clinical outcome in HIV infection, in that LTNPs had higher
frequencies of such cells in the peripheral blood, compared to slow progressors (SPs)
(Boaz ef al., 2002). Furthermore, the frequency of the IFN«y* IL-2* CD4" T cell
population correlated inversely with viral RNA load, but not CD4 count. Gag-
specitic IFN-y* CD8" T cell frequency did not differ between the two groups; and
only Gag-specific IFN-y* 11.-2* CD4" T cell frequency correlated with the Gag-
specific IFN-y" CD8" T cell frequency.

Bovine leukaemia virus-specific cellular immune responses have been investigated
using the LPA. The core anligen, p24, was prepared from a cell line constitutively
producing BLY antigens, and incubated with T cells isolated from the serum of
asymptomatic, seropositive animals. CD4" T cells from seropositive animals
prolilerated in response to p24, whereas CD8* T cells did not show any significant
proliferation (Mager et al., 1994). These findings suggested that the p24 responder
population resided in the CD4" T cell subset.

1.3.3.2 Role of CTL in Antiretroviral Immunity

The presence of FV-specific CTL correlates with recovery from splenomegaly in
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FV-infected mice (Robertson et al., 1992). Depletion of CD8" I cells in vivo
dramatically reduced the incidence of recovery. Friend virus complex-specific CTL
recognise viral antigens in the context of H-2D molecules (Chesebro, 1990). The
major CTL epitope is present within the FV Env protein but has yet to be identificd
(Hascenkrug and Chesebro, 1997).

Cytotoxic T lymphocytes are importani in the control of viracmia in the initial acute
phase of HIV and SIV infection, and during the asymptomatic period (Koup ef al.,
1994; Borrow et al., 1997; Ogg et al., 1998; Wilson ez al., 1998; Jin et al., 1999).
However, virus-specific CTL are unable to control virus spread, despite the presence
of high frequencies of virus-specific CD8" T cells, (Ogg et al., 1998; Wilson et al.,
1998; Kuroda et al., 1999; Licbcrman ef gf., 2001). These data suggest that the
virus-specific CTL may not be functioning optimally. In one study, less than fifieen
per cent of IIV-specific CTL contained perforin, which resulted in the poor killing
of turget cells ex vivo (Appay et «l., 2000). Low levels of perforin cxpression may
correlate with immaturity, and might reflect inadequate CD4" T cell function
{Champagne et al., 2001; McMichael and Rowland-Jones, 2001). The majority of
HIV-specific memory 1" cells detected in HIV-infected individuals resided in a pre-
terminally differentiated subset, whereas most CMV-specific cells were terminally
differentiated (Champagne ef al., 2001). Assessment of the capacity of SIV and
HIV-epitope-specific CD8" T cells ta produce IFN-y has been made possible through
the development of tetramer technology and ICS. These highly sensitive techniques
permit the enumeration of individual epitope-specific cells (Section 1.4). In rhesus
monkeys chronically infected with SIV, CD8" T cells were unable to scercic IFN-y in
response to their specific peptide epitope (Vogel et al., 2001), but could in response
to the mitogens phorbol myristate acetate (PMA) and ionomycin. Similar findings
were reported for humans infected with HIV. In most patients, less than twenty-five
per cent of tetramer-positive cells produced IFN-y in responsc to their cognate HIV
peptide epitope (Shankar ef al., 2000). Short-term culture with IL-2 restored the
capacity of CD8" T cells lo produce IFN-y and lyse HIV-infected CD4" target cells;
however, these cells could not be rescued in more advanced patients, suggesting
progressive CD8* T cell dysfunction with disease advancement. Where the anti-HIV
CTL response is restricted 1o just a few immunodominant epitopes (Phillips ez al.,
1991; Couillin et al., 1994; Borrow er al., 1997), virus escape mutants can develop
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and persist. In fact, HIV-specific CTL responses directed against a limited number
of viral epitopes will drive the selection of escape mutants (Borrow et al., 1997), and

may contribute to the failure of the early CTL response to control viral replication.
1.3.3.3 Role of Humoral Immunity

Virus neutralising antibodies are an important correlate of profection against FV. A
non-MHC gene, Rfv-3, influences the production of VNA. Mortality is incrcascd by
up to ninely per cent in mice unable Lo elicit VNA (Hasenkrug and Chesebro, 1995).
In addition, B cell-depleted mice have reduced tumour-specific CD4* and CD8" T
cell responses, indicating a role for B cells in antigen picsentation and the induction

of T cell responses in vive (Schultz et al., 1990).

Anti-FI[V antibodies are primarily directed against the Env glycoproteins gp120 and
gp41, and against the Gag proteins pl17 (Barker ef al., 1995) and p24 (Weber et al.,
1987). Viruses isolated from an infected individual over time have shown variable
levels of sensitivity to VNA, suggesting the development of virus escape mutants
(McKeating et al., 1989; Bourreau ez al., 2002). The Env protcin is subject to greater
selection pressure than Gag and Pol proteins, which tend to be more conserved; anti-
Gag antibodies do not neutralise virus so no effect of antibody selection occurs.
Despite the fact that high anti-Env titres can be detected in the sera of most HIV-
infected individuals, the key events of CD4 binding and fusion are¢ mot inhibited,
indicating that humoral immune responses are not protective (Matthews et al., 1986).
However, recent studies in pig-tailed macaques with chimeric simian-human
immunodeficiency virus (SHIV) have demonstrated passive protection conferred by
anti-HIV-1 Env neutralising antibodies alone in vive (Shibatla et wl., 1999). The env

gene was derived from HIV-1pgiz, a dual-tropic primary virus isolate.

Bovine leukaemia virus induces antibodies to the Tnv protein gp51 and to the Gag
protein p24 (Bex et al., 1979; Bruck ef al., 1984). However, these antibodies, which
may persist throughout the life of infected animals, are not effective in climinating
virus or in preventing disease progression. Furthermore, antibody titres may even
increase as disease progresses to persistent lymphocytosis or tumour devclopment
(Mager et al., 1994).
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1.3.3.4 Role of Cytokines in Antiretroviral Immunity

Whether Thl or Th2 responses predominate in recovering FV-exposed mice is not
yet unknown. IHowever, the importance of CTL in recovery suggests that Thl
responscs arc likely 1o be important. The role of IFN-y, as well as IL-4 and IL-12, in
the pathogenesis and control of a primary FV infection was detcrmined using mice
with genctic inactivations in cach of the cytokine genes (Dittmer ef al., 2001). High
fevels ol viraemia were detecied in IFN-y-deficient mice; furthermore, one-third
developed gross splenomegaly by week ten. The remaining IFN-y-deficient mice
appeared to be able to compensate for the lack of IFN-y. Interfeukin-4 and fL-12-
deficient mice behaved as normal wild-type mice. Vaccinated challenged mice did

not require [IEN-y to control FV infection.
1.3.3.5 Immunosuppression

Friend retrovirus complex can suppress both cellular and humoral immune responses
in certain mouse strains. In H-2D% mice (mice with the lowest incidence of
recovery), humoral immune responses were suppressed, including antibody
responses to T cell independent antigens, indicating that defective CD4" T cell
function was not the cause (Morrison ef al., 1986). Susceptible mice also experience
FV-mediated impaired NK activity (Lu et al., 1992); in addition, antigen presentation

by macrophages is compromised (Jones et al., 1992).

The majority of sera from BLV-infected cattle inhibited mitogen-induced
lymphocyte blastogenesis in a dose-dependent manner {Takamatsu ef al., 1988), and
impaired PMN cell activity. Sera from cattle with persistent lymphocytosis were
added to an II1-2~-dependent T cell line, and caused growth suppression. However,
cellular viability was not impaired, suggesiing the existence of an

immunosuppressive factor in the serum of diseased animals.

1.3.3.6 Vaccination

Protection of susceptible mouse strains against FV can be achieved using a range of
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vaccine lypes, such as killed or attenuated viruses, viral proteins, viral peptides or
recombinant vaccinia virus (tVV) vectors expressing FV genes (Hasenkrug and
Chesebro, 1997). Prolective tesponses must include CD4" T celf proliferation and
CTL activity, as well as VNA. The env gene within the 1VV vectars appears to elicit
better proteciive responses than the gag gene (Miyazawa et al., 1992). However,
seventy per cent of H-2""" mice that were immunised with rVV-gag recovered after
sixty days post challenge. The protective mechanism has not been delineated;
however, co-operation between Gag-specific CD4" T cells and Env-specific effector
cells was considered 1o be involved e.g. class switching of VNA to 1gG following
challenge with FV in Gag-immune mice. One CTL, three Th and two VNA epitopes
have been identified within the SU protein gp70. The number of CD4™ T cell
epitopes available within the vaccine appears to be a critical factor in determining the
requirement for CTL (Hasenkrug et al., 1996).

With an estimated fifteen thousand new infections each day, the dcvelopment of an
effective therapeutic and prophylactic vaccine against HIV is critical. Researchers
are striving to target virus-specific CD8" T cells in order to evoke protective immune
responses. Experimental studies have shown that antibodies failed to neutralise wild-
type virus in vitro, and ncutralisation, where it occurred, was Jargely strain-specific.
Ideally, a vaccine against HIV would deliver sterilising immunity. However,
realistically, an HIV-vaccine might only offer partial protection against infection.
CD8" T cells cannot prevent infection of cells by HIV, but could abort an infection
before it became cstablished, or if the virus is not eliminated, contain the virus at a
significantly lower level (McMichael and Rowland-Jones, 2001), which might
reduce the severity of infection, create more LTNP and, in addition, reduce the

transmissibility of the virus,

Various prime and boost vaceine combinations can also be used o enhance immune
responses. Prime-boost HIV vaccines are currently undergoing phase [ and II
clinical trials; an epitope-based DNA vaccine is administeted followed by a modified
vaccinia virus Ankara (MVA) vaccine incorporating a CTL multi-epitope
immunogen. This combination induced good virus-specific CTL responses in rhesus
macaqucs, detocted using >'Cr release assays, enzyme linked immunospot (ELISpot)

assays and tetramer staining (Hanke ez al., 1999; Allen ef al., 2000). However, (his
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regimen failed to protect two out of three challenged animals.

Since BLV is morc pathogenic in sheep than in cattle, with a shorter latent period,
sheep have often been used in experimental BLV studies. Sheep vaccinated with
rVV expressing the BLV glycosylated Env protein generated partially protective
immune responses against BLV (Ohishi e al., 1991). Vaccinated animals were not
completely protected from challenge but BLV proliferation was suppressed in both
healthy challenged animals and in carrier animals. Antibodies were not induced
before challenge, suggesting that cell-mediated immunity was important. In fact,
vaccination elicited strong DTH responses, implicating CD&' T cell activity.
Antibody tiires post-challenge were similar in both thc control infected and
vaccinated protected populations, and did not correlate with the degree of BLV
proliferation. Vaccination using a rVV vector containing the complete BLV env
gene protected sheep against challenge with BLV, and protection was shown to
correlate with the activity of Env-specific CD4" T cells (Gatei et al., 1993).

However this response was absent four months post challenge.

1.4 Technologies Detecting Antigen-Specific CD4" T Cells

1.4.1 Lymphocyte Proliferation Assay

In this assay, specialised plates are coated overnight with mitogen or specitic antigen
in the form of peptides or proteins. Cells isolated from peripheral blood or lymphoid
tissues are seeded into the coated wells and incubated for three days at 37°C. During
the final five hours of incubation, tritiated thymidine (*H-thymidinc) is added, which
becomes incorporated into the DNA of proliferating cells. The DNA is harvested
onto filter plates and radioactivity measured using a liquid scintillation counter. The
amount of radicactivity detected is proportional to the number of proliferating cells,

which corresponds with the number of antigen-specific lymphocytes.

The LPA is designed to mcasure the ability of lymphocytes to proliferate clonally ir
vifro, in response to mitogenic or specific antigenic stimulation. Antigen-specific T
cell proliferation assays are used 1o assess the functional capacity of CD4" T cells to
respond to their cognate antigen. The assay has been used in AIDS clinical trials in
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order to assess improvements in CD4" T cell function following antiretroviral
therapy; to measure the development of HIV-specific responses lollowing the
administration of HIV vaccines (Lederman et al., 1998), and to determine the

immunopathogenesis of HIV infection (Rosenberg ef al., 1997, Musey ef al., 1999).
1.4.2 Cytokine Technologies

The analysis of cytokine production patterns is important in the elucidation of the
immunopathogenesis of disease processes, and in the evalvation of novel
immunotherapies and the monitoring of disease progress. Cytokine expression can
be detected as mRNA using quantitative reverse transcriptase-polymerase chain
reaction {(qQRT-PCR) techniques (Dean et al., 1998), or as secreted soluble proteins
within body fluids using ELISA (Mateu de Antonio et al., 1998). Howecver, the
detection of expressed cytokines using sensitive and quantitative technologies, such
as ELISpot assays and ICS using flow cytometry, is preferable. These highly
sensitive assays delect cylokine expression at the single cell level and facilitate the

quantification of antigen-spccific cells.
1.4.2.1 Enzyme Linked Immunospot Assay

Specialised filter plates are coated overnight with cytokine-specific antibodies before
being sccded with cells isolated from PBMC or lymphoid tissues. The cells are
stimulated with anligen, in the form of peptide or whole protein, for up to twenty-
four hours. Cytokine expression can be detected using a second specific monoclonal
or polyclonal antibody labelled with biotin or directly labelled with enzyme, An
additional streptavidin-cnzyme conjugate step enhances sensitivity. Colour is
developed using a substrate-chromogen mixture, which reveals spots of expressed
cytokine on the plate. Spots can be counted manually or by using sophisticated

image analysis equipment.

The ELISpot is a highly sensitive and quantitalive assay designed 1o detect antigen-
specificity at a single cell level; this technique is very uscful for cvaluating the
quantity and quality of T cell responscs induced by immmunotherapies (Czerkinsky et

al., 1983; Favrc et al., 1997; Schmittel et al., 1997; Yang ef al., 2000). It is also
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possible to dual-stain; thus, the simultaneous expression of two cylokines can be
detected (Okamoto et al., 1998).

1.4.2.2 Intracellular Cytokine Staining

Target cells are cultured with their specific antigen in the form of peptides, proteins
or MHC-tetramers, over a short time course of four to six hours. Protein transport
inhibitors are present throughout the period of cell stimulation. Cells are stained
with fluorochrome-labelled antibodies to cell surface molecules in order to identify
specific cell populations, then fixed and permeabilised before staining with a
cytokine-specific antibody labelled with a second [luorochrome. Two-colour flow
cytomelry is used to stimulitaneously detect cell surface molecules and intracellular

cytokines. Antigen-specific cells can thus be identified and quantified.

The detection of intracellular cytokines has been facilitated through the identification
of reagents such as brefeldin A (BFA) and monensin, which inhibit protein secretion
and allow expressed cytokines 10 accumulate within the cell (Fujiwara er al., 1988;
Nylander and Kalies, 1999). Intracellular cytokines are detected wusing
fluorochrome-labelled  cyiokine-specific antibodics, and visualised using flow
cytometry (Jung et al., 1993). This highly sensitive and antigen-specific technique
permits the enumcration of individval antigen-specific cells and the characterisation

of antigen-specific cell phenotype using antibodies to cell surfacc molccules.

1.4.2.3 Tetramer Staining

Knowledge of MHC and immunodominant cpitopes is required to quantify antigen-
specific cellular immune responses using tetramer technology, rendering these assays
technically complex. T cells recognisc antigen in the form of an MHC-peptide
complex. An MHC-tctramer complex comprises four complexes of antigenic peptide
molecules, B2 microgiobulin and a biotinylated MHC class | molecule, bound to
fluorochrome-labelled streplavidin, This technology is currently being used to
investigate virus-specilic T cell responses in man and mouse to HIV, SIV, LCMV
and Epstein-Barr virus (EBV), as well as to investigate immune responses in
parasitic infections, cancer and autoimmune conditions (Gallimore ef al., 1998;
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Kuroda et al., 1998; Wilson et al., 1998). The MHC tetramer staining technique is
highly sensitive, antigen-specific, and can detect rare cells (McMichael and
O'Callaghan, 1998). Flow cytometry is used to detect T cell receptors (TCRs) that
recognise and bind their cognate antigen. This technique can be used to identify and
sort specific T cell populations, and to detect antigen-specilic responses at single cell
level, Alternatively, unconjugated bound tetramers can be detected using ELISpot
assays (Kaul et al., 2000).

1.4.2.4 Summary

These assays vary in their sensitivity and technical requirements. The quantificatton
of antigen-specific cells using tetramer technology is techunically complex; the MHC
must be defined and immunodominant epitopes characterised. Furthermore, the
identification of non-functional populations of antigen-specific T cells in certain
chronic disease states in mice and humans (Zajac ef al., 1998a) imply that functional
studies are also important. Lymphocyte proliferation assays are technically
straightforward and reflect the functional ability of target cells. Peptides and whole
proteins can be used in antigen-specific assays, and knowledge of the MHC is not
required. Furthermore, specific anti-cytokine antibodies are not needed. However,
these assays require a long period of in vitro restimulation of cells, are often subject
to high background readings and are not quantitative at the single cell level.
Intracellular cytokine staining using flow cytometry, and ELISpot assays, are rapid,
highly sensitive antigen-specific assays thal facilitale the enumeration of JFN-y
expressing cells at the single cell level, without requiring MHC definition and

knowledge of immunodominant epitopes.

1.5 Aims of Thesis

Feline leukaemia virus is a wnaturally occurring y-retrovirus of domestic cats
worldwide. Following exposure, most FeL.V-naive cats successfully eliminate the
virus and recover; howcver, a number of exposed cats become persistently viracmic
and dic within two to three years from an FeLV-associated diseasc. Furthcrmore, an
unknown proportion of recovered cats retain a latent proviral infection within their

bone marrow cells. The immune mechanisms that determine the fate of the cxposed
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cats arc unknown. Early studies showed that the elicitation of VNA correlated with
recovery. However, more recently, the importance of virus-specific CTL in recovery
from FeLV and in the protection of vaccinates has been described. Studies of murine
and human retroviral infections illustrate that CTL are important in the elimination of
virus and the elicitation of protective immune responses; inadequate CD8" T cell
function culminates in viral persistence. The importance of humoral immunity in the

control of retroviral disease is controversial and may vary among individual viruses.

The aim of this thesis was to identify and compare FeLV-specilic cell-mediatcd
immune responses, particularly virus-specific CD4™ T cells, in recovered, latently
infected, and persistently infected cats following experimental exposure to Fel.V.
CD4" T cells have a critical role in regulating the humoral and cell-mediated arms of
the immune responsc through the activation of DC and the elaboration of cytokines,
particularly IFN-y. Failure of the CD4" T cell response in HIV and FV infection has
been shown to result in inadequate priming, maturation and maintenance of the CTL
response.  Sophisticated technologies identifying virus-specific CD4" T cells were
combined with highly sensitive assays to quantify viral burdens, in an attempt to

correlate virus-specific immune responses with viral burdens in vivo.

To achieve these goals, a group of sixteen-week old SPF cats were exposed
oronasally to a dose of infectious FeLV expected to result in fifty per cent vecovery,
and fifty per cent persistent infection. In addition, an unknown proportion of
recovered cats were expected to retain a latent proviral infection. Peripheral blood
was sampled at frequent intcrvals following exposure; bone marrow and lymphoid
tissues were harvested post mortem. Virus-specific immunc responscs were
evaluated in the peripheral blood and in the lymphoid tissucs, using two techuiques,

the LPA, and ICS analysed using flow cytometry.

It was first necessary to develop reagents to measure fIFN-y. Anti-{IFN-y antibodies
were generated as tools to detect and quantify virus-specific cells using ICS analysed
using flow cytometry. Intracellular fIFN-y expressed by virus-specific mononuclear
cells in Lhe peripheral blood and lymphoid tissues was detected using these novel
anti-fIFN-y antibodies; fIFN-y-expressing cells were simultaneously characterised
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using cell surface staining. Proliferative responses were measured using a liquid
scintillation spectrophotometer to calculate the uptake of *I-thymidine by cellular
DNA. Ceclls in the peripheral blood, which significantly proliferate in response to

specific virus-specific stimulation, were phenotyped using flow cytometry.

Second, the specificity of the immune response was determined by assessing the
ability of mononuclear cells in the peripheral blood, and in the lymphoid tissues, to
proliferate, and to express fIFN-y, in response (o specific stimulation with either

recombinant p27or p45 proteins, or inactivated FeLV particles.

Finally, immunohistochemistry and immunofluorescence were used 1o identify FeLV
CA protein p27 in the bone marrow and lymphoid tissues, harvested post mortem.
The bone marrow and lymphoid tissues are important sites of viral replication and
expression; conscquently, thesc arc important sources of FeLV-associated disease
and act as foci for the antiviral immune response. The impact of active virus
replication and expression in these lissues was assessed through the haematological
and cytological analysis of peripheral blood and bone marrow samples, respectively,

post mortem.

The contribution of humoral immunity in the immunc rcsponsc to FeLV was
asscssed by monitoring the development of VNA (hroughout the study, using a focus

reduction assay.



CHAPTER 2

GENERATION AND CHARACTERISATION OF
MONOCLONAL AND POLYCLONAL ANTIBODIES TO
FELINE INTERFERON-y (fIFN-y)



2.1 Introduction

The nature, specificity and efficacy of the immune response can be characterised
using assays to detect IFN-y expression and secretion. Thus, the ELISA can detect
soluble IFN-y in plasma or culture supernatants; and ELISpots, or ICS analysed
using flow cytometry, can be used to enumerate cells that express and/or secrete
IFN-y in response to mitogenic or antigenic stimuli. However, these techniques
require specific and sensitive anti-IFN-y antibodies. To date, aniibodies to bovine,
canine, human and porcine IFN-y, amongst others, have been generated and
characterised (Novick et al., 1983; Wood et al., 1990; Fuller et al., 1994; Mateu de
Antonio et al., 1998). However, at the commencement of these studies, reagents to

detect fIFN-y were not available.

It has recently been demonstrated that early FelL'V Gag/Pro-specific CD8" CTL
effector responses are associated with recovery from experimental FeLV infection
(Flynn et af., 2002b). Furthermore, high levels of FeL'V Gag-specific CTL were
detected in the blood and lymphoid tissues from cats protected from FeL'V challenge
following inoculation with an FelLV DNA vaccine containing gag, pol and env genes
(Flynn et al., 2000a; Hanlon ef al., 2001). Therefore, the capacily of virus-specific
CD4" T cells to activate CD8" T cells through the elaboration of cytokines such as

IFN-y, could be a key factor in the control of viraemia (Rosenberg et al., 1997).

This chapter describes the generalion and characterisation of monoclonal and
polyclonal antibodies to fIFN-v as tools to investigate the evolution of the immune
response in cats experimentally exposcd to FecLV. The sensitivity of the generated
antibodies was determined using an anti-flFN-y indirect ELISA and Weslern blots.
In addition, these novel reagents were assessed for their ability to detect the
upregulation of fIFN-y by specific feline T cell populations ex vive, following co-
culture with mitogen for four hours in the presence of protein secretion inhibitor
BI'A (Sigma-Aldrich Company Ltd, Dorset, U.K.). Feline IFN-y expression was
evaluated using flow cytometry to simultaneously detect phycoerythrin (PE)-labelled

surface markers and fluorescein isothiocyanate (FI'TC)-labelled intracellular fIFN-y.



2.2. Materials and Methods
2.2,1 Production of Recombinant fTFN~y
2.2.1.1 Expression of fIFN-y Gene

T'he fIFN-y gene encodes a 167 amino-acid polypeptide with a predicted molecular
weight of 19.6 kDa. The gene sequence shares seventy-eight per cent and sixly-three
per cent homology with the human and murine genes respectively (Argyle ef al.,
1995). Human and murine gene sequences share only sixty per cent homology
(Farrar and Schreiber, 1993). In humans and mice, the biologically active IFN-y
molecule has been identificd as a noncovalent homodimer, 34 kDa in sizc, formed

from two 17 kDa polypeptides (Farrar and Schreiber, 1993; Boehm et al., 1997).

The gene encoding fIFN-y was cloned and sequenced in 1995 (Argyle ef al., 1995).
‘The gene sequence was inserted into a glutathione S-transferase (GST) gene fusion
vector (pGEX-4T-1, Amcrsham Biosciences UK. Ltd, Buckinghamshire, 1J.K.) and
expressed in bacterial cells (BL21(DE3), Stratagene Europe, Amsterdam, The
Netherlands).

2.2.1.2 Preparation of the Bacterial Lysate

Forty ml L-broth medium®, containing ampicillin (0.2 mg/ml, Sigma-Aldrich, U.K.),
was inoculated with baclerial expression vectors from glycerol stocks. The bacteria
were grown overnight at 37°C in an orbital incubator (Sanyo Gallenkamp PLC,
Loughborough, U.K.) rotating at approximatcly 200rpm. The culturcd cells were
subsequently diluted by a factor of ten in fresh culture medium, and incubated further
as above until the optical density reading at 600 nm (O.D.sn) reached 0.6-0.8
(*Spectrophotometer DU® 640°, Beckman-Coulter Inc., California, U.S.). At this
point, the bacterial vectors were induced to express the recombinant protein by
adding 0.4 mM isopropylthio-§-D-galactoside (1IPTG, Gibco, Invitrogen Corporation,

California, U.S.) to the culture medium for a final four-hour incubation.

! L-broth, pH 7.4: 3% (w/v) tryptone; 1.5% (wiv) yeasl extract; 1,5% (w/v) NaCl
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Subscquently, the bacterial culture was transferred into a JA-10 rotor (Beckman-
Coulter, U.S.), and centrifuged in a J2-21 centrifuge (Beckman-Coulter, U.S.} for
fifteen minutes at 6000rpm. The supernatants were decanted and the cell pellets
were either frozen at -20°C, or resuspended in 20 ml phosphate buffered saline”
(PBS), containing the protease inhibitors 4-(2-aminoethyl) benzenesulfonyl fluoride
hydrochloride (0.2 mg/ml, AEBSF, Sigma-Aldrich, U.K.) and aprotinin (2 pg/ml,
Sigma-Aldrich, UXK.). The cells were then lysed by sonicating on ice for three,
thirty-second cycles separated by intervals of one minute (‘Sonicator™ XI.°, Heal
Systems-Ultrasonics Inc., New York, U.S.), followed by shaking on ice in a solution
of 1% Triton X-100 (BDH Laboratory Supplies, Poole, 1U.K.) for thirty minutes. To
remove the insoluble debris, the bacterial lysate was transferred to a JA-20 rolor
(Beckman-Coulter, U.S.), and centrifuged in a J2-21 centrifuge at 5000rpm for
fifteen minutes; the supernatant containing the recombinant protein was stored at -

20°C uantil further use.
2.2.1.3 Affinity Chromatography

The recombinant fIFN-y protein was purified from the bacterial lysate using affinity
chromatography. Glutathione coupled to Sepharose 4B via a 10-carbon linker arm
can be used for the purification of fusion proteins containing the carboxyl terminus
of GST. Glutathione sepharose 4B slurry (1.33 ml of 75% solution, Amersham
Biosciences, U.K.) was added to an cmpty polypropylene column (Amcrsham
Biosciences, U.K.). The column was centrifuged at 800rpm for three minutes using a
beneh-fop centrifuge (Beckman-Coulter GS-6 centrifuge, U.S.) to sediment the
slurry, which was then washed twice using 5 ml cold PBS. Onc ml PBS was then

added to provide a 50% sluiry.

Five ml of bacterial lysate containing the GST fusion protein was added to the slurry.
The mixture was agitated at room temperature (RT) for thirty minutcs, before
centrifugation and the addition of a further 5 ml lysate. This was continued untii all

the bacterial lysate had been added to the column. The column was then washed five

® PBS, pH 7.2: 10x concentrated: 8% (w/v) NaCl; 0.2% (w/v) KCI; 1.15% (w/v) Na;HPOy; 0.2%
(w/v) KH,PO,
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times with 5 ml PBS using centrifugation as described above. Subsequently, 25 units
of thrombin protease {Amersham Biosciences, U.K.) in PBS was added to the
column in order to cleave thc recombinant protein from the glutathione sepharose
gel. The column was shaken gently overnight at RT; the eluted protein within the
supernatant was then decanted following sedimentation of the gel matrix. The
protcin was subsequently electrophoresed on a 12% polyacrylamide gel (SDS-
PAGE), and stained using Coomassie Brilliant Blue R250 to assess the purity of the
cluted protein (Sections 2.2.1.4 and 2.2.1.5). The recombinant protein was
quantified using the BCA proiein assay (Perbio Science U.K. Ltd., Cheshire, U.K.),

and then frozen in afiquots at -20°C.

2.2.1.4 Detection of Recombinant Proteins using SDS-PAGE

This method is based on the original description of polyacrylamide gels containing
sodium dodecyl sulphate (SDS) in gel electrophoresis (Laemmli, 1970). A 12%
polyacrylamide separating gel® was prepared and cast in a vertical slab gel system
{‘Mini-protcan II’, Bio-Rad Laboratorics, Hemel Hempstead, Hertfordshire, U.K.).
A 5% stucking gel* was laycred above the separating gel. The recombinant protein
was diluted 1:1 in SDS loading dye’, containing bromophenol blue. Ten pl of each
sample was placed in the sample wells prepared in the stacking gel. Prestained
standard samples comprising proteins of known molecular weights were used as size
markers (Precision protein standards, Bio-Rad, U.K.}. The gel was run in a iris-
glycine running buffes® at 200 volts for approximately thirty minutes, or until the dye
front reached the bottom of thc gel. The gels were either stained with Coomassie
Brilliant Blue R250, or transferred electrophoretically onto nitrocellulose, as

described below.

3 12% separating gel: 32.6% (v/v) dH,0; 12 % (v/v) acrylamide mix; 25.3% (v/vy 1.5 M tris, pH 8.8;
0.1% (w/v) SDS; 0.1% (w/v) ammonium persulphate; 0.026% (v/v) TEMED

* 59 stacking gel: 67.5% (v/v) dH,0; 5% acrylamide mix (v/v); 12.5% (v/v) 1 M idis, pll 6.8; 0.1%
(wiv) SDS; 0.1% (w/v) ammonium persulphate; 0.1% (v/v) TEMED

¥ SDS-loading dyc (2x): 4% (wiv) SDS; 20% (v/v) glycerol; 12% (v/v) 1 M s, plI 6.8; 28% (viv)
dH;(); 0.01% (w/v) bromophenol blue

% Running buffer: 25 mM {w/¥) tris; 250 mM (w/v) glycine; 0.1% {w/v) SDS in dH,0
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2.2.1.5 Coomassie Brilliant Blue Staining of SDS-PAGE Gels

The SDS-PAGE gel was immersed in a Coomassie Brilliant Blue solution’ for a
minimum of four to sixteen hours. The gel was subsequently destained by soaking in
a methanol-acetic acid solution® on a slowly rotating platform for four to eight hours.
During this time, the destaining solution was changed several times. Adter
destaining, the gels were immersed in distilled water and dried using a gel drier
(‘Easy Breeze Gel Dryer’, Hoefer Scientific Instruments, San Francisco, U.S.). The
gel image was recorded using a scanner (‘ImageScanner’, Amersham Biosciences,

U.K.) and the software package ‘LabScan’ (Amersham Biosciences, U.K.).

2.2.2 Gengeration of Anti-fIFN-y Antibodies
2.2.2.1 Animal Inoculations

Immunisation of mice and sheep was carried out by Diagnostics Scotland
(Edinburgh, U.K.). Three female Balb/c mice were inoculated with 20 ug of
recombinant protein fIFN-y in complete Freund's adjuvant. Each mouse received a
total volume of 200 pi, injected in equal volumes at two separate intraperitoneal (IP)
sites. Two booster injections, each containing 10 g recombinant protein in 100 ul
incomplete Freund’s adjuvant, were given at twenty-eight day intervals. Seven days
after the second booster, sera were recovered and the antibody titres measured by
ELISA (Section 2.2,2.5). After a further eight days, the mice received a final
intravenous (IV) booster inoculation of 10 pg fIFN-y in 100 pl PBS; their spleens

were harvested four days later.

Polyclonal antiserum to fIFN-y was prepared by the inoculation of a sheep
subcutancously (SC) and intramuscularly (IM) with 200 pg fIFN-y in complete
Freund’s adjuvant, in a total volume of 5 ml. Three booster inoculations of 200 pg

fIFN-y in 5 ml incomplete Freund’s adjuvant were given SC and IM at four~week

! Coomassie Brilliant Blue solution: 0.03% (w/v) Coomassie Brilliant Blue K250 in 50% (v/v)
methanol; 40% (v/v) dH,O; 10% (v/v) glacial acetic acid

¥ Destain solution: 45% (v/v) methanol; 45% (v/v) dH,0; 10% (v/v) glacial acetic acid
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intervals; serum was harvested seven days after each booster injection. Antibody

titres were determined by ELISA (Section 2.2.2.5).

2.2.2.2 Generation of Murine Anti-fIFN-y Monoclonal Antibodies

Harvested spleen cells were fused with mouse myeloma cells according to the
method originally described by Kohler and Milstein (1975). The NSO myeloma cells
were grown in RPMI 1640 medium supplemented with 10% heat-inactivated FCS;
100 U/ml penicillin; 10 pg/ml streptomycin and 2 mM glutamine (complete RPMI
1640 medium; GibcoBRL, Paisley, U.K), supplemented with 5x10° M 2-
mercaptoethanol (ME, Gibco, U.K.). Adherent NSO cells in the log phasc of growth
were harvested using 0.02% EDTA (Sigma-Aldrich, U.K.) in complete RPMI 1640

medium, and used in the production of the hybridomas.

The murine spleens were gently teased using sterile instruments in a microbiological
safety cabinet (‘BioMat’, Medical Air Technology, Manchester, U.K.), to generate
single cell suspensions. Murine splenic lymphocytes (5.3 x 10") were collected over
Ficoll-Paque (Amersham Biosciences, U.K.), washed and resuspended in complete
RPMI 1640 medium, containing ME. The murine lymphocyles were then added to
NSO cells in a 2:1 ratio, and pelleted by centrifugation in a benchtop centrifuge at
1200rpra for five minutes. One mi PEG-1500 (polyethylene glycol-1500, BDH,
U.K.), heated to 37°C, was added drop-wise to the ccll pellet over thirty seconds.
The mixture was then gently agitated for five minutes in a water bath (Grant
Instruments Ltd.,, Cambridge, U.K.), which had been pre-heated to 37°C.
Subsequently, 5 ml compiete RPMI 1640 medium containing ME, was added drop-
wise to the cell pellet over ninety seconds, followed immediately by a further 20 ml.
‘The fused cells were pelleted and resuspended in complcte RPMI 1640 containing
ME. Each well of 96-well U-bottom culture plates (Becton Dickingson Labware
Europe, Le Pont de Claix, France) was seeded with 1x10° fused cclls in a final
volume of 200 ul complete RPMI 1640 medium supplemented with ME and HAT
medium (5 mM sodium hypoxanthine, 20 uM aminopterin and 0.8 mM thymidine,
Gibco, U.K.). A total of nine plates were sel up, placed in polythene bags and
incubated at 37°C in a humiditied atmosphete containing 5% CQ.. After fourteen
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days, supernatants from visible cell colonics were collected and screcned for the
presence of anti-fIFN-y antibodies using ELISA, as described in Section 2.2.2.5.
Hybridomas secreting the highest levels of detectable mAbs were cloned by limiting
dilution in 96-well plates at dilutions of 0.3, 3 and 10 cells/well. After two further
subclonings, positive clones were finally transferred into compartmentalised flasks

for expansion in vitro (*Cl-1000°, Integra Biosciences Ltd, Hertfordshire, U.K.).
2.2.2.3 Affinity Purification of Anti-fIFN-y Antibodies

Monoclonal antibodies were affinity purified using a 1 ml protein G affinity column
(‘IHiTrap" protein G affinity column, Amersham Bioscicnces, U.K.). Protein G, a
cell surface protein of Group G streptococci, is a type III Fc receptor that binds to the

Fc region of 1gG by a non-immune mechanism.

The column was equilibrated with tcn column volumes of binding buffer’, applied
using a peristaltic pump (‘P-1°, Amersham Bioscicnees, U.K.). Culture supernatant
containing the mAbs was passed through a 0.45 pm filter (Sarlorius Lid., Surrey,
U.K.), and pumped through the column al a rate of approximately 1 ml per minute.
The column was subsequently washed with ten column volumes of binding buffet;
the purified fractions were then eluted using an clution buffer'®, The pH of the
cluted fractions was adjusted immediately to pH 7.0 using 1 M tris-HCI buffer, pH
9.0. The fractions were tested by ELISA to ensure sensitivity (Section 2.2.2.5);
positive fractions were then pooled into a glass universal container. To precipitate
antibody from the eluted fractions, an equal volume of saturated ammonium sulphate
(Sigma-Aldrich, U.K.) was added, and the solution placed at 4°C for one hour. To
collect the precipitated mAbs, the solution was placed in a JA-20 rotor and
centrifuged at 10,000rpm for thirly minutes. Monoclonal antibodies were Lhen
transferred to a storage buffer'’ using a PD-10 column confaining sephadex G-25

medium (Amessham Bioscicnees, U.K.). The PD-10 column was equilibrated using

? Binding buffer, pH 7.0; 20 mM (w/v) sodium phosphate
* Elulion buffer, pH 2.7: 0.1 M (w/v) glycine-HCL
H Storage buffer, pH 7.0: 0.05 M (w/v) NaoITPO,; 0.1% (w/v) NaN;
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25 ml equilibration buffer'>. Next, 2.5 ml of purified antibody in PBS was loaded
onto the column and allowed to run through. 3.5 ml of storage buffer was then added
to the column. This final run-through, which contained the purified mAb in storage
buffer, was collected, quantificd using a spectrophotometer, and tested for sensitivity
using ELISA (Section 2.2.2.5) and Western blots (Scction 2.2.2.6).

Polyclonal antiserum was affinity purified using a 1 ml! N-hydroxysuccinimide
(NHS)-activated affinity column (‘HiTrap’ NHS-activated affinity column,
Amersham Biosciences, U.K.), coated with recombinant fIFN-y. To coat the
columa, the recombinant protein fIFN-y was transforred into coupling buffer' using
a PD-10 column as described above, and used at a concentration of approximately 1
mg/ml. The coupling buffer containing the protein was then injected onto the
column using a syringe, and recirculated back and forth across the column for
approximately thirty minutes per mg of protein. Affinity columns were coated with
up to 4 mg of fIFN~y. The column was then washed a total of six times with
alternate solutions of 3 x 2 ml Buffer A' and 3 x 2 ml Buffer B" to eliminate non-
specifically bound ligands, and to inactivate excess NHS active groups. The column
was then equilibrated with 5 ml start buffer'® using a peristaltic pump, after which
the polyclonal antiserum was applied to the column. The column was washed with
10-15 ml start buffer and the purificd fractions eluted using an elution buffer'’. The
pH of the eluted fractions was adjusted to pH 7.0 using 1N NaQIl. Positive fractions
were detected using an ELISA (Section 2.2.2.5), before transfer into a storage buffer

using a PD-10 column, as described above.

12 PD—l—O equilibration buffer, pH 7.0: 0.1 M (w/v) NaF,PO,; 0.15 M (w/v) NaCl
 Coupling bufter, pH 8.3: 0.2 M (w/v) NaHCO3; 0.5 M (w/v) NaCl

¥ Buffer A, pH 8.3: 0.5 M (w/v) cthanolamine; 0.5 M (w/v) NaCl

¥ Buffer B, pH 4.0: 0.1 M (w/v) acetate, 0.5 M (w/v) NaCl

' Start bulfer, pH 9.4: 0.1% (v/4) Iween-20 in TBS

" Elution bufler (pAb), pH 2.5: 0.1 M (w/¥) glycine; .15 M (w/v) NaC!
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2.2.2.4 Isotyping of Murine Anti- fIFN-y Antibodies

Antibody isotyping was performed using a commercially available kit (*Sigma
Immunotype Kit> Sigma-Aldrich, UK.). All reagents used to isotype the mAb were
provided in the kit. The precoated nitrocellulose strip captured Ig within the
hybridoma supernatant following a thirty-minute incubation. The strip was washed
in PBS, containing 0.05% tween-20 (BDH, U.K.)}, and 1% bovine serum albumin
(BSA, Sigma-Aldrich, U.K.) for five minutes, before a thirty-minute incubation with
biotinylated anti-mouse Ig pAb. Aftcr a single wash in PBS-T-BSA, ‘ExtrAvidin-
peroxidase’ was added for a fifteen-minute incubation. Colour was developed after
the final washing step using the chromogen 3-amino-9-cthyl-carbazole (AEC), and

substrate hydrogen peroxide (H02).
2.2.2.5 Detection of Anti-fIFN-y Auntibodies using ELISA

The wells of 96-well high-binding plates (Greiner Laboratcchnik Ltd.,
Gloucestershire, U.K.) were coated overnight at RT with 100 ng recombinant fIFN-y
in 100 @t coupling buffer'® per well. The plates were washed three times with lris
buffered salinc'” (TBS) containing 0.05% tween-20 (TBS-1); any unreacted sites
were subsequently blocked by incubation for thirty minutes at RT with 2% dried
skimmed mitk powder (*Marvel’, Premier Brands U.K. Ltd, Merseyside, UK.} in
TRS-1. After three washes in TBS-T, 100 ul of culture supernatant was added to
each well and incubated for two hours at RT. Afler a further six washes in TBS-T,
the wells were incubated with alkaline phosphatasc (AP)-conjugated goat anti-mouse
Ig pAb (Bin-Rad Laboratories, U.XK.) diluted 1:1000 in TBS-T, for one hour at RT.
Bound antibodies were visualised using p-nitrophenyl phosphate disodium tablets
(‘Sigma 104™, Sigma-Aldrich, U.K.), dissolved in AP buffer®. Absorbance was
read at 405 nm after incubating for one hour in the dark (‘Labsystems Multiskan
Ascent’, Process Analysis and Automation Ltd, Ilampshire, U.K.). The same

protocol was used when titrating the mAb, except that doubling dilutions of purified

¥ ELISA coupling buffer: 100 mM (w/v) NaHCO5; 1 mM (w/v) EGTA
¥'TBS, pH 7.8: 10x concenlrated: 6.06% (w/v) tris and 9% (w/v} NaCl

% AP bufter, pH 9.5: 100 mM (w/v) NaCl; 100 mM (w;v) dicthanolamine; $ mM (wiv) MgCl,
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mAb were made in 20% normal goat serum (NGS, Diagnostics Scotland, U.K.).
Normal mouse scrum (NMS), diluted in the same way as the primary mAb, was used

to determine the end point of the ELISA.

To detect sheep pAbs, unreacted sites on the ELISA plates were blocked for thirty
minutes with 200 pl 20% normal rabbit serum (NRS, Diagnostics Scotland, U.K.) in
TBS-T. Polyclonal antibodies were diluted in 20% NRS and an AP-conjugated
rabbit anti-sheep [g pAb (Soutbern Biotechnology Associates, Inc., Alabama, U.S.),
diluted 1:2000 in 20% NRS in TBS-T, was used to detect bound sheep antibodies.
Normal goat serum, dituted in the same way as the primary pAb, was used to

determine the end point of the ELISA.

2.2.2.6 Detection of Anti-fIFN-y Antibodies using Western Blots

The transfer of proteins from a polyacrylamide gel onto nitrocellulose was originally
described by Towbin ef al. (1979). The prepared gel (Section 2.2.1.4) was blotted
onto a nitrocellulose membrane (Bio-Rad Laboratores, U.X.) using a scmi-dry
technique (‘Trans-Blot Semi-Dry Transfer Cell’, Bio-Rad Laboratories, U.K.). The
gel was placed over the nitrocellulose membrane and between four sheets of blotting
paper (Sigma-Aldrich, U.K.), which had been pre-soaked in transfer buffer®’. Fiftecn
volts of electricity was applied for forty-five minutes. The membrane was then
transferred to 4% Marvel in TBS-T overnighl o block any unreacted sites, or dried

and stored at 4°C.

The nitrocellulose membrane was cut fongitudinally into strips and inserted into the
wells of a blotting trough. All washes were conducted in duplicate at five-minute
intervals using TBS-T, and all incubalions proceeded at RT on a slowly rotating
platform. Monoclonal and polycional antibodies were diluted in 20% NGS and 20%
NRS in TBS-T, rcspectively; subsequent reagents were diluted similarly. Two
hundred pl of diluted antibody solution was added to each well and incubated for two
hours. Alternatively, the blots were probed with NMS (mAb) or NGS (pAb), which

acted as negative controls. The blots were then washed, and incubated with AP-

" Iransfer buffer: 25 mM (w/v) tris; 0.2 M (wiv) glyeine; 20% {(v/v) methanol
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conjugaied goat anti-mouse Ig pAb, or AP-conjugated rabbit anti-sheep Ig pAb,
diluted 1:1000 and 1:2000, respectively, for one hour at RT. Following three further
washes, bound antibodies were visualised using Fast S-bromo-4-chloro-3-indayl
phosphate/nitro blue tetrazolium tablets (BCIP/NBT AP substratc, Sigma-Aldrich,
U.K.), dissolved in 10 mi distilled water. The blois were rinsed with distilled water
and dried overnight. The images were subsequently recorded as previously
described (Section 2.2.1.5).

2,227 ¥ITC Conjugation of Anti-fIFN-y Antibodies

Prior to coupling, mouse and sheep antibodies were first transferred into 0.5 M
carbonate buffer” by overnight dialysis, using either conveniional dialysis tubing
(Sigma-Aldrich, U.K.), or dialysis cassettes (Perbio Scicnce, UK.). A FITC (Sigma-
Aldrich, U.X.)-dimethylsulphoxide (DMSO, Sigma-Aldrich, U.K.) solution was
prepared (1 mg/ml), added to antibody (45 pg/mg) and the solution stirred for one
hour at RT in the dark. Unconjugated FITC was removed using a PD-10 column
equilibrated using PBS (Section 2.2.2.3); FITC-conjugated antibody was collected in

PBS and stored at 4°C in the dark until used in the assays.
2,2,.2.8 Intracellular Cytokine Staining and Analysis using Flow Cytometry

Each well of a 24-well tissue cullure plate (Costar U.K. Ltd., Buckinghamshire,
U.K.) was coated with 500-1000 W of complete RPMI 1640 medium containing Con
A (Sigma-Aldrich, UK.); Con A is a lectin, which exhibits non-specific mitogenic
activity with lymphocytes (Rusceiti and Chervenick, 1975). The plates were
incubated overnight al 37°C in a humidified atmosphere containing 5% CQ,. This
was done to ensure that the medium was at the correct pH and temperature before the
addition of cells. The amount of mitogen added was calculated so a concentration of
5 ng Con A /10° cells would be obtained following the addition of cells. Wells that

did not contain mitogen acted as negative controls.

Expression of intracellular fIFN-y was evaluated in mononuclear cells prepared from

* Carbonate buffer, pH 9.5: 0.16 M (w/v)} Na;COs, 0.33 M. (wiv) NaHCO;,
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the peripheral blood from SPT cats. Cryopreserved PBMC and Iymphoid tissue
samples were also available from a previous FeLV immunopathogenesis study
(Flynn e al., 2002b). All cats described were housed in groups in custom-built
accommodation at the University of Glasgow. The cats were fed proprielary cat food
twice daily, and had access to water ad libitum in accordance with Home Office
gnidelines. Whole blood samples from SPF cats were collected in a 1:1 ralio with
Alsevers’ solution (Diagnostics Scotland, U.X.). The blood-Alsevers’ solution was
gently layered over an equivalent volume of Ficoll-Paque, and centrifuged at
1500rpm for fifteen minutes. Peripheral blood mononuclear cells were removed
from the interface and washed in complete RPMI 1640 medium. Once thawed,
cryopreserved cells were purified on a Ficoll-Paque gradient and washed before use

in this assay.

Cells were resuspended in complete RPMI 1640 medium (2 x 10° cells/ml) and
added to the pre-incubated plates to give a final concentration of 1 x 10° cells/ml in a
total volume of 1-2 ml/well. The plated cells were subsequently incubated for two or
four hours at 37°C in a humidified atmosphere containing $% CO;. Brefeldin A (10
ng/10° cells) was present in all wells throughout the period of stimulation. Brefeldin
A 1s a fungal metabolile that specifically and reversibly blocks protein transport from
the ER to the Golgi apparatus in many cell types and species (Fujiwara ef al., 1988).
In this way, BFA interferes with the transport of 1FN-y from the ER, allowing any
expressed protein to accumulate within the cell to levels sufficient for dctection

{Nylander and Kalies, 1999).

Subsequent to the in vitro period of stimulation, the cells were aspirated, placed into
polypropylene tubes (0.5-1 x 10° cells/tube, Falcon 2054, Becton Dickinson, France)
and pelleted by centrifugation for five minutes at 1000rpm in a bench-lop centrifuge.
Following a five-minute wash using PBS, the cell pellets were stained with a PE-
labelled mAb to the cell surface molecule feline CD4 (2.5 ug/10°cells, Southern
Biotechnology, U.S.), at RT for thirty minuies in the dark. After two further washes
In PBS, the cells were fixed with 2% formaldehyde (Sigma-Aldrich, U.X.)} in PBS
for twenty minutes at RT. Aflter washing in PBS, the cclls were permeabilised using
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1% saponin (Sigma-Aldrich, U.K.) in fluorescence buffer”. The cells were
subsequently incubated for thirty minutes at RT in the dark with the anti-fIFN-y-
FITC mAb (1-2 pg/10° cells) or an isotype-matched control mAb against T-2
mycotoxin (2 pg/10° cells, Southern Bictechnofogy, U.S.). Alternatively, the cells
were stained with the sheep anti-fIEN-y-FITC pAb (2 pg/10° cells), while control
cells remained unstained. The cells were washed twice in permeabilisation buffer,
and once in fluorescence buffer, before storage in fluorescence buffer at 4°C. Cells
were then analysed on a flow cytometer (‘EPICS XL-MCL™’, Beckman-Coulter,
U.S.) using ‘Expo 32 ADC’ software (Beckman-Coulter, U.S.). For each sample,
10,000 events were recorded. The small lymphocyte and the lymphoblast
populations were gated based on cell size and granularity, and the percentage of
fIFN-y-expressing CD4" T cells within the lymphoblast population was enumerated.
The gates for fIFN-y cxpression were determined by the reactivity of the FITC-

conjugated isotype control mADb.
2.2.2.9 Immunohistochemical Detection of fIFN-y Ixpressing Cells

Peripheral lymph node tissues from FelLV-recovered cais were harvested post
mortem (Flynn ¢f al., 2002b), embedded in tissue freezing medium (‘O.C.T.’, Leica
Instruments, Nussloch, Germany), then immediately snap frozen in liquid nitrogen
and stored at -70°C. Cryostat sections of PLN tissues were prepared by the
Histopathology Laboratory, Department of Veterinary Pathology, University of
Glasgow. Air-dried sections were fixed in ice-cold acetone for ten minutes before

being wrapped in ‘Parafilm’ (BDH, U.K.) and aluminium foil, and storcd at -70°C.

Frozen slides were brought to RT while still wrapped in ‘Parafilm’. All incubations
were carried out at RT in a humidified chamber and were followed by two, five-
minute washes in TBS to remove unbound reagents. Sections were encircled using a
hydrophobic marker pen to minimise reagent wastage (‘Pap pen’, Sigma-Aldrich,
U.K.), and gently agitated in TBS for five minutes. The scctions were initially
incubated with 0.3% H,0, (BDH, U.X.), and 0,1% NaN; (BDH, U.K.), in TBS for

twenly minutes, to block endogenous peroxidase activity. To minimise non-specitic

2 Fluorescence buffer: 1 mM {w/v) NaN;; 0.5% (w/v) BSA in PBS
85




binding, sections were incubated for twenty minutes with 10% NRS. Excess serum
was shaken from the sections, which were subsequently incubated with the sheep
anti-fIllN-y pAb, diluted 1:5 in 1% NRS in TBS, for one hour. The secondary
reagent, biotinylated rabbit anti-sheep Ig pAb (Southern Biotechnology, U.S.), was
diluted 1:1000 in TBS containing 1% NRS, and added to the sections for thirty
niinutcs. A final thirty-minute incubation with streptavidin-peroxidase (Diagnostics
Scotland, U.K.), diluted 1:500 in TBS, preceded the development of colour using a
diaminobenzidine (DAB) kit (Vector Laboratories, Lid., Peterborough, U.K.). The
slides were washed in running tap water, counterstained using Gills” haematoxylin
(BDH, U.K.); then dehydrated in graded alcohols, cleared (“Histoclear’, National
Diagnostics, Georgia, U.S.), and mounted in DPX (BDH, U.K.). Negativc control
slides were prepared; in these slides, the primary mADb was omitted and rcplaced with
10% NRS.

2.3. Results

2.3.1 Production of Recombinant fIFN~y

Approximately 1 mg recombinant fIFN-y was purified per 400 ml baclerial culture.
The protein was electrophorescd on a 12% SDS-PAGE to assess the purity of the
recombinant protein. Two distinctive bands, 15-25 kDa in size, were evident on the
Coomassie Blue-stained gel, illustrating two fIFN-y polypeptides. A considerably
fainter pair of bands, approximately 25-37 kDa in size, may represent the

homodimeric proteins (Fig. 2.1, lane B).

2.3.2 Generation of Anti-fIFN-y Antibodies

2.3.2.1 Generation of Murine Anti-fIFN-y Antibodies

Two hundred and sixty-five hybridomas were visible microscopically at twenty-one

days post fusion, out of five hundred and twenty wells seeded. Subsequently, ELISA

screening revealed that thirty-one were secreting anti-fIFN-y mAbs. The five

hybridoma cells secreting the highest levels of anti-fIFN-y antibodies were selected
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for cloning and subcloning. Two hybridoma clones were then sclected for further
expansion and affinity purification, The selected hybrids, 5B5.C5.D9 (D9) and
2C7.87.B3 (B3), originated from different primary clones and proliferated well in
tissue culture. Both clones were shown to secrete IgGl antibodies using the
commercial isotyping kit. The experiments described in this thesis are based on the
D9 mAb.

2.3.2.2 Titration of Anti-fIFN-y Antibodies using ELISA

The sensitivity of the affinity purified D9 mAb and sheep anti-fIFN-y pAb, and their
respective FITC conjugates, in the detection of recombinant fIFN-y, were determined
using [[FN-y specific ELISA assays. The antibodies were tilrated against
recombinant fIFN-y in an indirect EIISA. The affinity purified sheep anti-fIFN-y
pAb detected 100 ng fIFN-y at a titre of 1:1638400 (Fig. 2.2.A), while its conjugate
recorded a titre of 1:819200. The D9 mAb demonstrated lower litres in ELISA,
1:5120 (Fig. 2.2.B); these values were largely unaffected by conjugation with FITC.

2.3.2.3 Detection of Anti-fIFN-y Antibodies using Western Blots

Western blots provide an additional means of assessing aniibody scnsitivity. The
reccombinant protein fIFN-y characteristically displays polypeptide bands, 15-25 kDa
in size, in Coomassie Brilliant Blue-stained SDS-PAGE gels (Fig. 2.1, lane B).
These distinctive double bands were again in evidence when nitrocellulose-blotted
fIFN-y was probed with the D9 mAb and sheep anti-fIFN-y pAb, generated in this
study (Fig. 2.1, lanes C and E). 'T'he sheep anti-fIFN-y pAb detected 14 pg fIIFN-y
diluted to a factor of 1:100,000 (Fig. 2.1, lane E); the D9 mAb detected 14 ug fIFN-
y diluted 1:1000 (Fig. 2.1, lane C). No specific staining was visibie on the negative
control blots (Fig. 2.1, lanes I and F).

2.3.2.4 Detection of fIFN-y using ICS and Flow Cytomelry
Both the D9 mAb and the sheep anti-[IFN-y pAb were assessed for their ability to

detect the production of fIFN-y by CD4™ T cell populations using ICS, analysed by
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flow cytometry.

Mononuclcar cells prepared from the peripheral blood from an SPF cat and the
lymphoid tissues from an FelV recovered cat werc co-cultured with the mitogen
Con A for four hours in the presence of BI'A. Production of fIFN-y was compared in
unstimulated and stimulated cells using flow cytometry. Both the DS-FITC mAb and
sheep anti-fIEN-y-FITC pAb detected a surge in fIFN-y production by Con A-
stimulated lymphoblasts within the PLN tissues from an Fel.V recovered cat and the

peripheral blaod from an SPF cat respectively, compared to unstimulated cells (Fig.
2.3).

To determine an optimal duration of mitogenic stimulation, the sheep anti-fIFN-y-
FITC pAb was used to detect fIFN-y expression in CD4" lymphoblast cells from an
SPF cat, following either a two or four-hour i vifro stimulation with Con A in the
presence of BFA. Mitogenic stimulation for four hours yielded maximal fIFN-y

production (1.8%}), compared to two hours (0.8%) (Fig. 2.4).

The ability of the DI-FITC mAb to detect fII'N-y expression by CD4" T cells? was
assessed 1CS, analysed using flow cytomctry. Mononuclear cells in the peripheral
blood from an SPF cat were stimulated for four hours with Con A in the presence of
BFA, dual-stained with anti-fCD4-PE mAb and D9-FITC mAb and analysed using
flow cytometry. The D9-FITC mAb detected fIFN-y al higher levels in Con A-
stimulated CD4" T’ cells (4.7%), compared to unstimulated cells (0.7%); no double
staining was detected using a FITC-labelled isotype-matched control mAb (Fig. 2.5).
The DS-FITC mAb was also used to detect fIJEN-y production in the PLN tissues
from an FeLV recovered cat following mitogenic stimulation. Increased fIFN-y
production was detected in CD4" T cells stimulated for four hours (5.8%), compared
to unstimulated cells (2.1%) (Fig. 2.6).

In each stimulation assay, feline mononuclear cclis were cultured with the mitogen
Con A in the presence of BFA. Brefeldin A was not observed to interfere with CD4
expression; in a scparaic experiment, CD4 expression was not affected by the

presence of BFA during a four-hour stimulation with Con A (Fig. 2.7).
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2.3.2.5 Immunohistochemical Detection of fIFN-y Expressing Cells

The sheep anti-fIFN-y pAb was used to detect fIFN-y expression in the PLN tissues
from an FeLV recovered cat. Cryostat sections were preparcd from PLN tissues
harvested post mortem, and probed for fIEN-y in an immunoperoxidase technique.
The results arc presented in Fig. 2.8, Negative conirol slides did not demonsirate any

specitic staining.

Positive fIFN-y expressing cells were distinctly concentrated in clusters at the
cortico-medullary junction (Fig. 2.8.A and B). Only a few scattered individual cells
were found within the lymph nodc cortex, and virtually no fIFN-y expressing cells
were associated with the lymph node follicies. Conversely, many positive cells were
found within the medullary zone. Here, FIFN-y expressing cells were widely
distributed; some positive cells were also evident within the efferent lymphatic
vessels (Fig. 2.8.C). It was nol possible to characterise the fIFN-y expressing cells
based on morphological appearance alone. To achieve this, it would be necessary to

conduct double immunoenzyme staining techniques.
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2.4 Discussion

In this thesis, the evolution of the virus-specific ccllular immune response was
characterised following Lhe experimental exposure of cats E1-E12 cxto FelV.
Virus-specific CD4" and CD8" T cclls were enumerated ex vivo using ICS, analysed
by flow cytometry, to detect fIFN-y expression. However, due to a luck of reagents
to detect fIFN-y at the commencement of these studies, it was necessary to raise

murine monoclonal and sheep polyclonal antibodies to recombinant fIFN-y,

Intracellular cytokine staining, analysed using [low cytometry, is a highly sensitive
technique used to detect cytokine expression at the single cell level (Jung er al.,
1993; Pitcher ef al., 1999). In this chapter, this technique was used to demonstrate
fiEN-y expression by mononuclear cells following a four-hour mitogenic stimulation
with Con A in the presence of BFA. In cats, the mitogenic activity of Con A is
principally direcled towards T, rathcer than B, cells (J.N. Flynn, personal
communication); stimulation of fcline PBMC for three days with Con A in the LPA
resulted in a reduction of CD21 expression, whereas CD4 and CD8 expression were
markedly upregulated (Chapter 4). Downregulation of CD4 expression has been
observed to occur following stimulation of murine and rat splenic lymphocytes with
the mitogens phorbol 12-myristate 13-acetate (PMA) and ionomycin (Nylander and
Kalies, 1999; Caraher e al., 2000), independently of BFA (Nylander and Kalies,
1999). In this thesis, Con A was observed to upregulate CD4 expression in both
small lymphocyte and lymphoblast populations in the peripheral blood and PLN
tissues, even after a short four-hour incubation with mitogen (Figs. 2.4-2.6).
Concanavalin A mediates its activity through terminal sugar residues contained
within cell surface MHC-antigen complexes (Kimura and Ersson, 1981). Brefeldin
A has been reported to block the export of, and antigen presentation by, MHC class [
and TI molecules (Yewdell and Bennick, 1989; St.Pierre and Watts, 1990). In this
thesis, Con A exhibited mitogenic activity in the presence of BFA (Figs. 2.3-2.6),

suggesting that sufticient MHC complexes were present,

In human, murine and rat studies, short four-to-eight hour mitogenic and antigenic
stimulations have been described for the detection of IFN-y expression (Jung et al.,
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1993; Nylander and Kalies, 1999; Pitcher ef al., 1999; Appay ef al., 2000; Carabet et
al., 2000). In this thesis, fI[FN-y expression by CD4" T cells was detectable after two
hours of mitogenic stimulation (Fig. 2.4), and had increased again after a further two
hours. Based on these and other preliminary data, a four-hour stimulation period was
used throughout this thesis. However, it may be valuable to conduct a more detailed
time course to ascertain whether a four-hour period of mitogenic or antigenic
stimulation was optimal for [IFN-y expression. Alternatively, assays to detect fIFN-y
mRNA have been developed (Dean et al., 1998; Liang ef al., 2000). "T'his technique
may be vseful in predicting an optimal time for fIFN-y protein expression following
mitogenic or antigenic stimulation. A longer duration of mitogenic stimulation may
have enhanced fIFN-y expression. Some workers use protracied periods of
mitogenic and antigenic stimulation to clicit maximal IFN-y expression (Boaz et al.,
2002; Palmer et al., 2002). However, it has been reported that prolonged periods of
antigenic stimulation (>10-16 hours) may also rcducc the intensity of IFN-y

expression (Nomura ef al., 2000).

In Figs. 2.5-2.6, a greater proportion of unstimulated lymphoblasts expressed fIFN-y
when stained with the DY9-FITC mAb, compared to the mitogen-stimulated
lymphoblasts stained with the isotype control-FITC mAb. These findings were
reprosentative of the assays presented in this thesis, and may be attributed to uny of
the following factors. First, the D9-FITC mAb may have been non-specifically
bound by FcR-bearing cells, such as monocytes and granulocytes. Although the
analysis was conducted on the gated small lymphocyte and the large lymphoblast
populations, low numbers of monocytes and granulocvies may have beean
unintentionally included. Activated platelets that stick to lymphocyies are also
recognised as significant contributors to non-specific background staining (Nomura
et al., 2000). Second, unstimulated mononuclear cells were cultured in vitro for four
hours before staining for fIFN-y expression; cells activated in vivo may have
expressed tIFN-y ex vivo in the absence of antigenic or mitogenic stimulation,
causing true biological background. In addition, APCs loaded with antigen in vivo
may have activated co-cultured cells e¢x vivo. Since the unstinulated cells from an
SPF cat and an FeLV rccovered cat both expressed fIFN-y (Figs. 2.5 and 2.6), this
explanation may not fully account for these findings. However, cells may become
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non-specifically activated in vitro by elements within the culture medium, such as
FCS, which can be mitogenic for B cells. Thus, non-specific fIFN-y staining may be

a problem when the cells are not fractionated.

In Figs. 2.5 and 2.6, the majority of mitogen-aclivated cells that expressed fIFN-y
were not CD4" T cells. Non-specific or biological background staining, described
above, may have contributed to this result. However, other cell types such as CD8"
T cells, B cells, plasmacytoid DC, NKT cells, Tr cells and NK cells are all capable of
secreting IFN-y upon activation (Section 1.3.1.2). In particular, NK cclls arc major
producers of IFN-y, Since these assays were conducted using unfractionated
mononuclear cclls, all lymphoblast cell subsets, as well as other cell types of similar

size and granularity, were included in the gated lymphoblast population.

The sheep anti-fIFEN-y pAb was used to identify fIFN-y-cxpressing cells in PLN
tissue sections from an FeLV recovered cat using immunohistochemistry, illustrated
in Fig. 2.8. 'The demonstration of IFN-y within tissues in sity may aid in the
characterisation of the immune response during disease processcs (Kakazu e al.,
1999). Double immunoenzyme techniques could be used to characterise the [IFN-y
expressing population. In addition, fIFN-y expression could be correlated with the
prescnce of infectious FeL.V or Fel.V proteins. However, it was difficult to achicve
consistency in the detection of fIFN-y cxpression using immunohistochcmistry. It
has been reported that IFN-y expression in cryostat tissue sections is difficult to
accurately detect using immunohistochemistry; discrepancies occurred between
results obtaincd using intact in vitro stimulated T cells and cryosections prepared
from the same T cells (van Der Loos ef al., 2001). Multiple rcasons werc cited to
cxplain the discrepancies; acetone fixation may result in anfigen extraction; non-
specific staining of wvarious cellular constituents and plasma cells occnrred
frequently, und immunohistochemistry is less sensitive than flow cytometry. It has
been suggested that IFN-y expressing cells should be characterised using double
immunoenzyme techniques to minimise spurious results (van Der Loos ef al., 2001).
Furthermore, prefixation of tissues with paraformaldehyde (PFA) prior to freezing

may eliminate leaching of cytokines.
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The anti-fIFN-y antibodies have additional applications in the field of feline research.
In addition to FeLV, the domestic cal is the ratural host for a number of significant
pathogens including FIV (Pedersen ef al., 1987) and feline coronavirus virus (FCoV)
(Pederscn ef al., 1987; Addie et al., 1995). Currently, effective vaceings are not
available for the majority of thesc feline infections, and curative treatment is often
not possible, Although the immune mechanisms determining the discase outcome
following exposute to these pathogens are becoming clearcr (Pedersen, 1987; Olsen,
1993; Beatty et al., 1996; Willell ¢t al., 1997; Flynn et ql., 1999), progress in this
area is slow. This is partly due to the lack of sensitive, species-specific reagents to
allow the quantitative definition of the important immunc control mechanisms. The
anti-fIFN-y antibodies described in this study have the pofential to facilitate the
quantitative analysis of antigen-specific T cells ex vivo using either ICS techniques
analysed using flow cytometry, or ELISpot assays. These highly sensitive assays
will enable the evolution of the immune response to be monitored following
infection or vaccination, or in tumour development. A second important use of these
novel reagents is to detect circulating fIFN-y in plasma uwsing a capture ELISA. Such
an approach may also be a uselul prognostic indicator when evaluating novel
immunotherapics. Recent studies in domestic cats have attempted to evaluate the
potential of [eline cytokines, for example IFN-y, IL-12 and IL-18, as genetic vaccine
adjuvants in vive (Hosie et al., 1998; Flynn et al., 2000b; Hanlon et ¢l., 2001). An
adjuvant effect has been demonstrated in certain studies as assessed by increases in
virus-specific cell-mediated immune responses, or by improved vaccine efficacy

following challenge.

In this thesis, these novel reagents were used to detect and quantify the evolution of
virus-specific immune responses ex vive following experimental exposure of cats to
Fel.V. The specificity of the antiviral immune response can be detcrmined through
the enumeration of fIFN-y expressing cells following stimulation with viral antigens.
To this end, recombinant p27 and p45 proteins and inactivated FeLV particles were
generated and used in this thesis, Cell surface molecules, such as CD4 and CDB8,

were simultaneously detected, to ensure that the cytokine-positive cells were indeed

the cells of intcrest.
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2.5 Summary and Conclusions

Prior to this thesis, no antibody reagents werce available to detect fIFN-y in the cai.
The sensitivity of the D9 mAb and sheep anti-fIFN-y pAb, in the detection of fIFN-~y,
was determined using an indirect 1IKN-y ELISA and Western blots. In addition, these
antibodies were assessed for their ability to detect the production of fIFN-y by
specific feline T cel! populations ex vivo, following co-culture with mitogen for four
hours in the presence of protein secrction inhibitor BFA. Flow cytometry was used
to simultaneously detect Pli-labelied cell surface molecules, and FITC-labelled
intracellular fIFN-y. Finally, expression of fIFN-y in cryostat sections of PLN tissues

was dctected using the sheep anti-fIFN-y pAb in an immunoperoxidase technique.

Using these assays, thesc novel reagen(s were shown to be highly sensitive in the
detection of both recombinant feline IFN-y and the production of intracellular fTFEN-y
in physiologically stimulated cells. In this thesis, these reagents will be cmployed to
detect fIFN-y expression by virus-specific CD4" T cells following recoguition of

their cognate antigen, using ICS analysed using flow cytometry.
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CHAPTER 3
LONGITUDINAL IMMUNOPATHOGENESIS STUDY

L VIROLOGY



3.1 Introduction

A longitudinal FeLLV immunopathogenesis study was conducted to investigate the
role of FeLV-specitic CD4" T cells in the control of FeLV infection. CD4" T cells
have a critical role in regulating the humoral and celi-mediated arms of the immune

rcsponse through the activation of DC and the claboration of cytokines.

Six SPF cats, E1-E6, were exposed oronasally to FeLV-A aged sixteen weeks, in the
expectation that each of three well-defined outcomes of infection would result,
recovery, latency and persistence. To deline Lhe outcome of FeLV exposure in each
cat, and correlate the virus-specific immune response with the viral status of exposed
cats, a scries of virus parameters was monitored Lhroughout the study, and post
mottem. Peripheral blood samples were taken at regular intervals following oronasal
exposure to FeLV, and post mortem. In each sample, proviral DNA loads wecrc
quantified using gR'T-PCR; Lthe emergence of p27 antigenaemia was monitored using
a double antibody sandwich ELISA, and the presence of infectious virus was
determined using VI techniques. Samples from PLN, MLN, spleen and thymus were
hatvested post mortem, from which proviral DNA loads were quantified using qRT-
PCR. These data indicated that all cats, E1-E6, became persistently infected with
FeLV. In this thesis, it was intended to examine and compare FeLV-specific CD4" T
cell responses among persistently infected, recovered and latently infected cats.
Therefore, in order to enhance the probability of rccovery, a second group of six SPF
cats, E7-E12, was cxposed to a reduced dose of FeLV-A under identical conditions
as cats E1-E6. Each group of cats, E1-E6 and E7-E12, underwent the same series of
assays at comparable time intervals. However, cats E1-E6 were euthanased nineteen
weeks post exposurc while cats E7-E12 were euthanased after thirteen wecks.

Throughout this thesis, these two groups of cats are frequently referred to as cats E1-
E12.

This chapter describes the experimental exposure of cats E1-E12 to Fel.V, the

preparation of samples and the evolution of the viral status of cats E1-E12. Virus-

specific cellular immune responses will be described in Chapter 4, In Chapter 5,
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expression of the FeLV CA protein p27 in the bone marrow and PLN tissues will be

illustrated.

3.2 Materials and Methods

3.2.1 Experimental Animals

In total, two groups of six 8-9 week old outbred SPF domestic shorthait (DSH)
kittens were procured from a commercial source and housed in a purpose built
isolation unit at the University of Glasgow. 'T'he first group of six cats (E1-E6)
occupied two adjoining rooms, each 9.36 m” and 2.36 m high; the second group (E7-
E12) shared a single large room. The cats were fed proprietary dry and wet food
twice daily and received water ad libitum. Male cats within each group were
castratcd at approximately cleven weeks of age under isofluorane gaseous

anaesthesia (1.5% Isoflo, Schering-Plough, Uxbridge, U.XK.).
3.2.2 Exposure to FeLYV

Cats E1-E12 were exposed oronasally to a molecular clone of FeLV-A Glasgow-1
(Jarrett et al., 1972; Jamett er al., 1973; Stewart et al., 198G), when aged sixteen
weeks. The virus used was laken from tilrated stock prepared by the Companion
Animal Diagnostic Laboratory (CADL) (Batch 53; 6 x 10° focus-forming units
(ffu)/ml), and stored at -70°C. Immediately before use, the virus was thawed and
diluted in sterile PBS to give a final volume of 1 ml/cat; 0.5 ml was administcred
orally and 0.25 ml applied in each nostril.  Six cats (E1-E6) received 5 x 10° ffu
FeLLV-A; the remaining six (E7-E12) cach received 5 x 10* ffu FeLV-A.

3.2.3 Blood Sampling

Blood was collected from conscious animals using jugular venepuncture. Rarely,
sedation using xylazine (0.5 mg/kg, Rompun, Bayer PLC, Berkshire, U.K.) and
ketamine (5 mg/kg, Ketaset, Fort Dodge Animal Health, Hampshire, U.K.) was
required. The maximum volume of blood permitted by U.K. Home Office guidelines
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per sampling was calculated according to the weight of the cats. The first sample
was taken six weeks prior to FeLV exposure, and sampling continued at intervals of
three weeks thereafter until the end of the study. An additional sample was taken
one week following FeLV exposure. Whole blood was collected into lithium heparin
and sodium citrate blood tubes (Dunwoed Ltd., Aberdeen, U.K.), and into Alsevers’

solution (1:1).
3.2.3.1 Lithium Heparin Samples

To separate the blood fractions, blood collected in lithium heparin sample tubes was
centrifuged at 1500rpm for twelve minutes using a bench-top centrifuge. At least
300 pl plasma was submitted to the CADL to conduct VI, p27 ELISA and virus
neutralisation assays. Virus isolation was performed by infecting QN10S cells with
plasma samples from exposed cats (Jarrett and Ganiére, 1996). QN10S cells were
derived from a clone of feline fibroblasts, into which had been introduced (he
Moloney murinc sarcoma virus (MoMSV) (Jarrett and Ganiére, 1996). A
subconfluent tayer of QN10S cells, plated in wells of a 24-well tissue culture plate,
was inoculated with 100 pl plasma; any virus present was absorbed for two hours,
then replaced with fresh culture medium.  The cells were examined for
morphological changes that would indicate the presence of infectious virus. Cells
were initially cultured for six days, negative cells were further subcultured for five
days. The presence of VNA was determined using a focus reduction assay on
QN10S cclls (Jarrelt and Ganiére, 1996). Dilutions of plasma were incubated with
an equal volume of an appropriate concentration of FeLV-A/Glasgow-1, for six
hours at 37°C. Any residual infectivity was determined by VI performed on QN10S
cells, described above. If virus is used at an appropriate concentration, foci of
transformation are obtained and the infectious virus may be quantified. The VNA
titre was calculated as the reciprocal of the plasma dilution that reduced the focus
count by 75%, compared with a virus control incubated without plasma (Jarrctt and
Ganigre, 1996). The presence of p27 antigenaemia was determined using a double
antibody sandwich ELISA (Luiz ef af., 1983). Micro-ELISA plates were coated with
a combination of two anti-p27 mAbs, which rccognised distinct epitopes. Plasma
samples were mixed with a biotinylated anti-p27 pAb, then added to the micro-

ELISA plates, and incubated for thirty minutes at 37°C. A final thirly-minute
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incubation with peroxidase-labelled strepatavidin preceeded the development of
peroxidase activity. Absorbance was measured in a micro-ELISA plate reader.
Positive and negative samples were included as controls; a sample was considered
positive when the absorbance was equal to, or exceeded, 150% of the negalive

control value.

Mononuclear cells were isolated from the bufty coat as described in Section 2.2.2.8,
prior to being resuspended in 200 ul freeze-mix®* and dispensed in cryotubes (Nalge
Nunc International, Assi Domin, Kolding, Denmark). The cells were stored
overnight at -70°C in scaled polystyrene containers before transfer to liquid nitrogen

the following day.
3.2.3.2 Sodium Citrate Samples

Blood collected in sodium citrate sample tubes was centrifuged at 1500rpm for
twelve minutes using a bench-top centrifuge. ‘the plasma was removed and
centrifuged again at 3000rpm for ten minutes in a microfuge (‘Micro Centawmr’,
Sanyo Gallenkamp, U.K.) to pellet any remaining red blood cells {(RBC). Two 180
ul plasma samples were aliquoted to detcrminc plasma FcLV RNA loads using qRT-
PCR analysis. Proviral DNA loads were quantificd from the buffy coat layer using
qRT-PCR. A volume of 200 ul buffy coat was placed in 20 ul protease (Qiagen
UK. Lid, West Sussex, U.K.), to which 200 pl ‘AL Buffer’ (Qiagen, U.K.) was
added. The reagents were thoroughly mixed prior to a ten-minute incubation at 56°C
in a watct bath. Plasma and bully coat samples were subsequently stored at ~70°C
until submission to Dr Regina Hofmann, Faculty of Veterinary Medicine, University
of Zurich, for gRT-PCR analysis. The primers and probes used recognised the U3
long terminal repeat (LTR) of exogenous FeLV-A. The primer sequences were 5°
ACCTGGGCCCCGGCT 37 (15 bascs; nt 2174-2188) for the sense primer, and 5°
GCGGCCTTGAAACTTCTGCT 37 (20 bases; nt 2228-2247) for the antisense
primer.

The TagMan FeL'V probe was, 5" AGGCCAAGAACAGTTAAACCCCGGAT 37(26
bases; nt 2191-2216) (Hofmann-Lehmann er al., 2001).

* Freeze-mix: 10% (v/v) DMSQ in FCS
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3.2.3.3 Alsevers’ Samples

Mononuclear cells were harvested from peripheral blood collected in Alsevers’
solution, as described in Section 2.2.2.8. In most cases, fresh mononuclear cells
were used in the LPA, and ICS analysed using flow cytometry (Chapicr 4). Any

remaining cells were frozen and stored in liquid nitrogen.
3.2.4 Post Mortem Sampling

All cats in the study were euthanascd using pentobarbiial sodium (120 mg/kg,
Euthatal, Merial U.K., Harlow, U.K.) under sedation 13-19 weeks following Fel.V
exposure. Between 80 and 120 ml blood was withdrawn by cardiac puncture under
terminal anaesthesia. Samples to determine proviral DNA loads using qRT-PCR
analysis were collected from the PLN and MLN tissues, spleen and thymus, and snap
frozen in liquid nitrogen. Samples from PLN, MLN, spleen and thymus were also
collected in *O.C.1.%, and snap frozen in liquid nitrogen for immunohistochemical
analysis. Remaining PLN, MLN and splenic tissue was collected into RPMI 1640
medium containing penicillin and streptomycin, for use as single cell suspensions in
the LPA. Femoral bone marrow was hai‘vcstcd and distributed among sterile
containers containing 5% BSA in PBS, 10% formalin and bone marrow transport
medium? (BMTM), for cytological analysis and immunofluorescence,

immunohistochemistry and V1, respectively.

Bone marrow cells within the BMTM were pelleted. To determinc whether
infectious virus was present within the bone marrow, the supernatant, or cell free
suspension (CFS), was added to QN10S cells for VI. The presence of a latent
infection was established by culturing the bone marrow cells in vitro. The cells were
cultured until confluent in MEM-alpha medium containing 10% FCS, 100 U/ml]
penicillin, 10 wug/ml streptomycin and 2 mM glutamine (complete MEM-alpha
medium), and passaged once. To determine whether latent provirus had become

reactivated, tissue culturc fluid (TCF) was then added to QNIOS cells for VI.

% BMTM: MEM-alpha medium containing 10% (v/v) FCS, 100 U/l (v/v) penicillin, 100 pg/ml (v/v)
streptomycin, 2 mM (v/v) glutaming; 50 U (¥/v) heparin/ml
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3.2.4.1 Preparatior of Single Cell Suspensions

Post mortem tissue samples were emptied into plastic Petri dishes (Bibby Sterilin
Ltd., Staffordshire, U.K.) within a microbiological safety cabinel and washed using
20-30 ml RPMIL 1640 medium containing antibiotics, as described above. Sterile
instruments were used to remove excess fat from the specimens before the lympheid
tissue was gently teased out beneath the fibrous capsules. Lymphoid cells were
collected into universal containers at regular intervals and aspirated when fibrous
material had settled to the bottom, and fat had floated to the top. Aspirated material
was centrifuged in a bench-top centrifuge at 1000rpm for ten minutcs, washed in
RPMI 1640 medium, frozen in freeze~-mix, and stored in liquid nitrogen. Splenic
cells were additionally layered over Ficoll-Paque in order to minimise RBC

contamination.

3.2.5.Statistics

Statistical analysis was conducted using ‘GraphPad InStat’ (GraphPad Sofltware, San
Diego California U.S.). Non-parametric tests were used throughout. The Mann-
Whitney test was applicd to compare results from two groups, using a two-tail P
value. Where three or more groups were compared, the Kruskall-Wallis test was
usecd. The Spcarman rank corrclation test (Spcarman r-Test) was conducted to
analyse the association between proviral DNA loads in the peripheral blood and s:p
values calculated from the p27 ELISA data. The Spearman r-Test is a non-

parametric test.

3.3 Results

3.3.1 Viral Status of Cats E1-E12

Prior to experimental eV exposurc at week 0, blood samples from cats E1-E12
were tested for Lhe presence of FeLV p27 antigenacmia, infectious virus, buffy coat

proviral DNA, and VNA, and were found to be negative for all of these parametcrs.
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3.3.1.1 p27 ELISA

Following the experimental exposure of cats E1-E12 to FeLV at week 0, the
presence of p27 antigenaemia was determined at regular intervals using a double
antibody sandwich ELISA. The results are shown in Fig. 3.1 and summarised in
Table 3.1. Cats were considered positive when the 0.D.ys sample value was equal
to, or greater than, 150% of the negative control value. The sample:positive (s:p)
ratio was calculated from the O.D.4s value of each sample, using resuits from the

positive and negative conrols:

sample 0.D.405 - negative control O.D .45

positive control Q.D.4gs - negative conirol .05

This was done to correct for day-to-day variations in ELISA readings, allowing

results to be more accurately compared over a time course (Fig. 3.1).

p27 antigenaemia was not detected in the plasma from any cat one week following
FcLV cxposurc. By week 4, ton cats were p27-positive, with only cats E10 and E12
remaining negative. However, cat E10 became p27 antigenaemic at the next sample
date (week 7), and cats E1-E11 remained p27-positive for the duration of the study.
No p27 antigenaemia was detected in the plasma from cat E12 at any time (Table
3.1). While cats E1-E6 received a higher exposure dose of FeLV by a factor of one
log, compared to cats E7-E12, significant diffcrences in the s:p values between the
two groups of cats were not observed until week 13, when cats E1-E6 demonstrated

significantly higher s:p values (Mann-Whitney Statistic, ’=0.0022).

The pattern of s:p results generally conformed to two principal peaks in values, at
week 4 andfor weeks 10-13, although s:p results from three cats, E1, E2 and E3,
displayed an additional low peak al week 19. Results from only three cats, E2, E7
and E8, demonstrated a biphasic pattern, peaking at both week 4 and weeks 10-13;

s:p results from the remaining cats peaked at cither week 4 or weeks 10-13.
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3.3.1.2 Virus Isolation

The presence of infectious FeLV in the plasma was dctermined using VI techniques
at regular intervals following experimental exposure of cats E1-E12 to FcLV at week
0. Isolation was Initially attempted over a six-day culture period; any remaining
negative samples were subcultured for a further five days (Jarrett and Ganiére, 1996).
The results are shown in Table 3.1. Virus was not isolated from the plasma of any
cat one week following experimental exposure to FeLV. However, infectious virus
was isolated from the plasma of cats E1-E11 at each sampling from week 4 until Lhe
end of the study, signifying that these cats became persistently viraemic following
oronasal exposure to FeLV. Conversely, infectious FeLV was not isolated from the
plasma of cat E12 at any time throughout the study, suggesting that cat E12 had

recovered following oronasal exposure to FeLV.

Since all cats E1-E6 were persisiently viracmic by week 19, it was considered not
necessary to perform VI using the bonc marrow from these cats; however, VI was
conducted on the bone marrow samples collected from cats E7-E12 post mortem.
Infectious virus was present in the bone marrow CFS from cats E7-E11, but not cat
E12. However, following a short culture in vitro, infectious virus was isolated from
the bone marrow cells from cat E12, indicating the presence of  latent bone marrow
infection in this cat. Thus, while vitus could not be detected in the peripheral blood
from cat E12 throughout the study, which suggested that this cat had eliminated virus
and spontaneously recovered, virus was still present within the bone marrow, as a

latent proviral infection.

3.3.1.3 FeL'V Proviral DNA Loads

The analytical sensitivity of the qRT-PCR assay was calculated by amplifying a
tenfold serial dilution of the cloned standard DNA template; the QRT-PCR detected
between (.36 and 3.6 copies of the DNA template (Hofmann-Lehmann et al., 2001).

(i) Buffy Coats

Feline leukaemia virus proviral DNA levels in buffy coat samples were mcasured
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using QRT-PCR at regular intervals following experimenlal exposure of cats E1-E12
to FeLV al week 0 (Hofmann-Lehmana ef al., 2001). The results are shown in Fig.
3.2 and Table 3.1. The raw qRT-PCR data (proviral DNA per PCR reaction)
comprises the number of copies of the FeLV U3 LTR in each sample. To calculate
proviral copy numbers per cell, these figures were divided by two (number of LTR
copies), and then by the number of buffy coat cells. These were determined from the

quantity of DNA used in each PCR reaction, which was 1 pg.

The gRT-PCR data showed that proviral DNA was present in (he peripheral blood
from all cats E1-E12 at week 1, except cats E7 and E12 (Table 3.1). Proviral DNA
was detected in the peripheral blood from cat E7 by week 4, and in cat E12 by week
7. Thereafter, proviral DNA continued to be detected in each cat uniil the
termination of the study at week 13 (E7-E12) and week 19 (E1-E6).

Latently infected cat E12 displayed low mean levels of proviral DNA over weeks 0-
13 (0.0093 = 0.0099 copies per cell), compared to persistently viraemic cats that
received an equivalent exposure dose of infectious FeLV (0.53 = 0.46 copies per
ccll). The difference is statistically significant (Mann-Whitney Statistic, £=0.0173).
Cats E1-E6, which received a greater exposure dose of FelV, had grealer mean
levels of proviral DNA in buffy coat samples over weeks 0-19 (4.5 * 1.2 copies per
cell}, compared to cats E7-E12 over wecks 0-13 (0.44 + 0.42 copies per cell).
Statistically, significantly higher proviral DNA loads were quantified in cats E1-E6
at week 1 (P=0.0260), weck 4 (P=0.0411), week 10 (P=0.0022) and week 13
(P=0.0087), compared {0 cats E7-E12, according to the Mann-Whitney Statistic.

Fluctuations in proviral DNA copy numbers were recorded for each cat E1-E12 over
the tength of the study. Generally, two peaks in proviral DNA load were observed,
at weeks 4-7 and/or wecks 10-16. Proviral DNA loads in cats E2, E3, E4, E5, E7
and E9 all displayed a biphasic pattern, peaking at weeks 4-7 and again at weeks 10-
16. Cat E2 demonstrated a third small pcak at week 19. Proviral DNA loads in cats
E8, E10 and E11 peaked only at weeks 4-7, while those in cat E6 peaked at weeks 13
and 19. Cat E12 demonstrated a minor peak in proviral DNA load al week 10,

A direct correlation was detected between the proviral DNA load data measured
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using qRT-PCR, and the s:p figures calculated from the p27 ELISA (Spearman r-
Test, 1=0.5235), over the entire study for cats E1-E16 (weeks 0-19), and cats E7-E12
(weeks 0-13) (Fig. 3.4). These results were extremely statistically significant
(P=0.0001 and P<0.0001, rcspectively). However, no statistically significant
correlation was detected between the proviral DNA dala and the s:p results in either

groups of cats at any single sample date throughout the study.

(it) Lymphoid Tissues

Feline leukacmia virus proviral DNA loads in PLN, MLN, thymus and spleen from
cats E1-II12 post mortem are shown in Fig. 3.3. Proviral DNA was dctected in each
sampled tissuc from cvery cat. Thus, although infectious virus was not detected in
the periphecral blood from cat E12 at any time throughout the study, proviral DNA
was detected in the lymphoid tissues and in the bone marrow. Stalistically, cats E1-
E6 demonstrated significantly higher levels of proviral DNA in all tissucs, compared
to cats E7-E12, according to the Mann-Whitney Statistic (PLN, P=0.0043; MLN,
P=0.0152; thymus, P=0.0260; spleen, P=0.0022), Ilowever, no statistically
significant difference in proviral DNA loads between ecach tissuc type was found, in
either group of cats, using the Kruskall-Wallis Statistic. ITowever, it is clear from
Tig. 3.3 that the splecn contained the highest mean levels of proviral DNA (cats E1-
E6, 1.035 + 0.2 copies per cell; cats E7-E12, 0.209 + 0.12 copies per cell), compared
to all otlter tissues (cats E1-E6, 0.436 = 0.31 copies per cell; cats £7-E12, 0.151 *
0.018 copies per cell). Latently infected cat E12 displayed low mean levels of
proviral copy numbers in all tissues (0.000396 = 0.0001 copies per cell), compared to
persistently viraemic cats that reccived a comparable dosc of infeetious FeLV (0.18 =+
0.07 copies per cell). The difference is statistically significant (Mann-Whitney
Statistic, P=0.0159).

3.3.2. Humoral Immunity

3.3.2.1 Virus Neutralising Antibodies

The development of VNA was mornilored using a focus reduction assay at three-

wecek intervals following experimental exposure to FcLV. Throughout the course of
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the study, cats I11-E11 failed to develop VNA to FeLV. However, a low VNA titre
was recorded for cat E12 at week 13 (1:16).
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Fig. 3.4 Correlation between s:p values and p27 ELISA data

Correlation of s:p values calculated from p27 ELISA data, and buffy coat proviral
copy numbers measured using qRT-PCR in cats E1-E6 (A) and cats E7-E12 (B).
The data was determined at regular intervals following experimental cxposure of cats
E1-E12 to FeLV at week O, until the end of the study at weeks 13 (E7-E12) and 19
(E1-E6). Using the Spearman r-Test, r=0.5235 (cats E1-E6) and r=0.7666 (cats E7-
E12). Both values are extremely significant (P=0.0001 and P<0.0001, respectively).




p Values

p27 ELISA s

p27 ELISA s:p Values

08

06

04

02 |

08

06

04

02

"~

r=0.5235

B 10 12 14 16 18

Proviral Copy No./Cell
r=0.7666

8 10 12 14 16 I8

Proviral copy No./Cell

20

20

22

22

24

24

26

26

+ E1-E6 weeks 0-19

* E7-E12 weeks 0-13



Table 3.1 Detection of FeLV CA protein, proviral DNA and
infectious FeLV in cats E1-E12

Plot summarising detection of Fel.V proviral DNA, FeLV CA protein p27 and
infectious FeLV, using qRT-PCR, p27 ELISA and VI respectively, in peripheral
blood samples taken at regular intervals from weeks 0-19 (E1-E6) and weeks 0-13
(E7-E12).
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3.4 Discussion

The aim of the FcLV immunopathogenesis study was to examine and compare
FeLV-specific CD4" T cell responses in recovered, latently infected and persistently
viraemic cats following exposure to FeLV. It was essential to monitor the Fel.V
status of exposed cats through the detection of viraemia, p27 antigenaemia and
proviral burdens to define the disease outcome for each cat, and to ascertain whether
the devclopment of FeLV-specific immune responses could be correlated with the
viral status of the exposed cats. To achieve these aims, cats were exposed al 16
weeks with a dose of virus previously shown to be associated with recavery in a
significant proportion of animals (Hoover ef af., 1976; Jarrett et al., 1982a; Flynn et
al., 2002h). However, in the presenl study, eleven cats became persistently viraemic
and onc cat retained a latent proviral infection in the bone marrow and lymphoid

tissucs.

Cats were dosed oronasally to mimic the natural route of exposure (Hardy er al,,
1973; Francis ¢t al., 1977; Hoover et al., 1977a; Hoover et al., 1977b; Jarrett et al.,
1982a; Pcdersen, 1988; Hoover and Mullins, 1991; Hardy, 1993; Jarrett, 2001).
Additionally, oronasal chalienge avoids unsuccessful infections, where virus
intended for the peritoneal cavity may instcad be injected into the abdominal wall
tissues. Furthermore, it was useful to compare the dala collected from this study
with data acquired from recent studies conducted in our laboratory, which used an

identical route of cxposure.

The FeLV CA protein p27 was not detected in the plasma from any cat E1-E12 at
week 1; eleven of which subsequently became persistently infected. This is
consistent with the findings of a previous study, where an early peak in p27
antigenaemia was absent in all persistently viraemic cats (Flynn ef al., 200Zb). Only
three persistently infected cats followed a biphasic pattern in p27 antigenaemia based
on the sip values from the p27 ELISA, peaking at weeks 4 and weeks 10-13.
However, s:p values from all other persistently infected cats demonsirated single

peaks in p27 antigenaemia at either week 4 or weeks 10-13.
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The p27 ELISA detects FelLV CA protein p27, rcleased free into the plasma by
virally infected cells or disrupted viral particles; therefore, the presence of FeLV CA
protein p27 is not necessarily indicative of an active infection. In contrast, VI from
plasma samples detects the presence of infectious virus. The absence of p27
antigenaemia in the presence of viraemia in cat E10 at week 4 is a rare, discordant
result. In other cxperimental studies, FelLV viraemia consistently occurred in the
presence of p27 antigenaemia (Jarrett and Ganiére, 1996; Flynn er al, 2002b).
However, one study describing the experimental infection of eight-week old kiitens
reported that although VI was successful on day 10 in two kittens, no kitten was
positive in the p27 ELISA until day 14 (Jarrett ef al., 1982a), implying that viraemia
can occur in the absence of a concurrent antigenaemia. More recently, Lhe
identification of false-negative p27 ELISA results in cats that presented with an
FelV-associated disease, and a positive IFA test, was reported (Kerr and Smith,
1995; Lutz et al., 1982; Madewell and Jarrett, 1983). Nonetheless, it is considered
unusual to detect viracmia in thc absence of antigenaemia, as dissemination of
soluble viral polypeptides by FeLLV-infccted cells occurs widely in vitro (Neil et al.,
1980b) and in vivo (Jarrett, 1999). Furthermore, viral antigens have been detected in
plasma from FeLV infected cats for a short period before, and after, virus is detected
in cclls (Lutz et al., 1980a; Pedersen, 1988). However, the presence of viraemia in
cat E10 without concurrent p27 anligenacmia may not actually be a true result. The
s:p values show that cat E4 (0.1) has a lowcr value than cat E10 (0.11) at week 4, and
yet cat B4 was considered positive, and E10 negative, suggesting that the discordant
result may have arisen from the interpretation of the 0.D.40s ELISA figures. In this
study, a cal was considered positive when the sample value is equal lo, or greater
than, 150% of the negative control value. In this instance, the plasma sample from
cat E10 had an O.D.4s value of 0.26, whereas the negative control had an O.D.4s
value of .18, which meant that cats with an O.D.ss value of (.27 or greater were
considered positive. Using those criteria, cat E10 was clearly only marginally
negative. Others, using a similar p27 ELISA assay, have detined cats as positive
when the s:p value is equal to, or greater than, 0.1 (Miyazawa and Jarreit, 1997). If

the same criteria had been applied in this study, cat E10 would have been considered

positive.
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Quantitative RT-PCR is a sensitive and specific methed of detecting and quantifying
FeLV proviral DNA in blood and tissues (Hofmann-Lehmann ef al., 2001). The
primers and probe used in this study were designed to detect exogenous FeLV-A
sequences so that endogenous FeLV-related sequences were not amplified. Proviral
DNA was detected in all cats onc week following exposure to FeLV, except cats E7
and B12. An absence of proviral DNA in cats E7 and E12 until week 4 and week 7
respectively, suggests that the immune response may have been actively restricting
FeLV integration and replication; possible immune mechanisms include IFN-y and
the type 1 IFNs. Interferon-y acts directly to antagonise viral growth and replication
through the induction of three genes encoding PKR, 2-5A synthetase and dsRAD
(Section 1.3.1.2). Additionally, type I IFNs secreted by IFN-producing cells (IPCs)
and virally-infected cells (Rissoan ez al., 1999; Siegal et al., 1999) have an antiviral
rolc (Levy, 2001); the loss of IPCs and IFN-a production has been associated with
high HIV RNA lcvels and AIDS (Soumelis ef al., 2002). The type 1 IFNs aiso

produce enzymes that collectively interfere with viral replication.

The pattern of proviral DNA loads was similar o those described in other studies,
where persistently infected cats demonstrated two peaks in proviral DNA load, at
weeks 4-7 and again at weeks 10-16 (Hotmann-Lehmann e 4f., 2001; Flynn ef al.,
2002b). These peaks in proviral DNA loads were temporally associated with the
peaks in s:p values determined using the p27 ELISA. However, no statistically
significant correlation between these two results was found in either group of cats at

either time points {weeks 4-7 o1 weeks 10-16).

Although proviral DNA was detecled in latently infected cat E12 from weeks 7-13,
p27 antigenaemia was not detected at any sample date over the study. A group of
PCR-positive, p27-negative recovered cats was identified in FeLV experimentally
infected cats, that became PCR positive one week following FeLV exposure in the
absence of p27 antigenaemia, and remained PCR-positive, p27-negative (Hofmann-
Lehmann ef al., 2001). The mean proviral copy numbers for cat E12 (0.0093 +
0.0099 copies per cell) was less than those recorded for the p27 ELISA-negative,
PCR-positive cats (0.08 + 0.07 copies per cell) (Hofmann-Lehmann et al., 2001).
ITowever, neither the infection route nor the infection dose was comparable to those
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used in cats E7-E12. Persistently viraemic cats E1-E6 that received an equivalent
cxposure dose of FeLV (o cats in Hofinann-Lehmann’s study, had higher mean levels
of provital DNA (4.5 + 1.2 copies per cell), than were delecied in persistently
infected cats from Hofmann-Lehmann's study (1.4 = 2.7 copies per cell). Much
higher mean proviral copy numbers were detected in naturally infected viraemic cats
in the same study (10 * 47 copies per cell), although the duration of infection, age at

time of exposure and challenge dose in these cats was unknown,

Quuntitative RT-PCR was the most sensitive method used to detect FeLV infection
in this study; proviral DNA was detected in all cats, except cats E7 and E12, one
week following FeLV exposure, whereas neither the p27 GLISA nor VI detected
FeLV CA protein p27 or infectious virus in those cals until at least week 4.
Furthermore, although all pnegative qRT-PCR samples were negative by ELISA
(n=28) and VI (n=28), and all positive ELISA (n=55) and VI samples (n=56) were
positive by gRT-PCR; some positive qRT-PCR samples were negative by ELISA
(n=13) and by VI (n=12). These results highlight incongruitics between results
obtained using the p27 ELISA, VI and the qRT-PCR assays in this study. Each assay
delects different aspects of the FeLV life cycle: p27 antigenaemia, FeL'V viraemia
and FeLV integration respectively; the presence of either proviral DNA or the FelLV
CA protein p27 does not siguify the presence of an active infection. Discrepancies
between qRT-PCR and the other assays used in this study also reflect the exquisite
sensitivity of the gRT-PCR assay, which detected between 0.36 and 3.6 copies of the
standard DNA template (Section 3.3.1.3) (Hofmann-Lehmann et af., 2001). Despite
these differences, an extremely significant correlation was identificd beiween the p27
ELISA and PCR results obtained over the entire study in both groups of cats, E1-E6
and E7-E12.

In another study, no samples negative by both p27 ELISA and VI were positive by
nested PCR (Miyazawa and Jarrett, 1997). This was clearly not the case in this
study; all cats E1-E12 in the early stages of infection were PCR-positive and both
VI-negative and p27-ELISA negative, as was cat E12 throughout the course of the
study. Our [indings concur with those reported by tHoffman-Lehmann et al. (2001),
where 10% of naturally infecled cats were found to be positive using PCR and

ncgative using ELISA. The authors suggest that these cals either had recovered from
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FeLV infcction, or were in the early stages of infection.

Although neither p27 antigenaemia nor viraemia were detected in the peripheral
blood from E12 at any sample date throughout the study, proviral DNA detected in
buffy coat and lymphoid tissue samples suggests that E12 experienced a transient
cell-associated viracmia following exposurc to FeLV. Furthermore, it was possible
to isolate infectious FeLV from post mortem bone marrow samples following a short
in vitro culture on QN10S cells. These data indicate that E12 failed to wholly clear
FeLV following cxposure, allowing FeLV to migrate to lymphatic tissues and bone
marrow, and establish a latent infection as integrated provirus. Iowever, cell-free
virus was not detceted in the blood of cat E12 at any timc over the study, suggesting
that the immune response was sufficient to prevent widespread bone marrow
replication and active infection. Virus neutralising antibodies were not detected in
the plasma from persistently viraemic cats EI-E11 at any time during the study but
were detected in the plasma from latently infected cat E12 at week 13. Allhough
VNA in cat E12 appeared later than cxpected for recovered cals, and the titre was
lower (Lutz et al., 1980b; Hofmann-Lehmann et al., 2001; Flyna et al., 2002b), these
data may be consistent with reports where transiently viraemic cats produced levels
of antibody that overlapped with those produced by aviraemic and persistently
viraemic cats (Lutz et al., 1980b). The early delay in FeLV integration, and the
persistent absence of viraemia and antigenaemia throughout the study, suggest that
antiviral immune responses were actively suppressing I'eLV activity in cai E12.
Recovery from FcLV infection began before the appearance of plasma VNA,
indicating that these phenomena were mediated by mechanisms other than VNA,
Early FeLV Gag/Pro-specific CD8" CTL effector responses are known to be

associated with recovery from experimental Fel.V infection (Flynn et al., 2002b).

FeLV isolate, dose, host susceptibility, age at time of exposure and route of exposure
all interact to influence the outcome following exposure to FeLV (Hoover er al.,
1976). Specilic pathogen free cats E1-E6 were exposed to FeLV at an age, dose and
route normally expected to result in approximately fifty per cent recovery, fifty per
cent persistent viraemia (Hoover e al., 1976; Jarrett ¢t al., 1982a; Flynn et al.,
2002b). Nonethelcss, all six cxposed cats became persistently viraemic. With FelL.V

isolate and dose, age and route of exposure consistent with previous studies; host
110




susceptibility remains the unknown variable in this group. Cats E7-E12 were
exposed to a lower dose of FeLV-A under the same conditions as cats E1-E6, and
one cat, E12, cleared infectious virus from the peripheral blood. Together, these data
suggest a greater inherent susceptibility of all cals to the molecular clone of FeLV-
A/Glagow-1, which was somewhat improved by reducing FeLV exposure dose by a

faclor of one log.

3.5 Summary and Ceonclusions

Out of twelve cats cxposed to FeLV, cleven cats became persistently infected, while
cat E12, having cleared infectious virus from the peripheral blood, rctained a latent

proviral DNA infection in the bone marrow and lymphoid tissues.

Infections virus was isolated from all persistently infected cats from weck 4 until the
end of the study. Furthermore, p27 antigenaemia was detected in these cats from
weeks 4-7, until the termination of the study. Proviral DNA was detected in the
periphera!l blood from ten cats as early as week 1 following oronasal exposure 10
FeLV, and by week 7 from all cats, and continued to be detected until the termination
of the study. In addition, proviral DNA was detected in the lymphoid tissues

harvested from all cats post mortem.
Each of the assays used, p27 ELISA, VI and qRT-PCR, all detect different aspects of

the FelLV lifecycle, which accounts for some discrepancies between results; only the

V1 technique delects an active infection.
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CHAPTER 4

LONGITUDINAL IMMUNOPATHOGENESIS STUDY

II IMMUNOLOGY



4.1 Introduction

The previous chapter described the virological parameters measured in the peripheral

blood and lymphoid tissues following the oronasal exposure of cats E1-E12 to FelV.

In this chapter, FeLV-specific cell-mediatcd immune 1csponses elicited in the
peripheral blood and Iymphoid tissues are described, with particular emphasis on

virus-specific CD4" T cell responses.

The immune mechanisms that determine the fate of FelLV-exposed cats are not fully
understood. Early studies showed that the presence of VNA correlated with recovery
(Hardy er al., 1976; Hoover et al., 1976; Russell and Jarrett, 1978a; Lutz et al.,
1980b), and demonstrated that VNA passively protected kittens against FeLV
challenge (Jarrett e al., 1977). In field situations, this passive transfer of VINA from
an immune queen to suckling kittens may be critical in the protection of kittens at an

age of greatest immuno-incompetence (Hoover et al., 1976; Jarrett et al., 1977).

However, more recent experimental studies have shown that FeLV is cleared from
the blood prior Lo, or concurrent with, the appearance of VNA (Ilynn et al., 2000a;
Flynn et al., 2002b). Early FeLV Gag/Pro-specific CD8" CTL responscs are known
to be associated with recovery from experimental FeLV infection (Flynn et af.,
2002b), and arc implicated in protective immune responses following inoculation of

cats with an experimental FeLL'V DNA vaccine (Flynn ef al., 2000a; Hanlon et al.,
2001).

These studies illustrate that both VNA and virus-specific CTL are associated with
recovery and protection following exposure (o FellV. We know that virus-specific
CD4" T cells are important in the initiation and regulation of specific cellular and
humoral immune responses (Batlegay ef al., 1994; Matloubian et al, 1994
Rosenberg e al., 1997); therefore, the capacity of Fel.V-specific CD4" T cells to
aclivate and maintain virus-specific CD8" T cells and virus-specific B cells, may be a

critical component in the immunc mechanisms contributing to the control of FeLV

viracmia.
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Following the oronasal exposure of cats E1-E12 to FeLV, the virus-specific cell-
mediated response elicited in the peripheral blood and Iymphoid tissues was
determined using two different techniques, the ILPA, and ICS analysed using flow
cytometry. Virus-specific responses in the peripheral blood were evaluated one
week following exposure and at three-week intervals thereafter, while virus-specific

responses in the lymphoid tissues were investigated post mortem.

The specificity of the immune response was determined using recombinant p27 and
p45 proteins, and inactivated FeLV particles. The genes encoding FeLV CA protein
p27, and SU protein gp70, were expressed by Lscherischia coli (E. coli) as fusion
proteins; the recombinant p27 and pd5 proteins were then purified using affinity
chromatography under denaturing conditions. Feline leukaemia virus was purified
from T422 cell culture supernatants, and heat-inacivated. The purity of the
recombinant p27 and p45 proteins, and inactivated FeLV particles, was assessed
using SDS-PAGE and Western blots.

The LPA was used to assess the ability of mononuclear cells in the peripheral blood
and lymphoid tissues to proliferate in response to mitogenic and virus-specific
stimulation ex vivo. Mononuclear cells were stimulated for three days with Con A,
and cither rccombinant p27 or p4S5S profeins, or inactivated FeLV particles.
Proliferative responses were measured using a liquid scintillation spectrophotometer
to calculatc the uptake of ’H-thymidine (methyl-’H-thymidine, Amersham
Biosciences, U.K.) by cellular DNA. Concurrent phenotypic analysis was conducted
using flow cytomciry to enumerate the proportion of CD4" and CD8" T cellfs, and
either CD21" B cells or CD45R" white blood cells (WBC), in significant virus-

specific proliferative responses in the peripheral blood.

Intraccliular cylokine staining techniques evaluated the ability of mononuclear cells

in the peripheral blood and lymphoid tissues o upregulate fIFN-y in response to

virus-specific stimulation ex vivo. Mononuclear cetls were stimulated with either

rccombinant p27 or p4S proteins, or inactivated FeLV particles, for four hours;

intracellular [[FN-y expressed in recognition of cognate antigen was detected using

an anti-fTIFN-y mAb, generated in this thesis, and analysed using flow cytomeiry.
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Concurrent phenotypic analysis was conducted 1o enumerate the proportion of CD4"

and CD8" T cells that expresscd fIFN-y.

4.2 Materials and Methods

4,2.1 Preparation of Recombinant p27 and p45 Proteins

4.2.1.1 Lxpression of ¥eLV Genes

The genes encoding FelLV CA protein p27, and SU protein gp70, were cloned by Drs
Norman Spibey and Julic McDonald within the Department of Veterinary Pathology
at the University of Glasgow, then inserted into gene fusion vectors containing six
tandem histidine (6 x his) residues in the N-terminal peptide (Invilrogen Lid., U.K.),
and expressed in E. coli bacterial cells. The FeLV SU protein gp70 is glycosylated
in vivo, with a molccular weight (mw) of 70 kDa; the recombinant protein expressed
by E. coli is non-glycosylated, and has a mw of 45 kDa (p45). The polyhistidine tag
has a strong affinity for the divalent nickel ehioride (NiCl;) cations immobilised on
‘ProBond™” resin (Invitrogen Ltd., U.K.) used to purify the recombinant p27 and
p45 proteins. Denaturing buffers containing 6 M urea were used in all stages of the
purification process. The purification method used was based on the manufacturer’s
protocol (Invitrogen Ltd., U.K.) with some minor amendments: additional astringent

washes were required to enhance the purity of the recombinant p45 protein.
4.2.1.2 Preparation of Denatured E. coli Lysate

The bacterjal expression vectors were prepared in a similar way to the vectors
described in Section 2.2.1.2. Following cenfrifugation of the induced cultures, the
cell pellets were resuspended in 10 ml guanidinium lysis buffer®, preheated to 37°C.
The cells were subsequently agitated for ten minutes at RT to ensure thorough
bacierial cell lysis, and then sonicated on ice using three five-second pulses. To

remove the insoluble debris, the baclerial lysate was transferred to a JA-21 rotor and

* Guanidinium lysis buffer, pH 7.8: 6 M (w/v) guanidine hydrochloride; 20 mM (w/v) sodium
phosphate; 500 mM (w/v) sodium chloride
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centrifuged at 5000rpm for fifteen minutes; the supernatant containing the shcared

lysate was stored at -20°C until further use.

4.2.1.3 Purification of Recombinant Proteins using Affinity Chromatography

Four ml 50% ‘ProBond™" resin was added to an empty polypropylene column
(Gibco, Invitrogen Ltd., U.K.). The column was placed in a centrifuge tube (Falcon
2070, Bector Dickinson, France) and centrifuged in a swinging bucket rotor within a
bench-top centrifuge for two minutes at 1000rpm to sediment the resin, The ethanol
preservative was decanted from the column and the resin resuspended by gentle
agitation. The resin was washed twice with 7 ml sterile water using centrifugation as
described above, followed by two washes with denaturing binding buffer” to
equilibrate the resin. Once equilibrated, 5 mi denatured bacterial lysate was added to
the resin, The column was then agitated at RT for ten minutes to allow the his-
tagged proteins to bind the nickel cations. The resin was sedimented as described

above and a further 5 ml denatured bacterial lysate applied to the column.

Non-specific bacterial proteins were stripped from the column using progressively
astringent washes. For each wash, 4 ml denaturing wash buffer” was added to the
resuspended resin, which was agitated at RT for two minutes before sedimentation
by centrifugation at 800rpm for two minutes. Initially, the column was washed with
denaturing binding buffer, followed by denaturing wash buffer pH 6.0, and finally
denaturing wash buffer pH 5.3. Each wash was repeated once. For purification of
the recombinant p45 protein, two additional washes using denaturing wash buffer pH
4.5 were conducted in order to remove contaminant bacterial cell proteins. The
proteins were eluted from the column by applying 5 mi elution buffer® to the top of
the column, and allowing the eluted proteins to run through the column where they

were collected.

z Denaturing birding buffer, pH 7.8: 8 M (w/v) urea; 20 mM (w/v) sodium phesphate; 500 mM (w/v)
sodium chloride

e Denatuting wash buffer, pH 4.5-6.0: 8 M (w/v) urca; 20 mM (w/v) sodium phosphate; 500 mM
{w/v} sodium chloride

¥ Denaturing elution buffer, pH 4.0: 8 M {(w/v) urea; 20 mM (w/v) sodium phosphate; 500 mM (w/v)
sodinm chloride

115

o




To remove the urea uscd in the denaturing buffers, the proteins were placed into
dialysis tubing and dialysed overnight at 4°C into 0.01 M tris buffer, pH 8.0
Removal of the urea rendered the proteins insoluble; thercfore, 2-5 drops 5 M
sodium hydroxide (NaOH, Fisher Scientific U.K. Ltd, Loughborough, Leicestershire,
U.K.) were added using a 22 guage needle to resolubilisc the proteins. The purified
recombinant p27 and p45 proteins were quaatified using a spectrophotometer; a
praportion was electrophoresed an a 12% polyacrylamide gel (Scciion 2.2.1.4), then
blotted onto nitrocellulose (Section 2.2.2.6). The remainder was aliquotcd and stored
at -20°C.

The basic protocol used for Western blots was similar to that described in Section
2.2.2.6. The blotted recombinant p27 protein and FeL'V particles was probed for two
hours with a sheep anti-p27 pAb (Dr A. Pacitti, University of Glasgow), diluted in
20% NRS in TBS-T, followed by a one-hour incubation using a biotinylated rabbit
anti-sheep Ig pAb, diluted 1:2000 in 20% NRS in TBS-T. A furtber one-hour
incubation with strepatavidin-peroxidase, diluted 1:500 in TBS-T, preceded the
development of colour using DAB. Blots were probed with either 20% NRS or 20%
NGS in TBS-T, diluted as the primary antibody, as negative controls. In addition,
recombinant p27 and p45 proteins, and Fel.V particles, prior to heat inactivation,
were probed with serum from Fel.V recovered cats, diluted 1:4 in 20% NGS,
followed by a one-hour incubation with biotinylated protcin A (ICN Biomedicals,
Hampshire, U.K.)), diluted 1:500 in TBS-T. A second one-hour incubation with
peroxidase-conjugated streptavidin preceded the development of colour using DAB.
Blots were probed with either 20% NGS, or 20% NRS, diluted as the primary

antibody, as negative controls.

4.2.2 Preparation of Inactivated FeL'V Particles

4.2.2.1 Culture of F422 Celly

F422 cells are derived from a naturally occutring feline lymphosarcoma (Rickard ef

al., 1969), and express I'elLV proteins. F422 cells were cultured in a

compartmentalised flask, ‘CL-1000, at 37°C with 5% CO». Two x 107 cells were

seeded into the 15 ml cell compartment, and nourished through a semi-permeable
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membrane by 1 litre of compliete RPMI 1640 medium. At three to four day intervals,
the cells were removed from the cell compartment and pelleted by centrifugation in a
bench-top cenirifuge at 1000rpm for ten minutes. The supernatant was decanted, and

stored at 4°C in 0.1% sodium azide.

4.2.2.2 Sucrose Gradient Purification of FelL.V

In 1967, Kawakami et al. isolated mature virus particles from the plasma ol cats
suffering from feline leukaemia, using linear sucrose-density gradients. A modified
method of this original work was used to purify FeLV from plasma and tissue culture
supernatants. A gradient comprising 5 ml 20% sucrose (Fisher Scientific, U.K.)
layered over 5 ml 50% sucrose, was made in SW28 inner tubes (Beckman-Coulter,
U.S.). The F422 cell culturc supernatants were gently applied over the sucrose layers
to fill the tubes, which were balanced using a Sartorius balance (Europecan
Instruments, Oxford, U.K.). The tubes were inserted into a SW28 rotor (Beckman-
Coulter, U.S.), and centrifuged at 4°C in an ultracentrifuge (Beckman L8-70M,
Beckman-Coulter, U.S.) for two hours at 25,000rpm. Purified virus was removed
from the interface using a 23 guage needle and syringe and subsequently layered
over a second gradient comprising 1.5 ml 50% sucrose, 1.5 mi 30% sucrose and 1.5
mi 20% sucrose, in chilled SW41 inner tubes (Beckman-Coulfer, U.S.). The tubes
were balanced and spun using a SW41 rotor (Beckman-Coultet, [J.S.} at 4°C for one
hour at 40,000rpm in an ultracentrifuge. The purified virus was removed from the
interface between 50% and 30% sucrose layers as before, and dialysed overnight at
4°C in 0.01 M tris, pH 8.0.

4.2.2.3 Inactivation of Purified FeLV

Purified FeLV virus was inactivated by boiling for 2.5 minutes in a boiling bath. The
inactivated virus was passed through a 0.22 pm filter (‘Minisart’, Sartorius Ltd.,
U.K.) and quantificd using a spectrophotometer. A proportion was electrophoresed
on a 12% polyacrylamide gel (Section 2.2.1.4), and then blotted onto nitrocellulose
(Section 2.2.2.6). The remainder was aliquoted and stored at -20°C. Inactivated
FcLV particles did not contain any infectious virus as determined using VI

techniques on QN10S cells (Section 3.2.3.1).
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4.2.3 FeL.V-Specific Cell-Mediated Immune Responses
4.2.3.1 Lymphocyte Proliferation Assay

The ability of mononuclear cells in the peripheral blood and lymphoid tissues to
proliferate in response to mitogenic and virus-specific stimulation was determined in

the I.PA.

Serial dilutions of recombinant p27 and p45 proteins, and inactivated I'eLLV particles,
were prepared in complete RPMI 1640 medium. One hundred pl of each dilution
was added in triplicate to the wells of a 96~-well U-bottom tissue-culture plate (Falcon
3(¥77, Becton Dickinson, France). o detect background proliferation, control wells
wete coated in 100 i complete RPMI 1640 medium, devoid of viral antigen and
mitogen. The plate was incubated overnight at 37°C in a humidified atmosphere
containing 5% CO; to ensure that the medium was at the correct pH and lemperature
before the addition of cells. Mononuclear cclls were prepared from the peripheral
blood by centrifugation of whole blood over Ficoll-Paque.  Additionally,
mononuclear cells were prepared from post mortem PLN, MIN and spleen tissues as
described in Section 3.2.4.1, and layered over Ficoll-Paque. Peripheral blood and
tissue mononuclear cells were resuspended in complele RPMI 1640 medium (2 x 10°
cellg/ml); 100 pl of which was added to each well, to give final viral protein
concentrations of 25 pg/10° cells; 12.5 pg/10° cells; 6.25 ug/10° cells and 3.125
ug/10° cells. The mitogen Con A was addcd in triplicate at 5 ug/10° cells, 0.5 ug/10°
cells and 0.1 pg/10° cells, and used as a positive control. The plates were sealed in
plastic bags and incubated for three days, as before. On the third day of culture,
methyl-*H-thymidine was added to each well (0.5 uCi/well) for the final five hours
of incubation. The cells werc subsequently harvested (‘Filtermate 196 Celil
Harvester’, Packard, Netherlands) onto filter plates (‘UniFilter-96 GF/C’, Packard
Bioscience BV, Groningen, Netherlands). The filter plates were dried at 37°C; 25 ul
scintillation fluid (*MicroScint’, Packard, Netherlands) was then added to each well,
and the plates were sealed. Radioactivity was read on a liquid scintillation counter as
counts per minute {(cpm) (‘TopCount Microplate Scintillation Counter’, Packard,
Netherlands). The stimulation index (S.[) for vitus-specific and mitogenic
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proliferative responses was calculated as follows:

Mean test wells (cpm)

Mean background wells (cpm)
4.2,.3.2 Immunophenotyping of Proliferating Cells

Additional 96-well plates were prepared to determine the phenotype of the
proliferating cells. This was achieved using flow cytometry to detect surface CD4
and CD8, and cither CD45R or CD21, molecules, stained using anti-feline CD4-PE;
anti-feline CD8-PE (10 wl/10° cells, Serotec, U.K.), anti-rat CD45R-PE (10 ul/10°
cells, Serotec, U.K.) and anli-canine CD21-PE (2.5 wl/10° cells, Dr. P.F. Moore,
University of Davis, California) mAbs.

The CD45R molecule comprises high and low molecular weight isoforms of the
lenkocyte common antigen CD45: CD45R™ and CD45R". The anti-rat CD45R mAb
reacts predominately with mature and precarsor B cells in the rat, in addition to
marginal zone B cells and a small subset of T cells. Tn cats, this mAb is routinely
used o enumerate B cells in fresh peripheral blood samples (Flynn, I.N., personal
commumnication). However, after three days of culture in the LPA, it became
apparent that other cell types upregulated expression on thc CD45R molecule;
therefore, this mAb was not a suitable marker for the cnumecration of B cells in the
LPA.

Single concentrations of either recombinant p27 or p45 proteins, or inactivated Fel.V
particles, were used as virus-specific stimulation (25 pg/ 10° cells). The mitogen Con
A (5 pg/10° cells) was present as a positive control; wells containing neither viral
antigen nor mitogen were included as negative controls. After three days, the cells
were harvested into polypropylene tubes (2 x 10° cells/tube), pelleicd and washed in
PBS by centrifugation for five minutes at 1000rpm using a bench-top centrifuge.
The cells were then incubated with the mAbs described above for thirty minutes at
RT. The cells were subsequently washed in PBS as before, fixed in 2%
formaldehyde and resuspended in fluorescence buffer as previously described
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(Section 2.2.2.8).
4.2.3.3 Intracellular Cytokine Staining Analysed Using Flow Cytometry

The production of intraceltular fIFN-y by mononuclear cells in the peripheral blood
and lymphoid tissues in response to virus-specific stimulation was dctermined
following a short four-hour culture ex vive. The protocol followed was similar to
that described in Section 2.2.2.8, except that virus-specific responses were now also
measured. Tissue culture plates were pre-incubated with inactivated FeLV particles,
as well as recombinant p27 and p45 proteins; mononuclear cells were then added to

give a final viral protein concentration of 25 ug/ 10° cells.

For each sample, 10,000 events were recorded. The small lymphocyte and the
lymphoblast populations were gated based on cell size and granularily, and the
percentage of fIFN-y-expressing CD4" T cells within the lymphoblast population was
enumerated. The gates for fIFN-y expression were determined by the reactivity of

the FITC-conjugated isotype matched control mAb.
4.2.4 Statistics

Statistical analysis was conducted using ‘GraphPad InStat’. Non-parametric tests
were used throughout. The Mann-Whitney test was applied to compare resulis from
two groups, using a two-tail P value. The Spearman r-Test was performed to
correlate Tel.V proviral DNA loads and cell-mediated immune responses in
peripheral blood and lymphoid tissues, following virus-specific and mitagenic

stimulation.
4.3 Results

4.3.1 Production of Recombinant p27 and p45 Proteins, and Inactivated FeLV
Tarticles

The genes encoding FeLLV CA protein p27, and SU protcin p45, were expressed by

E. coli as fusion proteins containing polyhistiding N-terminal tags. The recombinant
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p27 and p45 proteins were released following gnanidinium bacterial cell lysis and
somication, then purificd over NiCly resin under denaturing conditions. Feline
leukaemia virus particles were purified from F422 cell culture supernatants using
sucrose demsity gradients, and heat-inactivated. The yield of recombinant p27 and
p45 prateins following purification and dialysis was approximately 2.5-5 mg and 3-5
mg respectively, from 400 ml bacterial cultures. Aliquots of cach recombinant
protein, and inactivated FeLV particles, were electrophoresed on a 12%
polyacrylamide gel using SDS-PAGE, and probed in Western blots, to ensure purity
of the reagents. Recombinant p27 and p4S proteins and inactivated FeLV particles
were stored in aliquots at -70°C. The same batch of recombinant p27 protein was
used throughout the study to ensure consistent results. Two batches of recombinant
p45 protein were produced, using the original glycerol preparation, and used for cats
E1-E6 or cats E7-E12, respectively. Each batch of recombinani p4S protein was
consistently pute, according to Coomasssie-stained SDS-PAGE, and reaclivity in

Western blots.

Prior to heul-inactivation, purified FeLV displayed three promineni bands in the
Coomassie Brilliant Blue-stained gel, approximately 70 kDa, 27 kDa and 15 kDa in
size, which corresponded to the FeL'V SU protein gp70, CA protein p27 and TM
protein pl5E, respectively (Fig. 4.1.1). However, these proteins became disrupted
following heat-inactivation, and an additional two bands, between 37 kDa and 75
kDa in size, were evident on the Coomussie Brilliant Blue-stained gel (Fig. 4.1.1).
Feline leukaemia virus CA protein p27 has a molecular weight of approximately 27
kDa. A single densc hand of this approximale size was evident on the Coomassie
Brilliant Blue-stained gel, confirming the successful purification of the recombinant
p27 protein (Fig. 4.1.I). The FeLLV SU protein gp70 expressed by E. coli is non-
glycosylated and only 45 kDa in size. A single band of this size was evident on he
Coomassic Brilliant Blue-stained gel (Fig. 4.1.IV), which corresponded to the

recombinant p45 protein.

Western blats were used to verify that the purified recombinant p27 and p45 proteins
were the reagents of inierest, and that each contained antigenic determinants that
were immunologically relevant in FeL.V-exposed cats; antibodies in scra from FeLV

recovered cats recognised and bound to proteins of approximatcly 27 kDa (Fig.
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4,1.11) and 45 kDa (Fig. 4.1.V) in size, which corresponded to the recombinant p27
and p45 proteins, respectively, Furthermore, the sheep anti-p27 pAb recognised
antigenic determinants shared by the recombinant p27 protein and the FelL.V CA
protein p27 (Figs. 4.1.1 and 4.1.1II).

4.3.2 FeLLV-Specific Cell-Mediated Immune Responses

Following oronasal exposure of cats E1-E12 to Fel.V, virus-specific cell-mediated
immune responses elicited in the blood and lymphoid tissues were compared using
two diffetent techniques, the LPA, and ICS analysed using flow cytometry. These
assays were conducted using menonuclear cells prepared {rom peripheral blood
sampled throughout the study, and from lymphoid tissues harvested post mortem.
The specificity of the immune response was determined by measuring the ability of
these mononuclear cells to proliferate, and to upregulate fIFN-y, in response to
stimulation with recombinant p27 or p45 proteins, or inactivaled FeLV particles
(Section 4.2.3). Mononuclear cells in the peripheral blood and lymphoid tissues
were also assessed for their ability to respond to mitogenic stimulation in the LPA.
Concurtent phenotypic analysis was conducted using flow cytometry to identify the
virus-specific cclls in each assay. Statistical analysis of the results was performced

using the methods described in Section 4.2.4.

4.3.2.1 Lymphocyte Proliferation Assay

"The virus-specific and mitogenic proliferative responses of mononuclear cells in the
peripheral blood and lymphoid tissues are shown in Figs. 4.2-4.7. The net counts
(cpm) recorded in the unstimulated wells are included in the figure legends. These
background counts were used to calculate the S.I.  Virus-specific proliferation was
considered significant when the S.I. was equal to, or greater than, 2. Prior (o FeLV
exposure, no significant virus-specific proliferation was observed in the peripheral
blood from any cat (Figs. 4.2-4.3). Unless otherwise stated, S.I. or statistical
analyses are recorded as (cats that received an exposure dose of 5 x 10° ffu FeLV-A;

cats that received an cxposure dose of 5 x 10° ffu FeLV-A, respectively).
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4.3.2.1.1 Proliferative Responses in Peripheral Blood

(i) Proliferative Responses to Inactivated FelV Particles

Over the course of the study, S.I. equal to, or greater than, 2 were not detected in any
cat in response to stimulation with inactivated Fel.V particles (Figs. 4.2.A and
4.3.A). Overall, mean proliferative responses to inactivated FeLV particles were
similar in cats that were exposed to a higher dose of infectious FeLV by a factor of
one log, compared to cats that received a lower exposure dose (S.I. 1.05 + 0.10; S.I.

1.04 £ 0.07, respectively).
(ii)  p27-Specific Proliferative Responses

Two distinct patterns of p27-specific proliferative responses were identified in the
peripheral blood over the study, which appeared to be influenced by the FeLV
exposure dose {(Figs. 4.2.B and 4.3.B). Thus, cats that were exposed to a higher dose
of FeLV-A by a factor of one log, displayed peaks in mean p27-specific proliferative
responses at weeks 4 and 10 (S.1. 2.09 £ 1.11; S.I. 2.6 * (1.9, rcspectively); whereas
cats that received a lower exposure dose peaked in mean p27-specific proliferative
responses at weeks 7 and 13 (S.I. 2.2 * 1.2; S.1. 1.76 * 0.32, respectively). Statistical
analysis revealed that the peaks in proliferative responses at weeks 7, 10 and 13 were
significant (Mann-Whitney Statistic, £=0.0260; P=0.0022; P=0.0411, respectively),
compared to week 0. Although the temporal shift in peaks of p27-specific
proliferative responses appeared to be relaled to the exposure dose, mean p27-
specific proliferative responses recorded over the study were similar in both groups
of cats (S.1. 1.56 + 0.46; S.1. 1.48 + ().36, respectively).

Stimulation indices equal to, or greater than, 2, were detected in the peripheral blood
from seven cats in response to p27-specific stimulation (cats E1; E3; E4; Eb; E9; E10
and E11}, on at lcast one sample date during the study. In cats E4 and E9, the mean
S.1. over the study, exceeded 2 (S.I. 2.27 x 1.05; S.I. 2.15 * 1.23, respectively).
Statistical analysis showed that mean p27-specific proliferative responses in the
peripheral blood from cats E4 and E9 were significantly greater than such responses
in the peripheral blood from cats E2, E3, ES and E12, when compared with cats that
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received a comparable exposure dose of FeLV (Mann-Whitney Statistic, P=0.0104;
P=0.0494; P=001.0070; P=0.0411, respectively).

For each peripheral blood sample that showed a significant level of proliferation, i.e.
S.L equal to, or greater than, 2, the proportion of CD4"and CD8" T cells, and either
CD21" B cells or CD45R"Y WBC, was calculated (Figs. 44.A and 4.5.A). An
increased proportion of CD4* T cells proliferating in response to stimulation with the
recombinant p27 protein, compared to medium alone, was detected in the peripheral
blood from five cats (E4; E6; E9; ELO and E11), signifying the presence of p27-
specific CD4* T cells in (he peripheral blood from these cats. In three cats (E4, E9
and E10), p27-specific CD4" T cells were not delecied during the earliest significant
proliferative response, but were detected in each sample thereafter. p27-specific
CD4" T cells were detected early in two cats, E4 and EG; cat E4 maintained these
cells over weeks 4-10. Cat E11 developed p27-specific CD4" T cells by week 7,
while cats B9 and F11 failed to generate p27-specific CD4" T cells until week 13.

The presence of p27-specific CD4™ T cells among the proliferating cell population
was not always accompanied by an increased proportion of either CD8™ T cells or
CD21" B cells. A concomitant increase in the percentage of CD8" T cells wus
detected in the peripheral blood from cat IX4 only (wecks 4, 7 and 19), while
concutrent increasces in the percentage of CD21% B cells were detected in cats E4
(weeks 13 and 19), E6, E9 (week 13) and El11 (week 7). Where p27-specific
proliferative responscs were not associated with detectable p27-specific CD4" T
cells, an increased proportion of CD8" T cells, CD21" B cells or CD45R" WBC,
were enumerated among the proliferating cells. Thus, in cats E1 and E3, p27-
specific proliferative responscs were associated with an increased proportion of
CD45R" WBC (weeks 10 and 4, respectively), while in cats E3, E4 and E9, such
responses were associated with increased numbers of CD8' T cells, and cither

CD45R" WBC or CD21" B cells (weeks 10, 4 and 7, respectively).

(iii)  p45-Specific Proliferative Responses

The mean peaks and patterns in p45-specific proliferative responses in the peripheral
blood occurred at time points similar to thosc previously described for p27-specific
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proliferative responses (Figs. 4.2.C and 4.3.C). Thus, p45-specific proliferative
responses in cats that received the highest Fel.V exposure dose peaked at weeks 4
and 10, with an additional peak at week 19 (S.I. 1.67 £ 0.85; S.I. 1.71 = 0.52; S.L.
1.67 + (.39, respectively). Such responses peaked later in cats that rcceived a lower

exposure dose, at weeks 7 and 13 (S.1. 1.61 = 0.63; S.1. 1.89 = 0.56, respectively).

Despite the disparate patterns of p45-specific proliferative responses in cats that
received different exposure doses, mean responses recorded in each group over the
study were similar (S.1. 1.38 + 0.25; S.1. 1.39 * (.26, respectively). The mean S.1.
recorded in response to stimulation with the recombinant p45 protein were lower in
both groups of cats, than those recorded in response to stimulation with the
recombinant p27 protein. The difference was not statistically significant (Mann-
Whitney Statistic, P=0.5512).

At various sample dates over the study, eight cats recorded S.I in excess of 2 in
response stimulation with the recombinant p45 protein (E1; E4; E6; E7-E11). An
increased proportion of CD4" T cells proliferating to stimulation with the
recombinant p45 protein, compared to medium alone, was detected in the peripheral
blood from five of these cats (E1; E8; E9; E10 and E11), indicating the presence of
pd5-specific CD4* T cells (Figs. 4.4.B and 4.5.B). p45-specific CD4" T cells were
not detected in any cal until week 7 (cats E9 and E11). Cats E1, E8 and EI10
developed p45-specific CD4" T cells by week 13. The presence of such cells was
accompanied by a corresponding increase in CD21" B cells in cat E9 at week 13,
while a concomitant increase in CD8* T cells, and either CD45R" WBC or CD21" B
cells, was detected in each of the remaining samplcs. In the abscnce of detectable
p45-specific CD4" T cells, increased proportions of CD8" T cells, and either CD45R”
or CD21" B cells, were enumerated among the proliferating cells (cats E1, B4 and E6

at weeks 19, 4 and 10, respectively).
(iv)  Mitogenic Proliferative Responses

At cach sample date, marked dilferences in the abilily of mouonuclear cells in the
peripheral blood from cats El1-E12 to respond to mitogenic stimulation were

observed (Fig. 4.6). The highest mean mitogenic proliferative responses over the
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study were recorded in the peripheral blood from cats E9 and E10 (S.I. 53.5 £ 23.3
and S.1. 44.1 * 31.4, respectively), while cats E2 and E12 recorded the lowest mean
values (S.1. 10.9 £ 8.5; S.1. 12.2 6.5, respectively).

Over the study, greater mean mitogenic proliferative responses were detected in the
peripheral blood from cats that were exposed to a lower dose of infectious FeLV by a
factor of one log (8. I. 37.37 * 13.81), compared to cats that received the higher
exposure dose (S.I. 22.62 + 11.2); these differences were not quite statistically

significant (Mann-Whitney Statistic, P=0.0931),
4.3.2.1.2 Proliferative Responses in the Lymphoid Tissues

(i) Proliferative Responses to Inactivated FelV Particles

Over the course of the study, S.I equal to, or greater than, 2 were not detected in the
PLN tissues from any cat in response to stimulation with inactivated FeLV particles
(Fig. 4.7.A). Noncthclcss, using statistical analysis, significantly greater proliferative
responses fo inactivated FeLV particles were demonstrated in the PLN tissues Irom
cats that received a lowcr cxposurc dosc of FeLV (Mann-Whitney Statistic,
P=0.0152), compared fo cats that received a higher exposure dose. Significantly
lower proviral DNA levels were afso recorded in the PLN tissues from cats that

received a lower exposure dose of FeLV (Scciion 3.3.1.3).

Stimulation indices equal to, or greater than, 2 were not detected in the MLN or

splenic tissues from any cat tested in response to stimulation with inactivated FeLV
particles (Figs. 4.7.B and 4.7.C).

(i)  p27-Specific Proliferative Responses

No S.I. greater than, or equat to, 2 was recorded in the PLN tissues from any cat in
response to stimulation with the recombinant p27 protein (Fig. 4.7.A). Nonetheless,
statistical analysis showed that significantly greater p27-specific proliferative
responses were detected in the PLN tissues from cats that received a lower FelLV
exposure dose (Mann-Whitney Statistic, P=0.0043), compared to cats that received a
higher exposure dose. Cats exposed to a lower dose of infcctious FeLV also
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recorded significantly lower proviral DNA levels in the PLN tissues (Section
3.3.1.3).

Out of ten cats tested, p27-specilic proliferative responses were detected in the MLN
tissues from only one cat, E12 (S.L 2.1) (Fig. 4.7.B). Viral protein concenirations of
25 ug/10° cells were generally optimal; occasionally, lower concentrations resulted
in S.I in excess of 2, e.g. mononuclear cells in the MLN tissues from cat E7

proliferated optimally at 12.5 pg p27/ 10° cells.

Mononuclear cells in the splenic tissues from six cats (E2; E4; E7; E9; E10 and E12)
were tested for their ability to respond to specific stimulation with the recombinant

p27 protein; however, no S.1. greater than, or equal to, 2 were detected (Fig. 4.7.C).
(i)  p45-Specific Proliferative Responses

Mononuclear cells in the PLN tissues from all cats were examined for pd5-specific
proliferative responses; however, only cat E9 recorded an S.I. equal to, or greater

than, 2 (8.1. 2.38) (Fig. 4.7.A).

The MLN tissues from cats E7 and E12 alone recorded an S.I. equal to, or greater
than, 2 in response to stimulation with the recombinanl p45 protein (S.I. 2.03; S.L
2.6, respectively) (Fig. 4.7.B). p45-specific proliferative responses were also
detected in the PLN tissucs from cat E8 when the viral protein conecntration was
reduced to 12.5 pg /10° cells.  Significantly greater p45S-specific prolifcrative
responses were recorded in the MLN tissues from cats that received a lower exposure
dose of FeLV (Mann-Whitney Statistic, P=0.0381), compared to cats that received a
higher exposure dose. Lower proviral DNA levels were also quantificd in the MLN

tissucs from cats exposed to a lower dose of infectious FeLV (Seclion 3.3.1.3).
Mononuclear cells in the splenic tissues from six cats (E2; E4; E7; E9; E10 and E12)

wetre tested for their ability to respond to specific stimujation with the recombinant

p45 protein; however, no S.I. greater than, or equal to, 2 werc detceted (Fig. 4.7.C).
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(iv)  Mitogenic Proliferative Responses

In cach lymphoid tissue examined, marked differences were detected in the ability of
mononuclear cells to respond to mitogenic stimulation (Fig. 4.7.D). Thus, the S.L
recorded in response to the mitogenic stimulation of mononuclear celis in the MLN
tissues ranged from 6.3-63.0 (cats E3 and E12, respectively), while in the PLN
tissues, the S.L ranged from 6.7-48.0 (cats E4 and E6, respectively). Finally, in the
splenic tissues, the S.I varied between 17.62-87.28, (cats E2 and E9, respectively).

Greater mean proliferative responses to Con A were detected in the MLN tissues
from cats that received a lower exposure dose of FeLV (S.I. 37.37 = 21.18),
compared Lo cats that received a higher exposure dose (S.I. 13.39 * 7.64); the
difference was statistically significant (Mann-Whitney Statistic, P=0.0381).
Differences in the mean proliferative responses in the PLN tissues were less affected
by the exposure dose (S.I. 25.3 * 6.17; S.I. 21.57 + 15.1, respectively); this also
applied to the splenic tissues (8.1 50.37 * 26.65; S.1. 44.22 + 37.62, respectively).

4.3.2.2 Intracellular Cytokine Staining Analysed using Flow Cytometry

Intracellular cytokine staining analysed using flow cytometry, was used Lo evaluate
the ability of mononuclear cells in the peripheral blood and the PLN tissues from cats
E1-E12 to upregulate intracellular fIFN-y in response to a four-hour virus-specific

stimulation. The results are shown in Figs. 4.8-4.11.

The percentage of fIFN-y-expressing CD4" and CD8" T cells within the gated
lymphoblast population was recorded. These data were corrected by deducting the
percentage of any CD4" and CD8* T cells that expressed fIFN-y in the absence of
virus-specific stimulation, in order to calculate the percentage of virus-specific CD4”
and CD8* T cells (Figs. 4.8, 4.9 and 4.11). The percentage of lymphoblast cells that
expressed [IFN-y m the absence of virus-specific stimulation is tabulated in the
figure legends (Figs. 4.8, 4.9 und 4.11).

Since a larger area of cells, which included some non-lymphoblast cells, was gated
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for cats that received a higher exposure dose of Fell'V by a factor of one log,
compared to cats that received the lower exposure dose; the percentage of CD4" T
cells and CD8" T cells that co-expressed fIFN-y was automatically lowcr in each
sample from those cats. Therefore, direct comparisons between the results from

these two groups of cats could not be made.

4.3.2.2.1 Virus-specific Responses in the Peripheral Blood

(i) CD4" T cell Responses to Inactivated FeLV Particles

Specific CD4" T cell responses to inactivated FeLLV particles were detected in the
peripheral blood from all cats, except E7 (Figs. 4.8.A and 4.9.A). However, the
timing of the appearance of such cells varied between individual animals; thus, in
five cats, E2, E3, E6, E11 and E12, a specific CD4" T cell response to inactivated
Fel .V particles was detected as early as one weck following cxposure to infections
virus. In thres of these cals, such responses were transient; however, a second wave
of specific CD4" T cells was observed in the peripheral blood from each of these cats
later in the study. Cat B3 maintained specific CD4* T cells to inactivated FeLV
particles until at lcast week 10, while latently infecied cat E12 maintained such cells
throughout the study (weeks 0-13).

At week 4, specific CD4" T cell responses to inactivated FeLV particles were
detected in the peripheral blood from two cats, E1 and ES. Cat ES maintained these
responses unlil the termination of the study at week 13, while additional specific
CD4' T cells were not detected in the peripheral blood from cat E1 until week 19.
By week 7, specific CD4" T cell responses to inactivaied FeLV particles were
detected in the peripheral blood from a further three cats, ES, E9 and E10. The
frequencies of these cells were particularly high in cat E10 (2.15%). Specific CD4"
T cell responses to inactivated FelV particles did not appear in the peripheral blood
from cat E4 until week 16.

It was difficult to discern a consistent pattern in the development of CD4™ T cell

responses to inactivated FelLV particles over the study. Nonetheless, if the mean

responses were compared among cats that received & comparable exposure dose, two
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distinct patterns could be identified. Thus, in cats that received a higher exposure
dose of FelLV by a factor of onc log, an early peak of CD4" T cell responses to
inactivated FcLV particles was observed at week 4 (0.20% + 0.23%) followed by a
lower peak at week 16 (0.14% * 0.16%) (Fig. 4.8.A). In cats that received a lower
exposure dose of Fel.V, specific CD4" T cells to inactivated FeLLV particles peaked
only at week 10 (1.01% * 1.7%) (Fig. 4.9.A). Over the entire study, the mean
percentage of specific CD4" T cells to inaclivated FeLV patticles from this latter
group of cats was 0.42% x 0.36%; while specific responses from cals that received a
higher FeLV exposure dose averaged (.075% * 0.075%.

Statistical analysis showed that the coirelation between CD4" T cell responses to
inactivated FeLV, and proviral DNA loads, was not significant, irrespective of the
exposure dose (Spearman r-Test, r=-0.6, P=0.2417; r=-0.7143, P=0.1361,

respectively).

(i)  CD8" T cell Responses to Inactivated FelV Particles

Specific CD8" T cell responses to inactivated FeLV particles were detected in the
peripheral blood from ali twelve cats (Figs. 4.8.D and 4.9.D). Six cals, I3, I'4, E7,
I8, E11 and B12, developed specific CD8" T cell responses o inactivated FeLV
particles one week following oronasal exposure to FeLV; these were particularly
numerous in cats B4 and E12 (0.49%; 2.22%, respectively). Cat 54 maintained these
specific responses over weeks 1-7, with an additional high peak at week 16.
Although these early responses were transient in the remaining cats, each developed
a second wave of specific CD8" T cell responses to inactivated FeL'V particles; such
responses were particularly high in cat E12 over weeks 7-10, and in cat E7 at week
10. Moderately high frequencies of specific CD8" T cells to inactivated FeL.V
particles were detected in the peripheral blood from cat E10 over weeks 4-10, and at
lower levels in cat E2 over weeks 7-10. The remaining cats failed to develop any
specific CD8" T cell responses to inactivated FeLV particlcs until late in the study, at
weeks 10 (ES5 and E9), 13 (E1) and 16 (E6).

The mean specific CD8” T celi responses to inactivated FeLV particles recorded in

the peripheral biood from cats E1-E6 peaked at weeks 1 (0.11% * 0.12%) and 16
130



(0.18% % 0.12%), while thc mean responses from cats E7-E12 peaked at weeks 1
(0.61% + 0.86%) and 10 (1.35% * 1.03%). The mean values of specific CD8" T cell
responses to inactivated FeLV particles were comparable to those recorded for
specific CD4™ T cell responses. Thus, cats that received a higher exposure dose
demonstrated mean specific CD8" T cell responses of 0.075% * 0.043%; cats that
received a Jower exposure dose of FeLV demonstrated mean specific CD8" T cell
responses 0.45% + 0.38%.

Using statistical analysis, a significant correlation was not detected between CD8" T
cell responses to inactivated FeLV, and proviral DNA loads, irrespective of the
cxposure dose (Spearman 1-Test, r=-0.5429, P=0.2972; r=-0.6, P=0.2417,

respectively).

(iii)  p27-Specific CD4" T cell Responses

Eleven cats developed p27-specific CD4" T cell responses in the peripheral blood
following oronasal exposure to FeLV (Figs. 4.8.B and 4.9.B). Two cats, E6 and ESg,
developed such responses by week 1; however, p27-specific CD4" T cells were not
detected in the peripheral blood from cat E8 at any further time point. Fluctuating
frequencies of p27-specific CD4" T cells were apparent in the peripheral blood from

cat E6, reappearing over weeks 7-10 and at week 16.

p27-specific CD4* T cells were detected in the peripheral blood from cats E3 and
E12 over weeks 4-10. At week 4, the proportion of p27-specific CD4" T cells in the
peripheral blood from cat E12 was initially very high (0.88%), and had increased
further by week 10 (2.13%). However, such responses were undetectable by week
13 (¥igs. 4.9.A and 4.10). Cats E2, E9 and E10 developed p27-specific CD4" T cell
responses by week 10; these were particularly high in cat Ei0 (3.59%). Thrce cats,
E1, E5 and E7 developed p27-specific CD4" T cell responses in the peripheral blood
by week 13. Cat E4 developed moderately high frequencies of p27-specific CD4* T
cells in the peripheral blood by week 16 (0.35%).

In cats that received a higher exposure dose of FeLV, mean p27-specific CD4" T cell
responses did not vary greatly over the course of this siudy. However, an carly low
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peak in p27-specific CD4™ T cell frequency could be discerned at week 4 (0.06% *
0.14%), which was followed by a slightly higher peak at week 16 (0.08 + (.14). Cats
that were exposed to a lower dose of Fel.V peaked in mean p27-specific CD4" T cell
responses at weeks 4 (0.15% * 0.36%) and 10 (0.96% * 1.54%). Thesc latter cats
recorded 0.23% * 0.3% in mean p27-specific CD4" T cells over the course of the
study, while cats that received a higher exposure dose recorded a mean valuc of
0.055% + 0.028%. Thus, the mean levels of p27-specific CD4" T cell responses
were lower than recorded to specitic CD4" T cell responses to inactivated FeLV

particles, irrespective of the exposure dose.

Statistical analysis showed that the correlation between p27-specific CD4™ T cell
responses, and proviral DNA loads, was not significant, irrespective of the exposure
dosc (Spcarman r-Test, 1=-0.3143, P=0.5639; r=-0.3143, P=0.5639 respectively).

(iv)  p27-Specific CD8" T cell Responses

All twelve cats developed p27-specific CD8" T cell responses in the peripheral blood
following oronasal exposure to FeLV (Tligs. 4.8.1 and 4.9.E). Eight cals, E2, B4, ES,
E6, E7, E8, E11 and E12, developed p27-specific CD8' T cell responses in the
peripheral blood us early as week 1 post exposure to FeLV. In two of these cats, E4
and E8, such responses were maintained over weeks 1-4, belore disappearing. Cat
E11 maintained these levels for a further three weeks; in addition, a large peak in
p27-specific CD8" T cell numbers was observed in this cat at week 13 (3.23%). Cats
El, E3 and E9 had all developed transient levels of p27-specific CD8* T cells by

week 7, while cat E10 generated a high peak of p27-specific CD8" T cell responses
at week 10 (3.92%).

The patierns of mean p27-specilic CD8" T cell responses in the peripheral blood over
the study were similar to those obsetved for p27-specific CD4* T cell responses and
CD4" and CD8" T cell responses 1o inaclivaled FeLV particles. Cats that received a
higher dose of infectious virus peaked in mean p27-specific CD&* T cell responses at
weeks 4 (0.23% * 0.49%) and 16 (0.12% * (1.14%), while in cats that received a
lower exposure dose of FeLV, mean responses peaked at weeks 1 {0.44% * 0.47%)

and 10 (1.02% % 1.7%). In the latier group of cats, mean responses were comparable
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to specific CD4"' and CD8" T cell responses to inactivated FeLV particles (0.41% +
0.32%). Howecvcr, in cats that were exposed to a higher infectious dose of FeLV,
p27-specific CD8" T cell responses were much higher than p27-specific CD4"
responses and both specific CD4" and CD8* T cell responscs to inactivated Fel.V
(0.12% + 0.088%).

The correlation between p27-specific CD8" T cell responses and proviral DNA loads
was not statistically significant, irrespective of the exposure dose (Spearman 1-Test,
r=0.7827, P=0.1028; r=-0.5429, P=0.2417, respectively).

(v}  péd5-Specific CD4" T cell Responses

Ten cals developed p45-specific CD4" T cells in the peripheral blood following
oronasal exposure to FeLV; such responses were not detected in the peripheral blood
from cats B7 and E10 (Figs. 4.8.C and 4.9.C). Five cats, E6, E8, E9, E11 and E12
developed p45-specific CD4" T cell responses in the peripheral blood one week
following exposure to Fel.V. All such responses had disappeared by week 4;
however, additional p45-specific CD4" T cell responses in the peripheral blood were
detected later in the study for all of these cats except E6; a particularly high peak was
recorded in the peripheral blood from cat E12 at week 10. By week 4, a further two
cats, E1 and E3, had developed transient low levels of p45S-specific CD4™ T cell
responses. Low numbers of pdS-specific CD4" T cells were detected in the
peripheral blood from cats E4 and E5 for the first time at week 7. Cat E2 failed to

develop p45-specific CD4* T cell responses in the petipheral blood until week 13,

In cats exposed to a higher infectious dose of FeLV, the patterns of mean p43-
specific CD4" T cell responses observed over the course of the study were dissimilar
from those detected in response to both the recombinant p27 protein and inactivated
FeLV particles, peaking only at week 7 (0.07% * 0.08%). The mcan p4S-specific
CD4" T cell responses in the peripheral blood from cats exposed to a lower exposure
dose of FeL'V peaked at weeks 1 (0.17% = 0.21%) and 10 (0.25% % 0.61%). The
values of the mean responses werc much lower than previously recorded for specific
CD4" T ccll responses to p27 and inactivated FeLV particles, irrespective of the

exposure dose. Thus, cais that were exposed to a higher infectious dose averaged
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0.033% * 0.017% p27-specific CD4" T cells, much lower than the specific CD4" T
cell responses to either the recombinant p27 protein or inactivated FeLV particles.
Cats that received a lower exposure dose by a factor of one log, demonstrated 0.14%
+ 0.16% mean p27-specific CD4" T cells over the course of the study, which was
also much lower than the mean specific CD4" T cell responses to either the

recombinant p27 protein or inactivated FeL'V particles.

Using statistical analysis, a significant correlation was not ohserved between p45-
specific CD4" T cell responses, and proviral DNA loads, irrespective of the exposure

dose (Spearman r-Test, r=-0.02857, £>0,9999; r=-0.2319, P=0.6583, respectively).
(viy  p45-Specific CD8" T cell Responses

Ten cats generated pd5-specific CD8" T cell responses in the peripheral blood
following oronasal exposure io FeLV; such responses were not detected in the
peripheral blood from cats E8 and E11 (Figs. 4.8.F and 4.9.F). p45-specific CD8" T
cell responses were detected in the peripheral blood from one cat, E7, at week 1 post
exposure. However, four cats, B4, ES, E6 and E10, all developed p45-specific Cchg"
T cell responses by week 4, which were particularly high in cat E4 {0.7%). Each of
these early peaks in p4S-specific CD8" ' cell responses was followed by a second, at
weeks 10 (E5 and E10) and 13 (4 and E6), which was particularly high in cat E10
(1.74%). By week 7, three cats, E2, E3 and E9 had developed low levels of p45-
specific CD&" T cell responses in the peripheral blood; these were transient in cats
E2 and E9. However, cat E3 maintained these cells until at least week 16. Cats E12
and E1l did not generate p45S-specific CD8" T cells until weeks 10 and 13,

respectively.

The pattern of p45-specific CD8" T cell responses recorded aver the course of the
study differed among cats exposed Lo a dillerent dose of infectious Fel.V. Thus, the
mean responses from cats that received a higher exposure dose peaked at weeks 4
(0.15 + 0.27) and 13 (0.12 % 0.16) while p45-specific CD8" T cell responses from
cats that received a lower exposure dose peaked at weeks 4 (0.06 * 0.14) and 10
(0.64% * 0.76%). These laiter cats generated mean p4S-specific CD8" T cell

responses of 0.126% * 0.146% over the course of the study, while cats that received
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a higher exposure dose averaged 0.05% = 0.051%. Thus, mean specific CD8" T cell
responses to the recombinant p45 protein in the peripheral blood from cats E7-E12
over the course of the study were much lower than to either the recombinant p27
protein or inactivated FeLV particles. However, mean p45-specific CD8" T cell
responses in the peripheral blood from cats E7-E12 were greater than p27-specific

CDS8" T cell responses and pdS-specific CD4" T cell responses.

Using statistical analysis, a significant correlation wus not detected between p45-
specific CD8" T cell responses, and proviral DNA loads, irrespective of (he exposure
dose (Spearman r-Test, r=0.1429, P=0.8028; r=-0.4348, P=0.4194, respectivcly).

4.3.2.2.2 Virus-specific Responses in the PLN Tissues

Specific CD4* T cell responses Lo either the recombinant p27 or p43 proteins, or
inactivated FeLLV particles, were examined in the PLN tissues {rom cats E4-E12 post
mortem. Similarly, virus-specific CD8" T cell responses were investigated in the
PLN tissues from cats B4-E7, and cat E12 (Fig. 4.11).

(i) Specific T cell Responses to Inactivated FelV Particles

Moderaie numbers of specific CD4™ T cells to inactivated FeLV particles were
enumerated in the PLN tissues from cats E4, E5, E6 and E9 (Fig. 4.11). A low
percentage of concurrent specific CD8" T cells were detected in the PLN tissues

from cat E5 (0.06%). Corresponding data was not availabie for cats ES-E11.
(i)  p27-Specific T cell Responses

Moderate numbers of p27-specific CD4" T cells were recorded in the PLN tissues
from cats E4, ES, and E9, while the PLN tissues from cat E6 demonstrated strong
p27-specific C4" T cell responses (1.81%) (Fig. 4.11). Low numbers of p27-
specific CD8" T cells were detected in the PLN tissues from cats B5 and E12
(0.12%; 0.3%, respectively). No data was available for cats E8-E11.
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(iii)  p45-Specific T cell Responses

The PLN tissues from cats ES, E8, E9 and E10 all contained moderately low
numbers of p45-specific CD4" T cells, while the PLN tissues from cat E6 contained
much higher numbers of p45-specific CD4" T cells (2.05%) (Fig. 4.11). Peripheral
lymph node tissues [rom cats E4 and E5 all contained high frequencics of p45-
specific CD8" T cells, whereas lower frequencies were detected in cat E12 (0.74%,

1.18% and 0.26%, respectively); similar data was unavailable for cats ES-E11.
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Fig. 4.2 Virus-specific proliferative responses in the peripheral blood
from cats E1-E6

Proliferative responses of mononuclear cells in the peripheral blood from cats E1-E6
to stimulation with cither inactivated FelV particles (25 ug/10° cells) (A), or
recombinant p27 (25 ug/10° celis) (B), or p45 proteins (25 pg/10° cells) (C).
Mononuclear cells were prepared from peripheral blood sampled at regular intervals
from weeks 0-19 following oronasal exposure to FeLV. Cells were cultured for 3
days ex vivo; *H-thymidine was added for the final 5 h of incubation. The net counts
(cpm) recorded by unstimulated cells are displayed in the table below; these data
were used to calculate the S.I. In addition, the range of the lowest and highest net

counts {cpm) recorded by antigen-stimulated cells is displayed in bold.

Cat No. | Wk 0 Wk i Wk 4 Wk 7 Wk10 | Wk13 | Wkl16 | Wk19
E1 388.40 492,33 416.12 368.11 383.90 173.03 482.61 362.42
E2 169.53 594.83 588.47 630.83 403.60 863.50 475.80 43777
E3 217.47 498,57 29131 | 460.41 395.78 510.49 496.84 476.00
E4 33513 | 359.50 | 168.73 | 318.73 | 367.74 | 43164 |42821 | 32610
ES 473.47 535.87 582.46 436.20 446.14 493 .37 653.26 482.44
E6 519.20 399.47 384.66 449.70 527.52 405.85 620.92 386.81
Range 145.00- | 219.67- | 208.50- : 329.80- | 294.57- | 122.17- | 252.10- | 273.50-
520.60 750,80 1046.20 | 1023.03 | 206943 | 1100.30 | 1170.07 | 972.30
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Fig. 4.3 Virus-specific proliferative responses in the peripheral blood
from cats E7-E12

Proliferative responses of mononuclear cells in the peripheral blood from cats E7-
E12 to stimulation with either inactivated FeLV particles (25 ug/10° cells) (A), or
recombinant p27 (25 pg/10° cells) (B) or p45 proteins (25 ug/10° cells) (C).
Mononuclear cells were prepared from peripheral blood sampled at regular intervals
from weeks 0-13 following oronasal exposure to FeLV. Cells were cultured for 3
days ex vivo; 3’H-thymidine was added to the cultures for the final 5 h of incubation.
The background net counts (cpm) recorded in the unstimulated wells from each cat
E7-E12 are displayed below; these data were used to calculate the S.I. In addition,
the range of the lowest and highest net counts (cpm) recorded by antigen-stimulated

cells is displayed in bold.

Cat No. Wk Wkl [Wk4 (Wk7 [Wk10 | Wk13
E7 463.41 208.70 | 165.83 | 482.53 | 60244 | 271.42
E8 398.37 203.67 | 278.07 | 404.82 | 473.94 | 504.99
E9 499.57 271.67 | 38571 [ 424.97 [59041 | 622.36
E10 388.43 27673 | 309.99 | 646.86 | 82521 | 194.77
Ell 995.33 596.73 | 332.80 | 414.78 | 673.56 | 456.35
F12 558.46 62603 | 199.39 | 41257 | 99349 | 638.70
Range 253.73- | 131.03- | 144.70- | 211.33- | 439.40- | 227.63-
117173 | 764.17 | 672.20 | 1687.43 | 1036.20 | 1291.90
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Fig. 4.4 Phenotypic analysis of virus-specific T and B cells in the
peripheral blood from cats E1-E6

Percentage increase in CD4* and CD8* T celis, and either CD45R* WBC or CD21* B
cells, in the peripheral blood from cats E1-E6 following virus-specific stimulation
with recombinant p27 (25 pg/10° cells) (A) or p45 proteins (25 ug/10° cells) (B), or
mitogenic stimulation with Con A (5 ug/10° cclls) (C) in the LPA, compared to
unstimulated cells. Only data from cats that recorded an S.I. greater than, or equal

to, 2 at any time point is shown.
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Fig. 4.5 Phenotypic analysis of virus-specific T and B cells in the
peripheral blood from cats E7-E12

Percentage increase in CD4* or CD8* T cells, or CD21* B cells, in the peripheral
blood from cats E7-E12 following virus-specific stimulation with recombinant p27
(25 ng/10° cells) (A) or p45 proteins (25 pg/10° cells) (B), or mitogenic stimulation
with Con A (5 ug/10° celis) (C) in the LPA, compared to unstimulated cclls. Only

data from cats that recorded an S.I. greater than, or equal to, 2 at any time point is

shown.




% p27-Stimulated Increase

% p45-Stimulated Increase

% Con A-Stimulated Increase

"

*E9wk?7
®EYwk13
*El0wk?7
" ®"EIOwk13
. *Ellwk?
. L]
B
. & -
Ch4 D8 D21
.
"E7wki3
" ESwk13
*E9wk7
" EYwk13
B EI0wk13
* Ellwk?
"
3
n . -
B
»
s .
.
Ch4 D8 D21
[ 1
® =
B
METwk13
I " ESwk13
*E9wk7
a & o
- ®EYwk 13
*E10wk?7
BEIOwk13
o - *Ellwk?
. -
.
a
D4 CD8 omi




Fig. 4.6 Mitogenic proliferative responses in the peripheral blood
from cats E1-E12

The ability of mononuclear cells in the peripheral blood from cats E1-E6 (A) and
cats E7-E12 (B) to proliferate to the mitogen Con A (5 ug/10° cells) over weeks 0-19
(E1-E6) and weeks (-13 (E7-E12) is illusirated. Mononuclcar cells were prepared
from the peripheral blood at regular intervals following oronasal exposure to Fel.V.
Cells were cultured for three days ex vivo; 3H-thymidine was added to the cultures
for the final S h incubation. The background net counts recorded by the unstimulated
cells were used to calculate the S.I. These are the same dala used to calculate the
virus-specific proliferative responses for cats E1-E6 over weeks 0-19 (Fig. 4.2), and
cats E7-E12 over weeks 0-13 (Fig. 4.3).
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Fig. 4.7 Virus-specific and mitogenic proliferative responses in the

Iymphoid tissues from cats E1-E12

Proliferative responses in the PLN tissues from cats E1-E12 (A), MLN tissues from
cats EI-E7, E9, E10 and E12 (B), and splenic tissues from cats E2; E4; E7; E9; E10
and E12 (C), were recorded following stimulation with ¢ither recombinant p27 (25
11g /10° cells) or p45 proteins (25 pg /10° cells), or inactivated FeLV particles (25 ng
/10° cells). Proliferative responses to Con A (5 ug/10° cells) in the MIN, PLN and
splenic tissues from cats [£1-1112 are illustrated in chart D. Mononuclear cells were
prepared from the lymphoid tissues posL mortem and stimulated ex vivo for 3 days;
3H-thymidine was added for the final 5 h of culture. The background net counts
(cpm) recorded by the unstimulated cells from each tissue are displayed below; these
data were used to calculate the S.1. in response to both virus specific and mitogenic

stimulation. The data are presented as ‘not done’ (n.d.) when samples were not

analysed.

Cat No. | PLN MLN Spleen
El 363.00 [375.01 |nd |
E2 623.02 | 420.24 | 446.33
E3 342.13 1358.65 |nd
E4 | 50547 [28577 |186.02
15 404.63 | 346.03 |nd
| E6 128060 |302.86 |[nd
E7 731.11 176.66 | 536.89
ES 967.22 | nd n.d

E9 828.32 | 319.87 |530.52
E10 | 70026 | 236.81 365.11
E11 52775 |nd n.d
E12 807.53 | 265.97 |270.62




S.L

S.L

s

™
n

05

e

] :
1 B
- ]
M
pis FelV
s
H -
B .
L]
.
pis FeLV
- L
v
w
N
pds FeLV

"B
" k4

= k5
-E
-B
- Elo
- K2

* E2

ES
= E10
* E12




S

80

70

40

®El
" E2
"E3
" E4
uES
" Es
-E7

ES

E9

E10
E1l
" - E12

PLN MLN Spleen



Fig. 4.8 Virus-specific CD4" and CD8" T cells in the peripheral blood
from cats E1-E6, detected using ICS

Graphs depicting the expression of fIFN-y by CD4* T cells (A-C) and CD8" T cells
(D-F) in the peripheral blood from cats E1-E6 following a 4 h stimulation with either
inactivated FeLV particles (A, D), or recombinant p27 (B, E) or p45 proteins (C, F),
in the presence of BFA. The gates that determined fIFN-y expression were set
according to the reactivity of the isotype-matched control-FITC mAb. In total,
10,000 events were counted. Feline IFN-y expressing CD4" and CD8" T cells within
the lymphoblast population were enumerated at regular intervals following
experimental exposure to FeLV at week 0. These data were corrected by deducting
the percentage of any CD4" and CD8" T cells that expressed fIFN-y in the absence of
virus-specific stimulation, in order to calculate the percentage of virus-specific CD4"
and CD8' T cells. The data recorded for unstimulated CD4™ and CD8" T cells are
shown in tables (i) and (ii), respectively. On each sample date, the mcan percentage
of virus-specific CD4" and CD8" T cclls was calculated (Mean E1-E6).

M

CatNo. |WKO |Wk1l |Wk4 {Wk7 |WkI10|[Wk13 | Wk16 | Wk19
El 0.68 0.07 0.15 000 10.16 0.28 0.16 0.13
E2 0.17 0.03 0.00 0.13 0.00 0.00 0.14 0.02
E3 0.14 0.06 0.00 0.00 0.07 035 (.32 0.08
E4 0.28 .51 0.53 0.21 0.25 0.45 0.39 0.20
ES 2.53 0.05 .41 0.00 0.17 0.00 0.24 0.01
E6 0.61 0.00 0.54 0.06 0.08 0.00 0.06 0.03
(ii)

CatNo. | Wk | Wkl {Wk4 WK7 |WKI10 | Wk13 | Wk16| Wk 19
El 0.72 0.07 0.58 0.00 0.18 0.10 0.16 0.04
E2 0.69 0.04 0.22 0.00 0.00 0.00 0.10 0.00
E3 0.57 0.00 0.53 0.09 0.07 0.18 .22 0.22
E4 0.43 0.00 0.00 0.00 0.34 0.34 0.09 0.33
ES 1.33 0.05 0.34 0.00 0.00 0.10 0.17 0.05
Eé6 0.50 0.00 0.50 0.16 0.2 0.00 0.06 0.02
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Fig. 4.9 Virus-specific CD4" and CD8" T cells in the peripheral blood
from cats E7-E12, detected using ICS

Graphs depicting the expression of fIFN-y by CD4" T cells (A-C) and CD8' T cells
(D-F) in the peripheral blood following a 4 h stimulation with either inactivated
FeLV particles (A, D), or recombinant p27 (B, E) or p45 proteins (C, F). The gates
that determined fIFN-y expression were set according to the reactivity of the isotype-
matched control-FITC mAb. In total, 10, 000 events were counted. Feline IFN-y
expressing CD4* and CD8' T cells within the lymphoblast population were
enumerated from cats E7-E12 at regular intervals following experimental exposure to
FeLV at week 0. These data were corrected by deducting the percentage of any
CD4" and CD8" T cells that expressed fIFN-y, either in the absence of virus-specific
stimulation, or prior to FeLV exposure, in order to calculate the percentage of virus-
specific CD4* and CD8* T cells. The data recorded for unstimulated CD4" and
CDS8" T cells are shown in tables (i) and (ii), respectively. On each sample date, the
mean percentage of virus-specific CD4* and CD8" T cells was calculated (Mean E7-

E12). The data are presented as ‘not done’ (n.d) when samples were not analysed.

(i
CatNo. | Wk0 Wkl [Wk4 |Wk7 |Wk10 Wk13
E7 1.68 0.51 0.66 0.00 0.66 0.93
E8 0.62 0.09 0.00 0.19 0.00 0.40
E9 0.68 0.27 0.71 0.00 0.16 0.00
E10 0.61 0.74 0.65 0.00 0.78 0.52
Ell 0.68 0.00 0.30 0.00 4.23 0.56
E12 1.75 0.52 0.19 0.00 0.34 1.67

(i)
CatNo. | WKO | Wk1 | Wk4 |Wk7 [Wk10|WKk13
E7 1.28 0.30 0.55 0.19 0.53 0.23
ES 2.61 0.19 0.52 0.29 n.d 2.62
E9 0.75 0.16 0.00 0.00 0.36 0.00
E10 0.70 0.28 0.00 0.00 0.56 1.39
Ell 1.36 0.13 0.00 0.00 4.66 0.58
E12 0.82 0.33 0.45 nd 0.56 1.26
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Fig. 4.10 p27-specific CD4* and CD8" T celis in the peripheral blood
from cat E12, detected using ICS

Two-colour dot plots A-D displaying the percentage of CD4* (A-B) and CD8" T
lymphoblasts (C-D) in the peripheral blood from cat E12 that expressed fIFN-y
(quadrants C2 and D2) following a 4 h stimulation with the recombinant p27 protein
(B, D) in the presence of BFA. The gates that determined fIFN-y expression were set
according to the reactivity of the isotype-matched control-FITC mAb. In total,
10,000 events were counted. Feling IFN-y-expressing CD4" and CD8' T cells within
the lymphoblast population are illustrated from weeks 0-13 following experimental

exposure to FeLV. Unstimulated CD4" (A) and CD8" T cells (C) were used as

controis.
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Fig. 4.11 Virus-specific CD4" T cells in the PLN tissues from cats E4-
E12, detected using 1CS

Graphs depicting the expression of fIFN-y by virus-specific CD4" T cells in the PLN
tissues from cats E4-E6 (A) and cats E7-E12 (B) following a 4 h stimulation with
gither recombinant p27 or p45 proteins, or inactivated FeLV particles, in the
presence of BFA. Feline JFN-y expressing CD4' T cells within the lymphoblast
population were cnumerated in the PLN tissues post mortem, 13 (cats E4-E6) and 19
weeks (cats E7-E12) following oronasal cxposure to FeLV. The gates that
determined fIFN-y expression were set according to the reactivity of the isotype-
matched control-FITC mAb. In total, 10,000 events werc counted. The percentage
of virus-specific CD4" T cells was calculated by deducting the percentage of fIFN-y
expressing cells detected within unstimulated cells; the data from unstimulated cells
are displaycd in the table below. The data were presenied as ‘not done’ (n.d.) when

samples were not analysed.

CatNo. |CD4"
E4 0.25

ES 028
Eé6 0.00

E7 0.00

ES8 0.52

E9 0.30
E10 n.d

Fi1 135
E12 0.45
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4.4 Discussion

The primary aim of the longitudinal study was to correlate immune responses with
viral burden, and in so doing, cstablish the role of host immunity in disease outcome.
As previously mentioned, there are three possible ouicomes following exposure of
cats to FeLV, namely persistence, recovery and latency. However, the results
presented in Chapter 3 clearly demonstrate that eleven out of twelve cats in this study
became persistently viraemic and one cat became latently infected. This occurred in
spite of the fact that around fifly per cent of the cals were expected to recover, given
their age at exposure and the cxposure dosc of virulent FeLV (Hoover et al., 1976;
Jarrett et al., 1982a; Flynn ef al., 2002b). It is not clear why no cats spontaneously
recovered. Indeed, other studies in our laboratory conducted at the same time as this
study did show recovery, despite using higher challenge doses (Donovan, L., PhD
thesis, University of Glasgow). Thus, in this chapter the FeLV-specific immune
responses in peripheral blood were compared with the levels of proviral DNA in the
bilood throughout infection, and proviral DNA loads in lymph nodes and spleen were
compared with the FeLV-specific cellular immune responses present in those

lymphoid tissues post mortem.

‘The recombinant p27 proiein expressed in E. coli is identical in size to the FeLV CA
protein p27, as indicated in a Coomassie Brilliant Blue-stained SDS-PAGE gcl (Fig.
4.1.1). Serum from an FeLV recovered cat, which was shown to harbour VNA, and
1s likely to contain additional anti-FcLV antibodies (Lutz et al., 1980b; Charreyre
and Pedersen, 1991; Hawks er al., 1991; Flynn et «l., 2002b), recogniscd and bound
to antigenic determinants within the recombinant p27 protein in a Western blat.
These results demonstrate that the recombinant p27 protein shared antigenic
determinants with FeLV; therefore, this recombinant protein has the potential to
elicit antigen-specific responses in any cat exposed to this protein (Fig. 4.1.11). The
FeL'V SU protein gp70 expressed in E. coli is non~glycosylated, and is approximately
43 kDa in size. The recombinant p45 protein contained antigenic determinants
recognised by sera from FeLV-recovered cats in a Western blot, indicating that the
recombinant p45 protein also has the potential to be antigenic, and is therefore useful
in this study (Fig. 4.1.V). Furthermorc, a recombinant p45 protein forms the basis of
a vaccinc commercially available in the UX. (*Leucogen’, Virbac S.A, France),
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which is known to elicit protective immunity against FcLV (Marciani et al., 1991;
Jarrett and Ganiére, 1996).

The recombinant Fel.V proteins generated in this thesis were not tested for the
presence of endotoxin. An endotoxin is a microbial protein that acts as a
superantigen, i.e. a polent nom-speeilic polyclonal activator of CD4" T cells; in
addition, cndotoxin-primcd CD4" T cells may enhance antigen-specific responscs
(Torres el al., 2002). Thus, any endotoxin present in the recombinant protein
prcparations would be expected fo exert a mitogenic effect on the CD4" T cells
present in the LPA cuitures. However, the data generated using these recombinant
proteins in the proliferation assays were consistently low, suggesting the absence of
cndetoxic activity (Figs. 4.2-4.3 and 4.7).

Data from the LPA can be expresscd in two principal forms, as S.I., or as the net
count (cpm). The data generated from the proliferation assays in this thesis were
prescnted as S.X.  There arc advantages associated with both forms of data
presentation. Significant inter-laboralory variation in net cpm can occur due to the
variations in the efficiency of liquid scintillation counters; therefore, for comparative
purposes, the S.I. is a more useful unil. Furthcrmore, variations in cell preparation
and culture conditions arc minimiscd by calculating the S.I,, as both the unstimulated
and stimulated cells should be similarly affected. However, under certain
circumstances, the 8.1. may obscure important information. Since the S.1. is a ratio,
il is particularly vulnerable to changes in the background data, High levels of
background proliferation may cause misleadingly low S.I. results. Such high counts
may indicate that cultured cells were activated in vivo prior to sampling, or that APC
within the mononuclear cell preparation were loaded with viral antigen in vivo and
therefore were capable of activating CD4* and CD8&" T cells ex vive. These
phenomena are particularly relevant in this thesis, where the majority of cats were
persistently viraemic. However, the S.1. are calculated from the raw cpm data; thus,
aberrant background counts should be readily detectable and reported in the analyses.
In this thesis, background cpm levels were generally very low (Figs. 4.2-4.3 and 4.7).
At week 10, cats E10 and E12 generated higher levels of background cpm than
previously recorded. However, the antigen-specific responses in these cats were also
proportionately higher, which suggests that the cells were subject (o between-week
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laboratory variations. Bccause of the low background counts recorded over the
coursc of the study, it was considered that the S.I. was an appropriate means of data

presentation in this thesis.

Lymphocytc prolifcration assays were conducted to monitor the development of
virus-specitic cell-mediated immunity, particularly CD4" T cell responses, in the
peripheral blood and lymphoid tissues from cats E1-E12, following oronasal
exposure to FeLV. In addition, the general immunc compctence of these cats was
evaluated by assessing the ability of mononuclear cells to proliferate in response to
Con A stimulation (Torten et al., 1991; Lawrence et al, 1992). When feline
mononuclear cells are cultured with Con A jr vitro, the proportion of CD4" and
CDS8" T cells within the proliferating population increases, compared (o unstimulated
cells, whereas CD21* B cell numbers decline (Figs. 4.4.C and 4.5.C). Thus, Con A-

induced proliferation is a good indicator of T cell function in the cat.

Marked variations were observed in the ability of mononuclear cells in the peripheral
blood and lymphoid tissues to proliferate in response to Con A (Figs. 4.6 and 4.7.D).
Differences were detected in between-week samples, as well as between-cat samples.
Several reasons are proposed in explanation; first, periodic discrepancies may be
accounted for by the occasional use of frozen mononuclear cells, i.e. in the peripheral
blood from cats E1-E6 (weeks 0-1), cat E2 (weeks 0-19) and cat E6 (week 19); and
in the PLN tissucs from cats E1-E6. However, on occasions where only fresh
mononuclear cells were used, proliferative responses to Con A were still distinctly
diverse, e.g. the S.I. recorded using PBMC from cats E7-E12 at week 1 ranged {rom
S.I. 16.24 (E12) to S.I. 93.5 (E9); moreover, a four-fold increase in proliferative
responses were delected in PBMC from cal E7 over weeks 1 (S.1. 17.8) to 4 (S.1.
79.33).

Second, PBMC from FeLV-infected cats have been shown to be immunologically
compromised in vivo (Olsen et al., 1977; Mathes et al., 1979; Trainin e al., 1983),
with a reduced ability to respond to Con A stimulation in the LBT in vitro (Cockerell
ct al., 1976). These findings suggest that the FeL'V-infected cats in the present study
may also be subject to FeLV-induced immunosuppression in vivo, which could
compromise the ability of mononuclear cells to proliferate in response to mitogenic
stimulation ex vive. Variations in the level of mitogen-induced proliferation among
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cats E1-E12 in this study may reflect viral burdens, and therefore the degree of
immunosuppression within each cat. Mitogenic proliferative responses in the
peripheral blood and lymphoid tissues were greater in cats that also recorded the
lowest proviral DNA loads in each of thosc tissues (Section 3.3.1.3). However, such
proliferative responses did not significantly correlate with proviral DNA loads using

the Spearman r-Test.

Third, inactivated FeLV patticles, particularly the plSE constituent, have been
shown to have an immunosuppressive effect on the proliferative and secretory
function of normal fcline and human cells in vitro (Hebebrand et al., 1977; Mathes ¢t
al., 1978; Hebebrand et gl., 1979; Copelan et «l., 1983; Stiff and Olsen, 1983;
Engelman et al., 1984; Orosz et al., 1985; Lafrado et al., 1987). Therefore, any virus
present within cell cultures prepared from viraemic cats in this study may have

interfered with normal mitogenic responses.

Fourth, it is well known that proliferation assays ase subject Lo great variability as a
result of normal biofogical variation within and between individual humans (Froebel
et al., 1999; Picker and Maino, 2000). Mononucliear cells in the peripheral biood and
lymphoid tissues from normal cats also demonstrate a wide range of proliferative
responses to Con A in the LPA (Flynn, I.N., personal communication). Indeced,
variation among individual cats was observed in this study; prior to FeLV exposure,
S.L recorded using [resh PBMC ranged from S.1. 3.19 (cat E12) to S.1. 43.88 (cat E8)
(Figs. 4.2 and 4.3). Poor mitogenic responses in some cats might render virus-
specific proliferative responses more significant; cats such as L4 and E6 that
recorded high fevels of mean mitogenic proliferative responses in the peripheral
blood (ended 1o demonstrate strong virus-specific responses, whereas cat E12
demonstrated both poor mitogenic and virus-specific proliferative responses (Figs.
4.3 and 4.4.8B).

The magnitude of p27-specific and pd5-specific proliferative responses in the

peripheral blood was similar in groups of cats exposed to different doses of

infectious FeLV. However, a temporal shift in the peaks of mean specific

proliferative responses to both recombinant p27 and p45 proteins was observed,

which was related to the cxposurc dose. Thus, cats that rceeived a higher exposure

dose of FeLV by a factor of onc log, recorded mean peaks in proliferative responses
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at weeks 4 and 10, while cats that received a lower exposure dose peaked at weeks 7
and 13. Since proviral DNA loads were significantly higher al weeks 1 and 4 in
peripheral blood from cats that received the higher exposure dose (Section 3.3.1.3),
these cats might bc cxpected to develop virus-specific responses earlier. In another
study, cats that developed an earty peak in antigenaemia recovered from FelV,
whereas cats that failed to develop an early peak in antigenaemia became persistently
viraemic; the authors suggested that the early antigenaecmia may have primed the
immune response (Flynn er gl, 2002b). In this study, early virus-specific
proliferative responses were not a good predictor of recovery, in that all five cats that
generated significant p27-specific prolilerative responses at week 4 became
persistently viraemic. Overall, the magnitude of mean p45-specific proliferative
response in the peripheral blood was less than that observed for mean p27-specific
proliferative responses, irrespective of the exposure dose; however, the difference

was not statistically significant (Section 4.3.2.1.1).

The inability of inactivated FeLV particles to induce a S.I. greater than 2 in any cat
over the course of the study was surprising, given that the principal viral constituents,
p27 and p45 respectively, were able to induce specific proliferative responses in most
cats. A number ol explanations can be offered. First, immunosuppressive factors
may have been present within the inactivated I'eL.V particles. pl15E, a recognised
immunosuppressive element (Mathes et al., 1979; Copelan et al., 1983; Lafrado et
al., 1987), was visible on the Coomassie-stained SDS-PAGE gel, indicating that this
protein was retained within the inactivated FeLV particles used in these studies (Fig.
4.1.J). To ascertain whether inactivated FeLV patticles were in fact
immunosuppressive, the degree to which these particles inhibited the mitogen-
induced proliferation of normal feline cells in the LPA could be evaluated. Second,
virus-specific  proliferative responses would be subject to the same
immunosuppressive factors as described for mitogenic proliferative responscs.
Third, key antigenic determinants may have been denatured by heat inactivation.
The protein structure of the virus is severely disrupted by the boiling process; and
important antigenic determinants may not have been preserved. 1t may have been
more prudent to inactivate FelLV using UV light. Nucleic acids are the most
impaortant absotbers of UV light; therefore, such treatment causes photochemical

damage to viral RNA, which inhibits viral replication. Sincc the protein structure of
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the virus is preserved, the antigenic determinants should remain intact. Nomnetheless,
using ICS, specific CD4* and CD8" T cell responses to inactivated FeLV particles
were detected in the majority of cats, suggesting that antigenic epilopes were relained
within the inactivated FeLV particles. Fourth, inactivated FeLV particles were used
at thc same concentration (25 pg/10° cells) as both recombinant p27 and p45
proteins; thus, the relative amounts of viral core protein and cavclope glycoprotein
corresponding to recombinant p27 and p4S proteins, respectively, would be much
lower. However, titration studies conducted using the inactivated FeLV particles
demanstrated that increased viral conceatrations did not clicit greater proliferative

TESponses.

It has previously been shown that FeLV recovered cats generate high levels of
Gag/Pro-specific CTL in the peripheral blood shortly after oronasal exposure to
FelV, whercas persistently viraemic cats develop delayed and reduced levels of
Gag/Pro-specific CTL (Flynn ef «l., 2002b). On this evidence, we proposed that
Gag-specific CD4" T cells might be important in eliciting protective immune
responses following oronasal exposure o FeLLV. To investigate this, we evaluated
the ability of CD4" T cells in the peripheral blood from cats E1-E12 to proliferate,
and to express f[FN-y, in response to stimulation with the recombinant p27 protein.
Coneurrent virus-specific CD8' T cell responses were analysed using ICS, while the
numbers of proliferating CD8" T cells, and either CD21* B cells or CD45R" WBC,

were recorded in the LPA.

Using ICS, high frequencies of p27-specific CD4" T cells were detected in the
peripheral blood from latently infected cat E12 four weeks following exposure to
FeLV, which were maintained until week 13. Modcrately high numbers of p27-
specific CD8' T cell responses were detected in the peripheral blood from this cat al
weeks 1 and 7-10. Conversely, in the LPA, p27-specific CD4* or CD8" T cells were
not detected in the peripheral blood from latently infected cat E12 at any time
throughout the study. p27-specific CD4" T cell responses were delected in ten
persistently infected cats following oronasal exposure to FeLV using ICS; three of
which, E3, E6 and E8, had devcloped such responses by week 4. However, these
responses either rapidly declined, or disappeared altogether. The remaining
persistently infccted cats generated transient levels of p27-specific CD4™ T cell
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responses after week 10, All persistently infected cats generated p27-specific CD8"
T cells in the peripheral blood; seven of which had generated such responses by
week 1. Cat E11 maintained p27-specific CD8" T cells responses over weeks 1-7;
however, such early rcsponses werc tramnsient in each of the remaining cats.
Stimulation indices greater than, or in excess of, 2 were recorded in sixteen
peripheral blood samples from seven persistently infccted cats throughout the study
in response to p27-specific stimulation. In ten of these samples, from cats Ed, E6,
F9, E10 and E11, such responses were associated with p27-specific CD4" T cells.

These cells were detected early following exposure in just two cats, E4 and I36.

In a previous study, differences in Env-specific CTL in the peripheral blood between
recovered and persistently viraemic cats were not significant (Flynn et al., 2002b).
In this study, Env-specific CD4" T cell responses in the peripheral blood were
investigated by assessing the ability of mononuclear cells from cats E1-E12 to
proliferate, and to express fIFN-y, in response to stimulation with recombinant p45

protein.

Moderate frequencies of p45-specific CD4" T cells were detected in the peripheral
blood from latently infected cat E12 shortly after exposurc and over wecks 7-10,
using ICS. Concurrent CD8" T cell responses were not detecled in the peripheral
blood from this cal until weck 10. However, in the LPA, neither p45-specitic CD4*
nor CD8" T cells were detecled in the peripheral blood from cat E12 at any time
throughout the study. Using ICS, pdS-specific CD4" T cells were detected in the
peripheral blood from nine persistently infected cats; four of which had developed
such responses by week 1. However, no persistently infected cat generated high
fevels of p4S-specific CD4" T cells. Ninc persistently infected cats developed p45-
specific CD8" T cell responses in the peripheral blood. High frequencies of such
cells were detected in the peripheral blood from cats B4 (weeks 4 and 13), E10
{weeks 10-13) and E11 (week 13). Stimulation indices greater than, or in excess of,
2 were recorded in ten peripheral blood samples from eight persistently viraemic cats
in response to p45-specific stimulation. Thesc were associated with pd5S-specific
CD4" T cells in six samples, from cats E1, E8, E9, E10, E11. However, in this assay,
paS-specific CD4" T cells were not detected in any cat until week 7 (cats EY and
El11).
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Although S.I. greater than, or in excess of 2, were not recorded in the peripheral
blood from any cat in the LPA in response to stimulation with inactivaled FeLV
particles, such responses were identified using ICS. Overall, specific CD4" T ccll
responses to inactivated FeLV particles were higher than to the recombinant p45
protein, irrespective of the exposure dose (Section 4.3.2.2.1). Specific CD4" T cell
responses Lo inactivated FeL'V particles were detected throughout the course of the
study in the peripheral blood from latently infected cat 12 with high fevels of
concurrent specific CD8" T cell responses to inactivated FeLV particles at weeks 1
and 7-10. Four persistently infected cats developed eatly peaks in specific CD4" T
cell responses to inactivated FeLV particles; cat E3 maintained these responses over
weeks 1-10. Cat E10 developed high frequencies of specific CD4™ T cell responses
to inactivated FeLV particles at week 7, with concurrent high levels of CD8" T cell

TESPONSES.

Fel.V-recovered cals developed higher levels of Gag-specific CTL in lymphoid
tissues, compared to persistently viraemic cats (Flynn et al., 2000a). In this study,
virus-specific responses were examined in the lymphoid tissues from cats E1-E12
post mortem in the LPA and using ICS. p27-specific proliferative responses were
detected in the MLN tissues from cat E12. In addition, p27-specific CD8™ T cell
responscs were detected in the PLN tissues from latently infected cat E12 and from
persistently infected cats E4, E5, E6 and EY, vsing ICS. p45-specific proliferative
responses and p45-specific CD8" T cells were detected in the MIN tissues from
latently infected cat E12. Persistently infected cats E7 and E9 recorded S.1. greater
then, or equal to 2, in response to p45-specific stimulation. Using ICS, p45-specific
CD4" T cells were detected in the PLN tissues from persistently infected cats ES, E6,
ES8, E9 and E10, which were particulurly high in cat E6.

The virus-specific CD4™ T cell responses presented for recovery and latent infection
were based on the data generated by a single cat, E12. As wc have seen, a wide
range of virus-specitic CD4™ T cell responses were recorded for persistently infected
cats; thus, it is important that virus-specitic CD4" T cell responses are compared
among 4 significant number of recovered cats. In addition, no results were presented

for spontaneously recovered cats.
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The data generated in the present study indicated that there was a poor correlation
between results obtained using the LPA and ICS in the detection of virus-specific
CD4" T cells. Intracellular cytokine staining is a highly sensitive assay, which
facilitates the enumeration of individual virus-specific cells. Mononuclear celis are
stimulated for a mere four hours ex vive; therefore, CD4" T cells detected using this
assay are in the eaily stages of a virus-specific response when fIFN-y expression and
secretion is optimal. Effector T cells rapidly produce high levels of cytokines upon
activation, particularly IFN-y (Fitzpatrick ef «l, 1998). A four-hour period of
restimutation was used in this thesis to generate these data. However, as discussed in
Chapter 2, this may have been insufficient time to elicit optimal fIFN-y expression.
Thus, levels of fIFN-y expresssion recorded by cats in this thesis may not reflect

optimal fIFN-y production by CD4" and CD8" T cells.

Results from the LPA are acquired after three days of culture. In the interim, fIFN-y
expression by virus-specific effector cells has ccased, and other cytokines
characterised by different secretion profiles predominate, such as IL-2 (Swain, 1999).
Therefore, the profile of the virus-specific cells detected using each of these
techniques is fundamentally different. Second, results from the LPA rellect both the
absolute numbers of responsive cells plated out and the ability of these cells to
cxponentially expand in vitro, which may be altered by laclors such as the presence
of inhibitory viral clements, viral destruction of responding cells and apoptosis of
responding cells. The relevant antigen-specific CD4" T cells may be present but
dysfunctional, reflecting either an inability to proliferate in vivo, or a mnovel
dysfunction acquired in vitro (Palmer ef al., 2002). As we have seen in the present
study, idiosyncratic variation among individual cats may affect the results. Third, the
processing and presentation of Gag and Env soluble antigens with MHC class I
molecules in vitro may be distinct from pathways that express the same proteins in
vivo during natural infection. Fourth, virus-specific CD4" T cell precursors may be
present but difficult to expand in vifro, or present at such low frequencies that they
are not detected in LPA (Musey ef al., 1999). The LPA may underestimate the
frequencies of viras-specific cells, particularly when the starling proportion of CD4*
T cells in the mononuclear preparation is low, thereby decreasing the absolute
numbers of responding cells in each well (Picker and Maino, 2000). Fifth, LPA

requirc multiple days of culture in vifro, and are susceptible to factors that
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differentially influence cell viability during these long incubations (Pitcher ef al.,
1999).

Although both assays are vulnerable to the immunosuppressive factors previously
outlined, the enhanced sensitivity of ICS used in conjunction with flow cytometry in
the detection of individual antigen-specific cells means that low frequencics of virus-
specific cells consequent to inadequate antigen concentration or immunosuppression

can be identified and enumerated.

Moderate levels of fTFN-y scerction were recorded for the unstimulated mononuclear
cells in the peripheral blood and lymphoid tissues from cats E1I-E12 over the course
of the study (Figs. 4.8-4.11). Common causes of background staining were
discussed in Chapter 2. In addition, fIFN-y expression was delected at week O in
many cats E1-E12. In cats E1-E6, good separation of the cell populations was not
achicved at weck 0; thus, it was difficnlt to gate solely on the lymphoblast
population. In cats E7-J312, a different batch of D9-FITC mAb was used compared
to the rest of the study, and appeared to detect much higher levels of fIFN-y in both
the unstimulated and the stimulated cells than thc subsequent batch of mAb,
suggesting the presence of high levels of non-specific staining. Thercfore, it is
highly probable that the data recorded at week O from either group of cats were

inaccurate.

In the dot plots prescnted for cat E12, the majority of fIFN-y expressing cells in the
antigen-stimulated populations were not CD4" T cells (Fig. 4.10). Similar resufts for
mitogen-activated cells were reported and discussed in Chapter 2. Natural killer cells
are a population of large granular lymphocytes, which constitute important effectors
and regulators of the innate immune response, particularly against intracellular
pathogens. Thus, these cells are particularly relevant to Fel'V infection. Natural
killer cells are readily activated via specialised surface receptors, and can only be
inactivated through the detection of MHC class I molecules by cell surface inhibitory
receptors (Morctta. er al., 2002a; Moretta. ef al., 2002a). In humans, iwo subsets of
NK cells with diverse effeclor functions have been identified based on expression of
the CD56 molecule. CD56™#" NK cells are major producers of IFN-y and other

cytokines, whereas CD56%™ NK cells can lyse target cells in the absence of prior
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activation. CD56"" NK cells constitutively express multiple monokine receptors,
and can produce IFN-y and other cytokines rapidly in response to stimulation by
monokines, such as 1L-12, IL-18 and IL-15 (Cooper et al., 2001). Natural killer-like
cells with cytotoxic function have been described in the spleen and peripheral blood
from normal cats ('ompkins and Tompkins, 1985). Thus, these cells, which may be
incorporated into the gated lymphoblast population, may be partly responsible for the

high levels of FIFN-y expression detected using these reagents.

Some significant differences in virus-specific proliferative responses were observed
between groups of cats that were exposed to different doses of infectious Fel.V. Cats
exposed to a lower exposure dose of FeLV by a factor of one log, developed
significantly greatcr p27-specific and p45-specific proliferative responses in the PLN
and MLN tissues respectively, than cats exposed to a higher exposure dose; these
cats also generated significantly greater mitogenic responses in the MLN tissues. In
addition, cats that were exposed to the lowest FcLV cxposurc dosc also recorded the
lowest proviral DNA loads in the peripheral blaoed over much of the study (weeks 1,

4, 10 and 13), and in all the lymphoid tissues examined post mortem.

4.5 Summary and Conclusions

All twelve cats developed p27-specific and/or p45-specific CD4" T cell responses in
the peripheral blood following oronasal exposure to FeLV. In persistently infected
cats, early vitus-specific CD4" and CD8” T cell responses were frequently transient
or low, whereas higher frequencies of p27-specific and p45-specific responses were
oftcn detected later in the study. Only persistently infected cats generated virus-
specilic proliferative responses in the peripheral blood. Four persistently infected
cats generated p27-specific responses in the PLN and MLN tissues, while seven cats

generated pd5-specific responses in these tissues.

Latently infected cat E12 developed high frequencies of p27-specific CD4" T cells in
the peripheral blood over weeks 4-10; p27-specific CD8" T cells were detected at
weeks 1 and 7-10. Turthermore, p45-specific CD4" 'I' cell responses were detected in
the peripheral blood from this cat at weeks 1 and 7-10, with concurrent pd5-specific
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CD8" T cells at week 10. This cat maintained specific CD4" T cell responses to
inactivated FeLV particies over the course of the study (weeks 1-13), with concurrent
CD8 responses at weeks 1 and 7-10, Low numbers of p27-specific and p45-specific
CD8" T cells were detected in the PLN tissues from latently infected cat E12 post
mortem. In addition, p27-specific and p45-specific proliferative responses were

detected in the MLN tissues from this cat,
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CHAPTER 5

LONGITUDINAL IMMUNOPATHOGENESIS STUDY

III FeLV EXPRESSION IN THE BONE MARROW
AND PLN



5.1 Introduction

The bone marrow and lymphoid tissues are critical sites of FeLV integration,
replication and expiession. Following oronasal exposure, FeLV initially replicates in
tonsillar lymphocytes and macrophages, before being conveyed to the draining
lymph nodes of the head and neck (Rojko et al., 1979). Exposed cats may recover at
this point, indicating that virus-specific immune responses have successfully
eliminated virus within the lymph nodes. Conversely, failure to purge the lymph
nodes of virus precipitatcs a cell-associated viraemia, which disseminates FeLV to
the bone marrow, gut and other lymphoid organs (Rojko and Kociba, 1991). In the
absence of antiviral immunity, cxiensive replication in these tissues precedes the
dispersal of virus to epithelial and glandular tissues throughout the host; these events

can occur as early as 3 weeks following exposure (Jarrett, 2001).

Vius replicates easily in the actively dividing precursor cells within the bone
marrow. Using the IFA test on bone marrow smeats prepared from Fel.V-infected
cats, FeLV CA prolein p27 was detected in neutrophil and erythrocyte precursor cells
(Hoover et al., 1977b); in addition, immunohistochemical studies identified the
FeLV CA protein p27, and SU protein gp70, chiefly in association with
megakaryocytes (Kovacevic ef al., 1997). In lymphoid tissues, FeLV has a
predilection for the follicular B cell (Rojko et al,, 1979; Rojko et al., 1981). In
lymph node sections from FeLV-infected cats, expression of the FeLV CA protein
P27 wus mainly restricted to the lymph node follicles, in closc association with the
FDC netwoik, while the Fel.V SU protein gp70 was demonstrated in the follicles,
paracortex and medulla (Kovacevic et al., 1997; Kipar et al., 2000).

Many degenerative and proliferative diseases arise because of FeLV activity in the
bone marrow and lymphoid tissues. Bone marrow haematopoiesis is impaired; in
addition to the direct cylopathic effect of replicating virus on infected cells, some
Fel.V-infected cats expcrience a maturation arrcst at the myelocyte and
metamyelocyte stage in granulocytic haematopoiesis (Shelton and Linenberger,
1995}). Thus, neutropenia is a common symptom of persistent infection (Latimer,
1995), and may be accompanied by neutrophil dysfunction (Lewis ef al., 1986).
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Furthermore, FeLV-C greally impairs the differentiation of early erythroid progenitor
cells within the bone marrow, inhibiting erythrocyte production and causing a
primary non-regenerative anaemia {Onions ef al., 1982; Hoover and Mullins, 1991).
Moreover, bonc marrow and lymphoid tissues are important sites of FeL.'V-associated
oncogenesis. Myeloid and lymphoid tumours can originate in either tissue; however,
90% of the tumours characterised in the U.S. were lymphoid, or LSA (Hardy,
1981b).

These pathogenesis studies illustrate that the outcome of infection is influenced by
early encounters between FeLV and the antiviral immune response in the bone
marrow and lymphoid tissues. Furthermore, they demonstrate that virus integration,
replication and cxpression in the bone marrow and lymphoid tissues have important
disease consequences. Impaired haematopoiesis may interfere with the capacity of
infected cats to overcome active FeLV infection and combat secondary infection;
moreover, virus activity in these tissues may trigger the development of a fatal

FeLV-associated disease, such as non~regenerative anaemia, or LSA.

Following oronasal exposure to FeLV, eleven cats in this study became persistently
infected, and one cat retained a latent infection in the boune marrow and Iymphoid
tissues (Chapter 3). In this chapter, we investigated whether the expression of FeLV
CA protein p27 in the bone marrow and PLN tissues correlated with the disease
outcome or the antiviral immune response characterised in Chapters 3 and 4, In
addition, we attempted to identify the cells thal were associated with viral proteins in
the bonc marrow and PLN tissues, to determine whether this was relevant to the

immunopathogenesis of Fel.V-associated discase.

Bone marrow, lymphoid tissucs and peripheral blood were sampled post mortem,
thirteen (cats £7-I112) and nineteen (cats E1-E6) weeks following oronasal exposute
to FeLV. To detect virus expression in the bone marrow and PLN tissues, cytospin
preparations of bone marrow, and cryostat sections of PLN tissues, were probed with
a sheep anti-p27 pAb in an immunofluoresceni, and an immunohistochemical,
technique, respectively. The impact of virus expression on haematopoiesis was
determined through concurrent cytological and haematological analyses of bone

marrow and peripheral blood smears, respectively. Bone marrow cytospin
150



preparations were stained with May-Griinwald-Giemsa for cytological assessment;
peripheral blood smears were similarly staincd to calculate the WBC differential

count.

An abnormally large population of mature lymphoid cells was identified within the
bone marrow cylospin preparations from nine cats. To characterise these cells,
paraffin-cmbedded scctions were prepared froimn formalin-fixed bone marrow tissue,

and stained with anti-T and anti-B cell mAbs, in an immunoperoxidase technique.

5.2 Materials and Methods

5.2.1 Bone Marrow and Peripheral Blood

Bone marrow tissue was harvested from the femoral bones of cats EI-E12 post
mortem (Section 3.2.4). The tissue was distributed among stcrile containers
containing 5% BSA in PBS, 10% formalin, or BMTM, for cytological and
immunofluorcscent analysis, immunohistochemistry, and VI, respectively, A
description of the VI lechniques conducted on bone marrow tissues harvesled in

BMTM was given in Chapter 3; the remaining techniques will be described below.

While under deep terminal anaesthesia, a 1 ml sample of peripheral blood was

collected from cats E1-E12 in EDTA blood tubes, for haematological analysis.

5.2.1.1 Immunofluorescence

The cxpression of the FeLV CA protein p27 in the bone marrow from FeLV exposed
cats E1-E12, was determined using a sheep anti-p27 pAb in an immunofluorescent

technique on bone marrow cytospin preparations.

Bone marrow harvested inta bijoux containing 5% BSA in PBS was transported on

ice to the Clinical Diagnostics Laboratory, Bone marrow spicules were gently

washed from the tissue in a test tube using a 1 ml syringe. The suspended marrow

was then pelieted, and resuspended in approximately 50 ul 5% BSA in PBS.
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Conventional wedge smears were prepared from the marrow pellet using a
cytocentrifuge, and air-dried; a proportion of which were retained for cytological
analysis (Section 5.2.1.2). The remainder were air-dried overnight, and then fixed in
ice-cold acetone for ten minutes. Slides were wrapped in ‘Parafilm’ and aluminium

toil, and stored at -20°C until use.

Immediately before staining, frozen slides were brought to RT while still wrapped in
‘Parafilm’. A small area of cells was encircled with the ‘Pap pen’ (0 minimise
reagent wastage, then hydrated in wash buffer (PBS-T), for five minutes. The slides
were subsequently incubated with 50 ul sheep anti-p27 pAb, diluted 1:500 in wash
buifer, in a humidified chamber for one hour at 37°C. Following two, five-minute
washes in PBS-T, the slides were incubated with a FITC-conjugated anti-sheep Ig
pAb (Diagnostics Scotland, U.K.), diluted 1;1080 in PBS-T, for one hour at 37°C.
The slides were washed twice over ten minutes in PBS-T and rinsed in deionised
water. The slides were then stained in 0.02% Evans Blue for seven minutes to
eliminate antofluorescence. Slides were rinsed in running tap waler, mounted under
water, and examined for fluorescent staining using a UV microscope (Leica

Instruments, Germany).

5.2.1.2 Cytology and Haematology

Cytospin preparations (Section 5.2.1.1) were stained with May-Griinwald-Giemsa for
cytological assessment. A standard wedge smear was prepared from each peripheral
blood sample, and stained with May-Griinwald-Gicinsa (o calculate the differential
WBC count.

5.2,1.3. Immunohistochemistry

An unusually large population of mature lymphoid cells was observed within May-
Griipwald-Giemsa stained cytospin preparations of bone marrow from nine
persistently infected cats in this study (Section 5.3.1.2). These cells were [urther
characterised using mAbs that recognise T and B cell antigens, in an

immunoperoxidase technigue.
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Formalin-fixed bone marrow tissue was submitted to the Histopathology Laboratory,
for the preparation of paraffin-embedded tissue sections.  Formalin-fixation
preserves cellular morphology very well; however, it has a tendency to mask
antigens due to the formation of methylene bridges between reactive sites in different
arcas of the same molecule, or on adjacent proteins (Masen and O'Leary, 1991).
Superheating in denaturing solutions is effective in rupturing some ol these cross-
links, re-exposing antigens masked by fixation (Cattoretti ef al., 1993). This
technique is known as antigen retrieval, and is required for the detection of some cell
surface antigens. It was known that the feline CD4 and CD8 antigens recognised by
the species-specific anti-CD4 and anti-CD8& mAbs (vpg34 and vpg9, respectively) are
masked following formalin-fixation (J.J. Callanan, personal communication). In the
absence of established antigen-retrieval methods that could be used to re-expose

these particular antigens, alternative antibodies were used.

The anti~-CD3 and anti-CD7%c, mAbs (Dako A/S, Glostrup, Denmark), which detect
human T and B cells respectively, were used in these experiments. The CD3 and
CD79a antigens recoguised by these mAbs are also masked by formalin fixation;
however, superheating in a 0.01 M sodium citrate buffer ptl 6.0, is known to be
effective in re-exposing these antigens (C. Nixon, personal communication). The
anti-CD3 mAb recognises the human CD3 molecule, which is associated with the
TCR, and is therefore highly specific for T cells (Campana et al., 1987). The anti-
CD3 mAb also cross-reacts with the CD3 molecule from other species (Jones et al.,
1993), including canine CD3. CD79% represents the mb-1 polypeptide, which forms
a disulphide-linked heterodimer with the B29 polypeptide. This heterodimer is non-
covalently associated with membrane-bound Ig on B cells, forming the B cell antigen
receptor complex (van Noesel ef af., 1991). The anti-CD79¢ mAb was raised to the
human mb-1 polypeptide, but has been shown to stain B cells in a number of
mammalian species, including cattle, horses, monkeys, rats and mice (Mason et al.,

1991), as well as dogs.

Bone marrow tissue sections from cats E1-7, E9 and E12 were deparaffinised by

immersing in ‘Histoclear® for two minutes, then passed through graded alcohols and

placed in water. Bone marrow tissue sections were also prepared from an SPF cat,
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T10, which was not part of this Fel.V immunopathogencesis study, Cat T10 was a
control animal in another group of experimental cats; the bone marrow from this cat
was used here to assess the normal distribution of B and T cells in an age-matched
SPF cat. Endogenous peroxidase activity was blocked by immersing the slides in
0.5% H20; in methanol for thirty minutes, before returning to water. The sections
were subsequently pressure cooked in 0.01 M sodium citrate buffer, pH 6.0, at 15 1b
of pressure for seventy-five seconds, followed by three, five-minute washes in TBS-
T. All subsequent incubations were conducted in a humidified chamber at RT, and
were followed by three, five-minute washes in TBS-T. The tissue sections werc
encircled using a ‘Pap pen’. Non-specific background staining was minimised by a
thirty-minutc incubation with 1% NRS or 1% normal swine serum (NSS), prior to a
two-hour incubation with either anti-CD3 (diluted 1:500 in TBS-T) or anti-CD79%q
(dituted 1:1000 in TBS-T) mAbs, respectively. This was followed by a thirty-minute
incubation with either biotinylated rabbit anti-mouse Ig pAb (Dake A/S, Denmark),
or biotinylaied swine anti-rabbit Ig pAb (Dako A/S, Denmark), to detect CD3 and
CD79q, respectively; both pAbs were diluted 1:200 in TBS-T. Finally, all sections
were incubated with streptavidin-peroxidase (Dako A/S, Denmark), diluted 1:1000 in
TBS-T, for onc hour, before developing colour with DAB.  Slides were
counterstained using Gills’ Haematoxylin; then dehydrated in graded alcohols,
cleared and mounted using DPX. Conirol slides were incubated with either 1% NRS,

or 1% NSS in TBS-T, in place of the primary antibody.

5.2.2 Peripheral Lymph Nodes

Peripheral lymph node tissues were harvested from cats E1-E12 post mortem. These
lissucs were snap frozen in liquid nitrogen and stored at -70°C for future
immunohistochemical studies and qRT-PCR analysis, or placed into RPMI 1640
medium for the preparation of single cell suspensions. The methods used (o conduct

gRT-PCR analysis and prepare single cell suspensions were described in Chapter 3.

5.2.2.1 Single Immunohistochemistry Staining

The expression of the FeLV CA protein p27 in PLN tissues was determined using a

sheep anii-p27 pAb in an immunoperoxidase technique on cryostat PLN tissue
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sections. In addition, the distribution of the FDC network in PLN tissues was
determined using the Ki-M4 mADb (a kind gift from Prof. Parwaresch, Universily of
Kiel), in an immunophosphatase technique. The FDC population resides within
primary and secondary lymph node follicles; their cyloplasmic processcs cxtend
between neighbouring B cells, forming a complex meshwork (van Der Valk and
Meijer, 1992). The FDC retains antigen-antibody complexes bound to Fc receptors,
and antigen-antibody-complement complexes bound to complement receptors
(Szakal er al., 1983; Schriever and Nadler, 1992). The Ki-M4 mAb recognises the
long isoform of the CD21 molecule (CD21L), which is selectively expressed on the
FDC population in humans (Parwaresch et al., 1983; Liu ef al., 1997} and in felines
(Bach er al., 1994; Graham, E.M., MVM Thesis, Universily College Dublin).

The Histopathology Labaratory prepared cryostat sections of PLN tissues from four
cats, E4, ES, E7 and E12. Frozen PLN tissucs were embedded in ‘O.C.T.”, from
which 5-8 um sections were cut using a crvotome and placed onto ‘sticky’ slides
(‘SuperFrost slides’, Menzel Glaser, Braunscheig, Germany). Slides were fixed in
ice-cold acetone for ten minutes, wrapped in ‘Parafilm’ and aluminium foil, and
stored at -20°C until use. Immediately prior to staining, frozen slides were brought to
RT while still wrapped in ‘Parafilm’. The tissue sections were encircled using a ‘Pap
pen’ and gently agitated in TBS for five minutes., All incubations were carried out at
RT in a humidified chamber, and were foltowed by two, five-minute washes in TBS
to remove unbound reagents. The sections were initially incubated with 0.3% 11,0,
and 0.1% NaN; in TBS for twenty minutces, to block endogenous peroxidase activity.
To minimise non-specific binding, sections were incubated for twenty minutes with
10% NRS. Exccss scrum was shaken from the sections, which were subscquently
incubated with the primary antibodies, sheep anti-p27 pAb or Ki-M4 mAb, diluted
1:1000 in 1% NRS in TBS, for two hours. This was followed by a one-hour
incubation with the secondary reagents, biotinylated rabbit anti-sheep Ig pAb
(Southern Biotechnology, U.S.) and AP-conjugaled rabbit anti-mouse Ig pAb
(Southern Biotechnology, U.S.), diluted 1:2000 and 1:1000 respectively, in 1% NRS
in TBS.
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Alkaline phosphatase activity was developed using the chromogen Fast Blue BB
(FBBB, Sigma-Aldrich, UK.). A final one-hour incubalion with streptavidin-
peroxidase, diluted 1:500 in TBS, preceded the development of peroxidase activity
using a cominercial kit based on the chromogen AEC (Vector Laboratories, U.S.).
Scctions were washed with tap water to halt colour development, and mounted using
an aqueous permanent mounting medium (‘UltraMount’, Dako A/S, Denmark).
Negative control slides were prepared to examine the specificity of the primary mAb;

in these slides, the primary mAb was omitted and replaced with 10% NRS.
5.2.2.2 Simultaneous Double Inmunoenzyme Staining

The association of the FeLV CA protein p27 with the FDC population in the PLN
lissues was investigated using a double immunoenzyme technique. Two unlabelled
primary antibodies of different animal host origin were used in an indirect/indirect
simullaneous double immunoenzyme staining, based on the original concept
described by Mason and Sammons (1978). The protocol used follows many of the
procedures described in Section 5.2.2.1. Following the blocking of endogenous
peroxidase and non-specific binding, tissuc scctions were incubated for two hours
with a primary antibody cocktail comprising sheep anti-p27 pAb and Ki-M4 mAb,
diluted 1:1000 and 1:500 respectively, in 1% NRS in TBS. Sections were further
incubated for one hour with a cocktail of secondary pAbs, biotinylated rabbit anti-
sheep Ig and AP-conjugated rabbit anti-mouse Ig, diluted 1:2000, and 1:1000
respectively, in 1% NRS in TBS. Streptavidin-peroxidase, diluted 1:500 in 1% NRS
in TBS, was added for a further hour prior to the development of colour. Alkaline
phosphatase activity was then developed using the chromogen FBBB. The sections
were washed with TBS twice over ten minutes before peroxidase activity was
developed using the chromogen AEC. Sections were washed with tap water to halt
colour development, and mounted using ‘UliraMount’. Negative control slides were
prepared by replacing the primary antibody cocktail with 109 NRS. The individual
reactivity of each primary monoclonal antibody was assessed using single

immunohistochemical stainings in the same experiment.

" FBRB: 1 mg of FBBB was addcd (o 5 ml of 0.1M teis bulfer containing 0.5 mM levamisole and 1%
naphthol-AS-MX-phosphatc in N, N dimethylformamide; the solution was fillcred and applied.
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5.3 Results

5.3.1 Bone Marrow and Peripheral Blood

5.3.1.1 Immunofluorescence

Immunofluorescent techniques were employed 1o identify the FeLV CA protein p27
within bone marrow cytospin preparations. Slides were examined using a UV
microscope and photographed; some images are shown in Fig. 5.1. Ncgative control
slides did not show any positive staining. Red blood cells did not emit UV light
when examined using the UV microscope but did appear red. The imaging system
used displayed all objects in the field in a green light; therefore, green RBC are
evident in some of the images shown. This is a technical limitation of the equipment

used to photograph these images.

The FeLLV CA protein p27 was expressed in bone marrow cytospin preparations from
all persistently infected cats E1-E11 (Fig. 5.1). The level of FeLV CA protein p27
expression varied markedty, with distinclly greater numbers of positive cells detected
in cats B1-E6 and cat E9. It was difficult to definitively identify cach cell that
expressed the FeLV CA protein p27 in the bone marrow; cells in the early stages of
haematopoiesis cannot easily be distinguished. However, the majority of positive
cells were large mononuclear cells, principally of the granulocytic lineage, such as
promyelocyles, myelocytes and metamyelocytes. Polymorphonucicar (PMN) cells
that expressed FeLV CA protein p27 were also evident in the bone marrow from
several cats; these represent more differentiated cells of the same lineage (Fig. 5.1).
Positive plasma cells were also frequently detected. A single large vacuolated cell
that expressed FcLV CA protein p27 was also pictured, which may represent either a

macrophage or a megakaryocyte (Fig. 5.1).

No fluorescence was detected in bonc marrow preparations from latently infected cat
E12, indicating that the I'eLV CA protein p27 was not expressed in the hone marrow

from this cat thirteen weeks post exposure (Fig. 5.1).
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5.3.1.2 Cytology and Haematology

Cylospin preparations of bone marrow fissues were stained with May-Griinwald-
Giemsa post mortem. Images of the bone marrow preparations are displayed in Fig.
5.2. The myeloid:erythroid (M:E) ratios, the approximate percentage of lymphoid
cells enumerated within the cytospin preparations, and summaries of the cytology
reports are displayed in Table 5.1. The differential WBC count was calculated
manually from blood smears prepared from post mortem peripheral blood samples;

the results are shown in Table 5.2.

Preliminary naked cye examination revealed marked differences in the cellularity of
bone matrow from persistently infected cats, compared to the latently infected cat,
E12 (Fig. 5.3). This initial finding suggested that the bone marrow from persistently
infected cats was subject to decreased haematopoiesis and/or increased cell death.
Indeed, granulocytic hypoplasia was observed in five persistently infected cats, El
and E8-E11, assoctated with a depleted poel of mature segmented neutrophils (Table
5.1). The haematological picture showed that four of these cats, E1 and E9-El1,
presented with a concurrent neutropenia; this was moderalely severe in cat E9 and
was accompanied by a leukopenia (l'able 5.2). Cat E11 also suffered a concurrent
nild neutropenia and leukopenia. However, all cell lines were present at all stages of
differentiation in six persistently infected cats, E2-IE6 and E7, indicating

normoplasia.

Under normal circumsiances, the bone marrow lymphoid population chiefly
comprises circulating lymphocytes and maturing B cells. Occasional lymphoblasts,
prolymphocytes and plasmacytoid cells are also considercd normal. In the literature,
the reported proportion of lymphoid cells in normal bone marrow varies widely;
ranging from 0.2-15% (Keller and TI'reudiger, 1983), or averaging either 11.2%
(Latimer, 1995) or 16.13% * 2.92 (Clinkenbcard and Meinkoth, 2000). The values
from all cats, except E1, comply with the most stringent normal range, albeit at the
upper exiremes of normal. However, an increased proportion of small, malure
lymphoid cells was observed in the bone marrow from nine persistently infected cats
in this study (cats E1-E8 and E10) (Table 5.1). Thesc cells, 6 pm-9um in diameter,
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were identified by the presence of round to slightly indented nuclei, surrounded by a

thin rim of light blue cytoplasm (Tyler et al., 1999; Steffans, 2000).

The M:E ratio, which is the ratio of cells in the myelopoietic line to those in the
erythropoictic line, varicd widely between cats, ranging from 0.51:1 in cat E9, to
2.9:1 in cat E12 (Table 5.1). The normal reference range cited in the literature also
varies widely, from 0.65-4.29:1 (Keller and Freudiger, 1983) or from 0.9-2.5
(Latimer, 1995), or averaging 1.63 * 0.35:1 (Clinkenbeard and Meinkoth, 2000).
Using the broadest published crileriu, three cats, E1, E4 and E9, recorded M:E ratios
below the normal range. A low M:E ratio is associated with cither deercased
leukocyte precursor cells, or increased erythrocyte precursors. In the affected cats, a
low M:E ratio could be attributed to a reduced numbers ol leukocyte precursor cells;
a granulocytic hypoplasia was identificd in both cats E1 and E9. Furthermore, there
was no evidence of increased erythrocyte precursor cells in the bone marrow from
any cat; in fact, a mild erythroid hypoplasia was detected in the bone marrow from
cat E9.

Normal haematology reports were cited for cats E2, E3, E7, E8 and E12. A mild
leukocytosis was demonstrated in the peripheral blood from cat E6, accompanied by
a slight increase in the proportion of band neutrophils. These findings weze reflected
in a high M:E ratio. The numbers of mature neutrophils and lymphocytes in this cat
were also high, but within the normal reference range (Table 5.2). Two cats, E1 and

E4, presented with lymphocytosis.

5.3.1.3 Immunohistochemistry

An increased number of small, mature lymphoid cells was detected in the bone
marrow tissues from ninc cats in this study (Table 5.1). These lymphoid cells were
characterised using anti-human CD3 and CD79a mAbs on formalin-fixed bone
marrow scctions, in an immunoperoxidase technique. The anti-CD3 and anti-CD79¢
mAbs are known to cross-react with the CD3 and CD79¢ molecules, respectively,
expressed by many other species. No attempt was made to ascertain whether these
mAbs definitively recognised the CD3 and CD79¢. molccules expressed by feline
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cells. However, each mAb identified a distinct homogenous cell population defined
by disparate distribution and staining patterns (Fig, 5.4); thus, it was considered that
the cell populations recognised by these mAbs corresponded to feline T and B cells,
respectively, Bone marrow tissuc sections were prepared from cats E1-E6, E7, E9,
E12 and SPF cat T10 post mortem. Stained sections of bonc martow tissue from
each cat were photographed; representative images are shown in Figs. 5.4 and 5.5.
Megakaryocytes within the sections were susceptible to non-specific staining,
particularly when the anti-CD79a mAb was used. No slaining was delected on the

negative control slides.

Few CD3" T cells were deiected in the bone marrow sections from SPF cat, T10
(Fig. 5.4). llowever, bone marrow tissue sections from all FeLV-exposed cals
demonstrated strong reactivity to the anti-CD3 mAb. In particular, large numbers of
CD3" T cells were apparent in the bone marrow sections from cats E1 and 5. CD3"
T cclls were often distributed at the periphery of the bonc marrow scctions. In
addition, positive cells were occasionally clustered together; this was particularly
evident in cat E2. Bone marrow sections from latently infected cat, E12, contained a

greater number of CD3" T cells, compared to SPF cat T10 (Fig. 5.4).

CD79a" B cells were distributed widely in bone marrow sections from SPF cat T10
(Fig. 5.4). In FeLV-exposed cats, reactivity to CD79¢ was less intense than to CD3,
and fewer positive cells were detlected; indeed, no positive cells were detected in the
bone marrow from cat E3. Nonetheless, large numbers of positive cells were cvident
in bone marrow sections from cat ES. A distinct cluster of CD790" B cells was
evident within the bone marrow from cat E2 (Fig. 5.5.E); however, in cat E9, this
effect was more dramatic. Large numbers of CD79c" B cells had congregated,
forming two large pools of positive cells (Fig. 5.5.C). Both lesions were associated
with CD3" T cells. In cat E2, a small number of CD3% T celis were distributed
throughout the pool of CD79¢" B cells, with a greater number congregated distally
(Fig. 5.5.F). In cat E9, a large number of CD3* T cells had infiltrated the pool of
CD7%¢." B cells, forming an organised pattern. The lesion was also surrounded by

considerable numbers of CD3" T cells (Fig. 5.5.D).
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5.3.2 Peripherai Lymph Nodes
5.3.2.1 Single Immunohistochemistry Staining

The distribution of the FcLV CA protein p27 in the PLN tissues was investigated
using a selection of cats in the present siudy. Cryostat sections were prepared from
the PLN tissues from persistently infected cats, E4, ES and E7, and latently infected
cat B12 post mortem. No staining was detected on the negative control slides.
Positively stained PLN sections were photographed; representative images are shown
in Fig. 5.6.

The FeLV CA protein p27 was not detected in the PLN scctions from latently
infected cat E12, indicating that FeL'V infection was not active in the PLN tissucs
from this cat thirteen weeks post exposure. However, this viral protcin was detected
in PLN sections from all the persistently infected cats examined (cats E4, ES, E7). In
these cats, the positive cells were largely confined to the lymph node follicles (Fig.
5.6.B). Furthermore, the distribution of positive cells correspended approximately to
the distribution of the FDC network, demonsirated using the Ki-M4 mAb (Fig.
5.6.A). Therefore, it was considered likely that the FDC population might harbour
the Fel.V CA protein p27, as suggested in previous studies (Kovacevic ef al., 1997).

5.3.2.2 Simultaneous Double Immunoenzyme Staining

To investigate whether the FeLV CA protein p27 was retained by the FDC
population, the Ki-M4 mAb was used with the sheep anti-p27 pAb in a simultaneous
double immunoenzyme technique on PLN cryostat sections [rom persistently
infected cat E4. Peripheral lymph node sections from latently infected cat E12 were
also used in a double immunoenzyme technique to compare the findings. The results
are shown in Fig. 5.6. Single staining of either the FDC population, or the FeLV CA
protein p27, in the PLN tissuc scctions from cat E4, resulted in a homogenous blue or
red staining, respectively, developed with either FBBB or AEC (Fig. 5.6.A and B).
However, when the FeLV CA protein p27 and the CD21L antigen were probed
simultancously, a purple staining arose, indicating antigen co-localisation (Fig. 5.6.C

and D). Cryostat PLN sections from cat E12 were probed simultaneously with the
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same antibody cocktail; however, as cat E12 did not express the FeLV CA protein

p27, no co-localisation was evident {(Fig. 5.6.E and F).
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Fig. 5.2 May-Griinwald-Giemsa stained bone marrow cytospin

preparations

Images of bone marrow cytospin preparations from cats E1-E12, stained with May-
Griinwald-Giemsa, which illustrate some of the cells and cell series identified within

the bone marrow.

(A) Neutrophil series, segmented mature neutrophil (arrow); mature
lymphocytes; (x100)

(B) Basophil (arrow, x100)

(C) Erythroid series; mitotic figure (arrow, x100})

(D) Megakaryocyte (open arrow); osteoclast (closed arrow, x4(3)

(E) Eosinophil series; mature eosinophil (arrow, x100)

(F) Plasma cell (x100)

(G) Megakaryocyte; normoplasia, (x40)

(H) Megakaryocye erupting, dispersing platelets (x100)






Fig. 5.3 Comparison of bone marrow results from cats E9 and E12

Bone marrow was harvested from persistently infected cat E9 and latently infected
cat E12 post mortem. Cytospin preparations were stained with May-Griinwald-
Giemsa and examined cytologically (x40). The distribution of T and B cells in the
hone marrow was detected using anti-CD3 and anti-CD7% mAbs respectively, in an
immunoperoxidase technique on formalin-fixed bone marrow tissue sections (CD3:
E9, x2 and E12, x4; CD79a: E9, x4 and E12, x10). Finally, expression of the FeLV
CA protein p27 was detected using immunofluorescence on bone marrow cytospin

preparations (x40).
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Fig. 5.5 CD3* and CD79¢* cells in bone marrow from cats E2 and
E9

Formalin-fixed sections of bone marrow from persistently infected cats E9 (A-D) and
E2 (E and F). The sections were probed with anti-CD79a (C and E, x10) or anti-
CD3 (D and F, x10) mAbs using an immunoperoxidase technique. Colour was
developed using DAB, and the sections were counter-stained using Gills’

haematoxylin. Sections probed with normal serum, acted as negative controls (A, x4
and B, x10).







Fig. 5.6 FeLV CA protein p27 and FDC network in cryostat PLN

sections, detected using immunohistochemistry

Detection of the FDC network in cryostat section of PLN from persistently infected
cat E4, using the Ki-M4 mAb in an immunophosphatase technique; colour was
developed using FBBB (A, x10). Detection of FeLV CA protein p27 in cryostat
section of PLN from cat E4, using a sheep anti-p27 pAb in an immunoperoxidase
technique; colour was developed using AEC (B, x10). Two-colour staining was
petrformed in PLN tissues from the same cat using an antibody cocktail comprising
Ki-M4 mAb and sheep anti-p27 pAb; co-expression of FeLV CA protein p27 and the
FDC population is illustrated with the colour purple (C, D, x10). Staining of cryostat
sections of PLN from cat E12 using the same antibody cocktail resulted in FDC

staining only, indicating the absence of FeLV CA protein p27 expression (E, F, x10).
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5.4 Discussion

Bone marrow and lymphoid tissues have an important rolc in the
iminunopathogenesis of FeLV infection. Virns may be rapidly eliminated in the
PLN, prior to a cell-associaled viracmia; however, uncontrolled viral replication in
the bone marrow leads to the dissemination of virus thronghout the infected host. In
addition, virus integration, replication and expression in these tissues may impair

normal cell function in these tissues and precipitate FeL'V-associated disease.

Using immunofluorescence on bone marrow cytospin preparations, the FeLV CA
protein p27 was detected in the bone marrow cells from each persistently infected
cat. This technique, similar fo the original IFA technique described by Hardy et al.
(1973), detects cell-associated viral protein rather than free viral protein. Thus, this
method provides an alternative means of diagnosing viraemia or active infection
(Hardy ez al., 1973; Jarrett ef al., 1982b; Pedersen, 1988). The bone marrow from
cats E1-I16, and cat E9, contained the greatest numbers of p27-positive cells. Cals
that recetved the highest exposure dose of FeLV by a [aclor of one log (L1-E6)
generated significantly greater proviral DNA loads in the peripheral blood post
mostem, compared to cats that were exposed to a lower dose of infectious virus
(Mann-Whitney, ’=0.0043). Thus, we can speculale that these cats also expressed
higher levels of infectious virus in the bone marrow. The Fel.V CA protein p27 was
predominately associated with granulocytic precursor cells. These findings are
consistent with other reports where virus was principally associated with neutrophil
precursor cells (Hoover ef al., 1977b); the authors also reported virus expression in
erythrocyte precursor cells. However, our findings did not concur with a second
study, where the FeL'V CA protein p27 and SU protein gp70 were identified chiefly

in association with megakaryocytes (Kovacevic ef al., 1997).

Bone marrow studies have previously identified a maturation arrest in granulocytic

precursor cells at the mctamyelocyte stage in some FeLV-infected animals,

suggesting a developmental blockade (Shelion and ILinenberger, 1995). In this

thesis, the majority of p27-positive cells in the bone marrow were granulocytic

precursor cells; virus replication in neutrophil precursor cells would directly deplete
163



the pool of mature neutrophils. These phenomena may account for the granulocytic
hypoplasia evident in the bone marrow from five persistently infected cats in this
study, cats E1 and E8-E11, reflected in low M:E ratios in cats E1 and E?. The
concomitant haematology results revealed that four of these cats, E1, ES-E11, had
low levels of circulating mature neutrophils, Neutropenia was particularly marked in
cat E9, and was accompanied by a leukopenia; cat K11 also suffered a concurrent
leukopenia and neufropenia. Since neutrophils are the predominant circulating
leukocyte in cats, neutropenia usually results in a leukopenia (Latimer, 1995). In
most FeLV-infected cats, neutropenia is miid, and is associated with relatively
normal granulopoiesis. However, in some cats, a moderate neulropenia is
accompanied by a granulocytic hypoplasia. Finally, less {tequently, FeLV infcction
may result in a severe persistent neutropenia associated with a severe granulocytic
hypoplasia (Latimer, 1995). As neutrophils provide one of the first lines of defeace
against invading pathogens, particularly bacteria, neutropenia predisposes FeL.V-

infected cats to sccondary opportunistic infoctions (Latimer, 1995).

It was not possible to detect FeLV CA protein p27 expression in the bone marrow
cells from latently infected cat E12 (Fig. 5.1). Failure to detect virus expression in
the bone murrow does not necessarily indicate either recovery or latency following
exposure to FeLV. In one study, the FeLV CA prolein p27 or SU prolein gp70 were
not consistently detected in the bone marrow from cats suffering from an FeLV-
associated diseasc (Kovacevic ef «l., 1997). Furthermore, the FeLV CA protein p27
was nol delected in the bone marrow from a cat suffering from an FeLL'V-associated
disease, which had a localised infcction in the spleen (Hayes ef al., 1989). The
cytological analysis of the bone marrow from latently infected cat E12 was normal,
indicating normoplasia (Tablec 5.1). Furthermore, no abnormalities were detected
[ollowing the haematological analysis of the peripheral blood (Table 5.2). These
finding are consistent with the fact that bone marrow cells from this cat were not

actively producing infectious virus.

An infiltrating population of small mature lymphoid cells was detected in the bone
marrow from nine persistently infected cats, while normal numbers of lymphoid cells
were detected in the bonc marrow from two persistently infected cats, E9 and E11.

Both cats suffered a concurrent leukopenia, in addition to a granulocytic hypoplasia
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and neutropenia; cat E9 also presented with erythroid hypoplasia. These findings
may reflect a general impaired haematopoiesis in these cats; circulating lymphocyte
numbers were also low but within the normal range. The infiltrating cells were
parlicularly numerous in the bone marrow from cats E1 and ES, which contained
high numbers of p27-positive cells. In addition, these cats had (he highesl mean
levels of proviral DNA in the peripheral blood over the course of the study (4.66 *
3.65 and 4.82 + 7.78 copics per cell, respectively). The infiltrating lymphoid cells
were characlerised using anti-CD3 and anti-CD79c. mAbs in an immunoperoxidasc
tcchnique. 1t was observed that the SPF cat, T10, harboured very low numbers of
CD3" T cells in the bone marrow; however, CD790" B cells were distributed widely.
Since the normal range of lymphoid cells within the bone marrow varics widely,
according to the literature (Section 5.3.1.1), it might be important to compare the

data recorded in the present study with data from a greater number of SPI' cats,

Greater numbers of CD3" T cells were detected within the bone marrow from all
cats, compared to SPF cat T10. However, only in cat ES was it possible to detect
markedly increased numbers of CD79¢." B cells in the bone marrow, compared to cat
T10 (Fig. 5.4). Thus, for each cat, the majority of infiltrating lymphoid cells were
CD3" T cells. T cells are not normally found in large numbers within the bone
marrow; in an early study, only 8% of the small mononuclear cells in the bone
marrow classified morphologically as lymphocytes (5-10% of total cells), were
erylhrocyle-rosette forming cells (E-RFC), regarded as probable T cells (Rojko ef al.,
1982a). Therefore, the large numbers of CD3" T cells detecicd in the bone marrow
from cats in this present study exceeded the normal bone marrow T cell population.
The bone marrow from all persistently infected cats was actively infected; the FeLV
CA protein p27 was demonstrated in the bone marrow tissues {rom all such cats
using immunofluerescence. Furthermore, we have detected virus-specific T cell
responses in the peripheral blood from all persistently infected cats at some time over
the study (Chapter 4). Therefore, it is likely that the infiltrating T cells chiefly
comprised virus-specific cffector T cells activated in the lymphoid tissues in
response to virus-spccific stimulation. To verify this, and further characterise these
cells, sophisticated immunohistochemical staining experiments could be conducted.
The antigen-specificity and cell phenotype of the infiltrating cells could be
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established using fetramer staining in siru in combination with cell surface staining.
These data would also indicate whether the infiltrating cells retained the capacity to
secrete fIFN-y in response to antigenic stimulation. Finally, FeLLV CA protein p27
expression by these cells would indicate whether these cells were actively replicating

virus; this could be achieved using double immunoenzyme techniques.

The conclusion that the intiltrating CD3™ T cells represent virns-specific effector T
cells is consistent with the low number of CD3" T cells observed in latently infected
cat E12, and SPF cat T10, neither of which were actively infected. Although latently
infected cat E12 contained greater numbers of CD3" T cells within the bone marrow
compared to cat T10 (Fig. 5.4), these numbers were still considered normal (Table
5.1). Furthermore, cat T10 was SPF, while cat E12 had been exposed to FeLV under
experimental conditions; circulating virus-specific T cells were detected in the blood
and lymphoid tissues from cat E12 following oronasal exposurc to FeLV (Chapter 4).
Therefore, we can speculate that, in the absence of an productive FeL'V infection,
these infiltrating T cells in cal 12 may comprise elfector memory T cells, derived
from early effector T cells activated in the lymphoid tissues in response to virus-
specific stimulation. These effector memory T cells home to specific viral antigen in

the bone marrow and other non-lymphoid tissues (Lefrancois and Masopust, 2002).

The distinctive pooling of B cells in cats E2 and E9 (Fig. 5.5) may rcpresent the
formation of germinal centre follicles in the bone marrow, which can occur in
response (0 prolonged antigen stimulation (Valli and Jacobs, 2000). It is known that
virus can reach the bone marrow within two days following exposure; therefore,
virus may have been expressed in the bone marrow from these cats for up to thirteen
and nineteen weeks, respectively. High numbers of p27-positive cells were detected
in the bone marrow from both cats post mortem. Continual expression of viral

proteins represents a persistent focus for the antiviral immune response.

Neither p27 antigenacmia nor viraemia were detected in cat £12 at any time
throughout the study. However, proviral DNA was detected in the PLN tissues and
in the buffy coat cells from cat E12 post mortem; in addition, infectious virus was
isolated from the bone marrow of this cat aftcr a shorl in vifro culture. Thus, this cat

maintained at lcast three foci of latency, the peripheral blood cells, the bone marrow
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and the lymphoid tissucs. However, virus was not expressed in the peripheral blood
(Chapter 3) or bone marrow (Chapter 5) from this cat post mortem. Furthermore,
expression of the FeLV CA protein p27 was not detected in the PLN tissues (Fig.
5.6.E and F). These findings suggest that cat E12 may have a true latent infection,
where provirus is quiescent, and not replicating. However, the sensitivity of the
assays uscd to detect virus expression in these tissues may be inadequate. Virus-
specific T cells recognise a much greater array of FeLV cpitopes compared to the
sheep anti-p27 pAb; therefore, the detection of such cells may reflect the current
viral status more accurately. A greater number of CD3" T cells were detected in the
bone marrow from cat E12, compated to SPF cat T10. Although we have speculated
that these cells may be virus-specific effector memory 1" cells, further investigations

would be necessary to verify their identity.

High levels of proviral DNA were quantified in the PLN tissues from persistently
infected cats post mortem (Chapter 3). Furthermore, the Fel.V CA protein p27 was
identified in the PLN follicles from all persistently infected cats tested, This is in
agreement with previous reports where the I'eLV CA protein p27 was identified in
the MLN follicles in sixieen out of eighteen cats diagnosed with an FeL'V-associated
disease (Kovacevic et al., 1997). The virus-specific immune responses in the PLN
lissues were investigated post mortem using LPA, and ICS analysed using flow
cytomctry; the results were discussed in Chapter 4. The expression of the FeLV CA
protein p27 in the PLN tissues was not associated with the presence of virus-specific
immune responses. Virus-specific CD8* T cell responses were detected in the PLN
tissues from latently infected cat E12, which did not express the FeLV CA protein in
these tissues. Furthermore, virus-specific CD4" T cell responses were only detected
in cats E4 and ES, although the PLN tissues from cats E4, ES and E7 all expressed
this viral protein. It was suggested in Kovacevic’s study (1997) that the FeLV CA
protein p27 was associated with the FDC network in the germinal centre of lymph
node follicles; however, this was not proven. In the present study, double staining
immunoenzyme procedures were used to verify that the FeLV CA protcin p27 was
associated with the FDC population. It is not known whether the FDC was actively
infected, or whether the FeLL'V CA protein p27 was bound in the form of an immune
complex. Antigen retained by the FDC is typically in the form of an immune

complex, bound to FcR (Szakal et al., 1983). The FDDC can retain the immune
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complexes for months or years, and are thought to have a central role in the
maintenance of the B cell memory pool (Gray and Skarvall, 1988; Tew et al., 1997).
Although speculation exists that the soluble glycosylated p27 protein may induce
anergic CD4* T cell responses, which impede the formation of anti-Gug antibodies,
immunc complex discase is a common consequence of persistent FeLV infection
(Pedersen, 1988). Furthermore, anti-Gag antibodies are known to be produced by
persistently infected cats (Lutz et a/., 1980b; Charreyre and Pedersen, 1991; Hawks
et al,, 1991). In studies of FIV infection, it was shown that FIV RNA was co-
localised with the FDC population in lymph nodes, using a combination of in situ
hybridisation and immunohistochemistry; the FDC virus load appeared concurrently

with antibodies and persisted for at least three ycars (Bach et al., 1994).

The implications of the FDC population harbouring the FeLLV CA protein p27 are not
clear. In the present study, this phenomenon occurred only in persistently infected
cats; the FeLLV CA protein p27 was not detected in the PLN tissues from latently
infected cat E12. Many cats recover following exposure to FeLV with minimal
evidence of virus replication; therefore, these cats cannot express and retain
significant quantities of the Fel.LV CA protein p27. Despite the absence of an FDC-
p27 network, recovered cats appear to be immune to subscquent cxposure to FeLV;

however, this may be an age-related phenomenon (Hoover ef al., 1976).

3.5 Summary and Conclusions

All persistently infected cats expressed the FeLV CA protein p27 in bone marrow,
which was chiefly associated with large mononuclear granulocytic precursor cells.
Five persistently infected cats suffered a granulocytic hypoplasia, which was
associated with a concurrent neutropenia in four cats. In addition, an infiltrating
small, mature lymphoid population was identified in the bone marrow cytospin
preparations from nine persistently infected cats. The mature small lymphoid
population chiefly comprised T cells, in addition to B cells, defined by CD3 and
CD79c molecules, respectively. These mature T cells were particularly numerous in
cats E1 and BES. Cats E2 and B9 demonstraied unusual focal congregations of B

cells, which may represent follicles formed in response to chronic viral stimulation.
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All persistently infected cats examined expressed the FeLV CA protein p27 in PLN
tissues; double immunoenzyme staining demonstraled thal the FelLV protein p27 was
associated with the FDC population in lymph node follicles. Cat E12 retained latent
infections in the bone marrow and lymphoid tissues; however, this cat did not
express the FeLV CA protein p27 in cither tissuc. Consequently, cytology and

haematology reports were normal.
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CHAPTER 6

GENERAL DISCUSSION



Feline leukaemia virus is a naturally occurring y-tetrovirus of domestic cats,
predominately associated with proliferative and degenerative diseases of the
haematopoietic system. Fortunately, the majority of exposed cats recover and
develop lasling proteclive immunity; however, a number fail to control virus
replication, and become persistently viraemic, dying within two-to-three years from
an FeLV-associated disease., A large proportion of recovered cats retain FeLV as a
latent proviral DNA infection for months or years before eliminaling the virus or,
more rarely, progressing to a state of persistent viraemia. Virus isolate, dose, host
susceptibility, age at the time of exposure and route of exposure all interact to
influence the outcome following exposure to FeLV (Hoover et al, 1976). The
immune mechanisms that influence host susceptibility have yet to be fully

delineated.

The importance of humoral immunity in the control of retroviral disease is
controversial, and may vary among individual viruses. Virus ncutralising antibodics
are a vital correlate of protection against FV; however, VNA alone cannot mediate
protection (Hasenkrug and Chesebro, 1997; Dilttmer ef al., 1999). Recent studies
involving chimeric SHIV demonstrated passive protection conferred by anti-HIV
Env neutralising antibodies alone in vivo (Shibata et af., 1999). However, although
high anti-Env antibody titres can be detected in the sera of most HIV-infected
individuals, the key events of CD4 binding and fusion are not inhibited, indicating
that humoral immune responses are not protective (Matthews et al., 1986). Early
FeL'V studies showed that the elicitation of VNA correlated with recovery following
exposure (Russell and Jamrett, 1978a; Lutz et al., 1980b), and passively protected
kitlens against FeLV challenge (Jarrett ef al., 1977). Nonetheless, in more recent
studies, virus was shown to be cleared from Lhe blood prior to, or concurrent with,
the appearance of VNA (Flynn et al., 2000a; Flynn et al., 2002b). Thus, in each of
these retroviral infections, VNA alone are not sufficient to mediate recovery and/or

elicit protective immune responscs, implicating a role for cell-mediated immunity.

Indeed, we know that virus-specific CTL are important in the climination of virus,
and in the elicitation of protective immune responses, in each of these retroviral
infections. ‘T'he development of FV-specific CTL corrclated with recovery from

splenomegaly in FV-infected mice (Robertson et af., 1992); depletion of CD8" T
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cells in vivo dramatically reduced the incidence of recovery in these mice. Cytotoxic
T cells are important in the control of viraemia in the initial acute phase, and during
the asymptomatic period, following infection with HIV and SIV (Koup et al., 1994,
Borrow et al., 1997; Ogg et al., 1998; Wilson et al., 1998; Jin et al., 1999). Early
Gag/Pro-specific CT'L responses in the blood and lymphoid tissues are associated
with recovery from FeLV infection (Flynn ez «l., 2002b); moreover, such responses
are implicated in protective immune responses following inoculation of cats with an
experimenial FeLV DNA vaccine containing gag, pol and env genes (Flynn et al.,
2000a; Hanlon et al., 2001). The adoptive transfer of a single infusion of mixed
virus-specific CD4* and CD8" T cclls significanily reduced the proviral DNA
burdens in persistently infected cats, indicating a direct role for virus-specific T cells
in the conirol of FeLV viraemia (Flynn ¢t al., 2002b).

CD4" T cells have a key role in regulating the humeoral and cell-mediated arms of the
immune response, through the activation of DC, and the elaboration of cytokincs,
particularly IFN-y. Failure of the CD4™ T cell response in HIV and FV infections has
been shown to result in inadequate priming, maturation and maintenance of the C'IL
response; inadequate CTL function culminates in viral persistence. Therefore, the
capacity of FeLV-specific CD4" T cells to activate, prime and maintain virus-
specific CI'L, and virus-specific B cells, may be a critical component in the immunc

mechanisms contributing to the control of FeL'V viraemia.

The purpose of this thesis was 1o investigate the role of virus-specific CD4™ T cells in
the control of FeLV infection. It was intended to compare such responses among
spontaneously recovered, latently infected and persistently infected cats, following
oronasal exposure (0 FeLV. To this end, six sixteen-week old SPF cats were
exposed oronasally to 5 x 10° ffu, FeLV-A/Glasgow-1 in the anticipation that each of
these three well-defincd outcomes would ensue. However, all six cats became
persistently infected. A second group of six sixteen-week old SPF cals was exposed
to a reduced dose of FeLV under identical conditions as the first group of cats. Five
cats in this second group hecame petsistently infecled and one cat, E12, relained a

latent proviral DNA infection in the bone marrow and lymphoid tissues.
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Novel anti-fIFN-y antibodies were generated and characterised to facilitate the
detection of virus-specific CD4" T celis. We have demonstraied the sensitivity of
these novel reagents in the detection of both recombinant fIFN-y using ELISA and
Western Dblots, and the production of intracellular fIFN-y in physiologically
stimulated cells using flow cytometry; the results were presented and discussed in
Chapter 2. These reagents have clear applications in the investigation of other viral

and non-viral infcctions, as well as anti-tumour immune responses.

To define the oulcome of infection, and relate virus-specific immune responses with
proviral DNA loads, a series of virological parametcrs were cvaluated throughout the
study. Sensitive and sophisticated assays, such as the p27 ELISA, VI, and gRT-
PCR, were used to detect antigenaemia, viraemia and proviral DNA, respectively, in
the peripheral blood thronghout the study, and in the lymphoid tissues post mortem;
the results were presented and discussed in Chapter 3. In the present study, the qRT-
PCR assay was identified as the most sensitive method used in the detection of
Fel.V. Proviral DNA was detected in the peripheral blood prior to the detection of
plasma viraemia or antigenaemia, in ten cats. In addition, this technique tdentified a
persistent proviral DNA infection in the peripheral blood and lymphoid tissucs from

cal E12, in the absence of detectable antigenaemia or viraemia.

The development of virus-specific cell-mediated immunc responses, particularly
virus-specific CD4" T cells, was monitored in the peripheral blood one week
following exposure and at regular intervals thercafter. Such responses were also
measured in the lymphoid tissues post mortem. Cell-mediated immune responses
were assessed using two techniques, the ILPA, and ICS analysed using flow
cytometry; the results were presented and discussed in Chapter 4. Lymphocyte
proliferation assays are technically straightforward to conduct; however, as discussed
earlier, these assays do not provide precise information on the frequencies of virus-
specific CD4" T cells, as they reflect both the absolute numbers of responsive cells,
and the ability of those cells to expand in vitro. Converscly, ICS analysed using flow
cytomeiry s a highly sensitive assay; intracellular IFN-y cxpression can be detected
at the single cell level following a short four-hour stimulation ex vive, permitting the

enumeration and phenotypic analysis of individual virus-specific cells.
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The bone marrow and lymphoid tissues are imporlant sites of viral replication and
expression; conscquently, these are important sources of Fel.V-associated disease
and act as foci for the antiviral immune response. The expression of FeLV CA
protein p27 in the bonc marrow and lymphoid tissucs was dctermined using
immunofluorescence and immunohistochemistry, respectively; the results were
illustrated and discussed in Chapter 5. Where possible, the cells that were associated
with the wviral proteins were identified, and the consequences for the

immunopathogenesis of Fel.V disease discussed.

The specificity of the immune response was evaluated by measuring the ability of
mononuclear cells in the peripberal blood and lymphoid lissues (o proliferate, and Lo
express fIFN-y, in response to stimulation with Fel.V recombinant p27 and p43
proteins, and inactivated Fel.V particles. The recombinant p27 and p45 proteins
were expressed in E. coli baclerial vectors, and purilied using affinity
chromatography; Fel.V particles were purified from F422 cell culture supernatants,
and heat-inactivated. The purity, and immunological relevance of these reagenis in
FellV infection, was determined using SDS-PAGE and Westetn blots. In the
retroviridae, the principal Gag polypeptide is cleaved to mature forms, MA, CA and
NC proteins, by viral PR during andfor immediately after budding (Luciw and
Leung, 1992). The CA protein comprises the internal shell, which surrounds the
nucleocapsid.  The FelLV CA protein p27 has an important role in the
immunopathogenesis of FeLV infection; we know that Gag-specific CTl. are
important in mediating recovery following exposure to FelLV (Flynn ef al., 2002b),
and in eliciting protection following inoculation with an experimental TelLV DNA
vaccine. Furthermore, il has been suggested that the large quantitics of glycosylated
FeLLV CA protein p27 released from infected cclls may induce anergic CD4" T cell
responses in infected cats (Jarrett, 1999). 'The env gene product is a polypeptide that
is post-translationally modified by cleavage and glycosylation in the ER, resulting in
SU and TM domains that form a heterodimer (Vogt, 1997b). The SU protein is
dotted along the surface of the lipid envelope and has a crucial role in determining
host range and patterns of pathogenesis (Luciw and Leung, 1992). Envelope proleins
are important targets for antiviral immune resposses, parlicularly antibodies; major
neutralisation epitopes have been identified on the FeLV SU protein gp70, and the

FeLV TM protein p15L (Russell and Jarrett, 1978b; Elder et al., 1987).
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Neither viraemia nor antigenaemia were detected in the peripheral blood from cat
E12 al any sample date throughout the study (Table 3.1). Furthermore, the FeLV CA
protein p27 was not detected in the bone marrow, or in the PLN tissues, post mortem,
Nonetheless, the appearance of VINA in the peripheral blood at week 13 confirmed
that this cat had been exposed to FeLLV. It is understood that transient viraemia may
last only a few days following oronasal exposure to FeLV (Jarrett ez al., 1982a). In
the present study, peripheral blood samples were tested for the prescnce of infectious
virus and the FeLV CA protein p27 one week following oronasal exposure to FeLV,
and at three-week intervals thereafler; thus, it is possible that viraemia and/or
antigenaemia may have occurred in cat E12 between sample dates, and passed
undetected. In previous studies using an identical exposure route, transient viraemia
was most commonly detected at, or prior to, week 4 post exposure to Fel.V (Jarrett et
al., 1982a; Flynn et al., 2002b). However, it is unlikely that either anligenaemia or
viraemia occurrced in cat E12 by week 4, as proviral DNA was not detected in the
peripheral blood until week 7. In addition, the proviral DNA loads in the peripheral
blood from this cat were very low, compared to most viraemic cats (Fig. 3.2).
However, the presence of proviral DNA. in the bone marrow post moriem indicates
that a viraemia must have accurred in this cat. Since VI and p27 ELISA assays are
conducted using plasma samples, a ceil-associated viraemia would not have been

detected using these methods.

The detection of infectious virus in the bonc marrow post mortem, following VI on
cultured bone marrow cells in vitro, and the delection of proviral DNA in the
lymphoid tissues and peripheral blood post mortem, using qRT-PCR, indicated that
cat E12 was latently infected at the termination of the study. Other studies have
reported the reactivation of FeLV from myelomonocytic precursor cells in the bone
marrow, and from certain T cell populations in thc lymph nodes of FeLV-exposed
aviraemic cats, but not from blood (Rojko et al., 1982b). A high proportion of
recovered cats harbour a latent FeLV infection (Rojko et al., 1982b; Madewell and
Jarrett, 1983; Pacitti and Jarrett, 1985). It is highly probable that in the absence of
stress factors, such as concurrent disease or pregnancy, which are known to
precipitate a recrudescence in viraemnia in vive, that cat E12 would have totally
cradicated FeL'V over time. The majority of latently infected cats eliminate imfection

within thirty months of exposure to Fel.V (Pacitti and Jarrett, 1985); therefore,
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infected cells within the bone marrow or lymphoid tissues must differentiate to
extinction, as suggested by Madewell ef al. (1983). The persistence of proviral DNA
in a latent infection may be advantageous, in that it may aid in the maintenance of
immunological memory (Klenerman et al., 1997). However, latently infected cats
have been shown to suffer from a degree of immune dysfunction (Lafrado and Olsen,
1986), and are reported to have a higher incidence of FeLV-associated discasc
(Francis et al., 1979; Rojko et al., 1982b). Cytological and haematological analyses
of bone marrow and peripheral blood respectively, trom latently infected cat E12 in

this study, were normal thirteen weeks post exposure.

In this study, eleven cats became persistently intected following oronasal exposure (o
Fel.V. From weeks 1-7 until the termination of the study, viracmia, antigenaemia
and proviral DNA were detected in the peripheral blood from all eleven cats.
Furthermore, an active bone marrow infection was detected in each of these cats post
mortem, using VI on cell-free bone marrow suspensions, and immunofiuorescence
on bone marrow cytospin preparations. Persistently infected cats die from an Fel.V-
associated disease within two-to-three years following exposure. In this study,
evidence that normal bone marrow function was compromised after just thirteen or
nineteen weeks following exposure o Fel.V, was presented and discussed in Chapter
5. Abnormal cytology and/or hacmatology reports were presented for all such cats
post mortem. Infiltrating CD3* T cells were detected in the bone marrow from ninc
cats; five presented with granulocytic hypoplasia, four of which developed a
concurrent neutropenia. Concomitant abnormalities in the peripheral blood were
evident in seven persistently infected cats. Thus, cells that contribute to the immune
defencc were compromised in these cats as early as thirteen weeks post exposure,

enhancing host susceptibility to opportunistic secondary infections.

Virus isolate, dose, host susceplibility, age al the lime of exposure and route of
exposure all interact to influence the outcome following exposure to FelLV (Hoover
et al., 1976). Specific pathogen free cats E1-E6 were exposed to FeLV at an age,
dosc and routc normally expected to resuli in approximately fifty per cent recovery,
fifty per cent persistent viraemia (Hoover et al., 1976; Jarrett et al., 1982a; Flynn et
al., 2002b). Nonetheless, all six cxposcd cats became persistently viraemic. Cats

E7-E12 were exposed to a lower dose of FeLV-A under the same conditions as cats
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E1-EG, and onc cat, E12, retained a latent proviral DNA infection in the bone
marrow and lymphoid tissues. These dala suggesi a greater inherent susceptibility of
all cats to the molecular clone of FelLV-A/Glasgow-1, which was somewhat
improved by reducing the exposure dose by a factor of one log. Indeed, cats that
were exposed to a lower exposure dose of infectious FeLV harboured lower levels of
proviral DNA in the peripheral blood throughout much of the study, and in the
lymphoid tissues post mortem. These cats also generated significantly greater p27-
specific and p4S-specific proliferative responses in the PLN and MLN tissues
respectively, in addition to significantly greater mitogenic responses in the MLN
tissucs. Nonctheless, these studies have demonstrated the difficulty in predicting the

responses of individual cats following oronasal exposure (o IFelLV,

Gag/Pro-spccific CTL have been identified as important mediators of recovery and
protection following exposure to FeLV. Under experimental conditions, cats that
recovered following cxposure to FeLV developed an carly high peak in Gag/Pro-
specific CTL responses, which coincided with a peak in proviral DNA loads;
similarly, cats that were protected following inoculation with an experimental FeLV
DNA vaccine, generated high levels of Gag/Pro-specific C'L responses shortly after
challenge. The magnitude and timing of Env-specific CTL responses were similar in
recovered, protected and in viraemic cats. Thus, in FeLV infection, the Gag/Pro
proteins are important in the induction of carly virus-specific CTL rtesponses

associated with recovery and protectlion.

Similarly, the Gag protcin appcars to be immunodominant in the induction of CTL
responses in HIV-1 infection; only Gag-specific CD4" T cell responses correlated
with Gag-specific CTL responses, i.e. for a given level of help, Gag-specific CTI.
were more [requently detected than CTT. specific for other HIV-1 proteins (Kalams
et al,, 1999). In addition, a highly significant inverse correlation between Gag-
specific CD8" T cells and plasma viral RNA loads was identified in HIV-1 infected
patients at different stages of disease (Ogg et al., 1998). Gag-specific CD4* T cells
are also associated with low plasma viral RNA loads in HIV-1 infection; in a cohort
of HIV-1 infected individuals with a wide range of viral RNA loads, an inverse
correlation was identified between Gag-specific CD4” T cell proliferative responses

and plasma viral RNA loads (Rosenberg ef al., 1997). Further studies demonstrated
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that the magnitude of the Gag-specific CD4" ‘I’ cell proliferative response directly
correlated with levels of Gag-specific CTL precursors (Kalams ez al., 1999); high
frequencies of Gag-specific CD4" T cells and Gag-specific CTL precursor cells were
associated with the control of viraemia. However, when HIV-1 Gag-specific CD4" T
cells were enumerated using ICS to detecl 1FN-y expression, Gag-specific CD4" T
cell frequencies did not correlate with either viral RNA loads (Pitcher et @l., 1999;
Betts et al., 2001; Boaz et al., 2002), the magnitude of the CD8" T cell response
{Betts et al., 2001), or to a good clinical outcome {Boaz ¢t al., 2002).

These findings illustrate discordance between the frequencies of virus-specific CD4"
T cells detected in the LPA, and such responses detected using ICS, where IFN-y
expression is measured. Multiple reasons have been cited which attempt to account
for these discrepancies, many of which have been outlined in Chapter 4. In addition,
the LPA measures the capacity of CD4" T cells to proliferate, which greatly reflects
IL-2 production. In the peripheral blood, IL-2 secreting CD4" T cells comprise naive
cells, effector memory cells and virus-specific cells that have returned to a resting
state (Boaz ef al., 2002). It has previously been reported that only effector memory
T cells in the peripheral blood produce IFN-y upon restimulation with cognate
antigen; therefore, ICS assays based on [FN-y expression alone measure only the
effector memory T cell population (Sallusto ef al., 1999); naive CD4" T cells take
araund three-four days to produce cytokines such as IFN-y (Swain, 1999).

When Gag-specific CD4" T cell responses were defined by the expression of IL-2
and IFN-y together, rather than 1FN-y alome, Gag-specific CD4" T cells were
associated with a good clinical outcome in HIV infection (Boaz et al., 2002).
Moreover, frequencics of the IFN-y' IL-2" CD4" T cell population correlated
inversely with virus RNA. load, and directly with Gag-specific IFN-y* CD8" T ccll
frequencics (Boaz ef al., 2002). These resulis are comparable with the proliferation
data; therefore, the populations under cxamination in cach of these assays may be
equivalent. So, in HIV-1 infection, while the numbers of virus-specific IFN-y* CD4*
T cells remain constant as disease progresses, the IFN-y™ IL-2* CD4" T cell
population becomes disrupted; thercfore, the IFN-y" IL-2* CD4* T cell population is
more relevant to HIV-1 research. It may also be important to establish whether
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fIFN-y secretion alone is sufficient to establish the presence of functional Fel.V-

specific CD4" T cells.

In the present study, the frequencies of virus-specific responses detected in the LPA
did not significantly correlate with the frequencies of such responses enumerated
using ICS and flow cytometry. However, results obtained using the ICS, rather than
the LPA, appeared to more accurately reflect the final outcome following exposure.
Greater mean p27-specific (S.I. 1.56) and pd5-specific (S.I. 1.46) proliferative
responses were delected in the peripheral blood from persistently infccted cats, than
from latently infected cat E12 (S.I. 1.11 and 1.04, respectively), when compared with
cats that rcecived a comparable exposurc dose of Fel.V-A. Using ICS, high
frequencies of early p27-specific CD4" T cell responses were detected in the
peripheral blood from latently infected cat E12, which persisted over weeks 4-10.
Conversely, persistently infected cats developed transient low levels of p27-specific
CD4" T cell responses; higher levels were detected in some cats later in the study,
but did not persist. Nonetheless, neither virus-specific proliferative responses nor
virus-specific CD4" and CD8" T cell responses significantly cotrelated with proviral

DNA loads using the Spearman r-Test, irrespective of the exposure dose.

The qRT-PCR technique used in this study detects and quantifies cellular DNA;
however, the data generated also includes any unintegrated viral DNA (UVD} within
the infected cell, in addition to archival DNA (Hofmann-Lehmann et al., 2001).
High concentrations of UVD have been detecied in the bone marrow, gut and
lymphoid tissues from cats infected with FeLV-FAIDS (Hoover et al., 1987); the
appearance of UVD coincides with the onset of a clinical immunodeficiency
syndrone. Although large concentrations of UVD have not been dcfinitively
associated with other FelL'V strains, UVD may account for the high proviral DNA
levels detected in some persistently infected cats (Hofmann-Lehmann ez al., 2001).
The RT-PCR method used in this study cannot distinguish between integrated and
unintcgraled DNA (Hofmann-Lehmann ef al., 2001); thus, the presence of UVD

would artificially raise proviral DNA loads quantified using this method.

Once integrated, proviral DNA persists in the cellular DNA of infected cells; HIV-1

proviral DNA loads decline much more slowly in response to antiretroviral therapy,
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compared to plasma RNA loads (Désité et al., 2001; Anton ef al., 2003). The qRT-
PCR technique used in this study detects intracellular viral DNA, which may
represent either an active productive infection or a latent infection. In addition, gRT-
PCR will also detect archival DNA, indicative of an earlier productive infection.
Unfortunately, qRT-PCR cannot distinguish between these forms of viral DNA; thus,
the data generated using this method will include viral DNA derived from each of
these sources. Furthermore, proviral DNA detected using qRT-PCR may be
replication incompetent. In HIV-1 infection, the presence of PBMC-associated viral
DNA sequences significantly correlated with replicating virus, detected using a co-
culture assay; thus, at least some DNA detected included replication competent virus.
However, the number of DNA-containing cells was two-to-three orders of magnitude
greater than the number of infectious virus-containing cells; therefore, 99.9 per cent
of detectable IITV DNA had no replication potential (Anton e al., 2003). Together,
thesc data suggest that since the proviral DNA loads, measured using qRT-PCR, do
not accurately reflect the current viral status, these data may not correlate with the
virus-specific immune responses. Viral RNA loads, which rapidly respond to host-
virus interactions, may correlate mare significantly with virus-specific immune
responses. Samples have been submitted to the University of Zurich for analysis; we

are currently awaiting the results.

It is recognised that both Gag/Pro-specific CTL, and VNA, are important in
mediating recovery and protection following oronasal exposure to FeLV; therefore, it
was considered that virus-specific CD4" T cells, which regulate both arms of the
specific immune response, might also be an important element in the control of
FeLV infection. In this study, latently infected cat E12, generated VNA in the
peripheral blood by week 13 following exposure to FeLV; furthcrmore, Iow levels of
p4S-specific CD4" T cells were detected in the peripheral blood from this cat at
weeks 1 and 10. In addition, high levels of p27-specific CD4™ T cells were detected,
which persisted [rom weeks 4-10. Conversely, VNA were not detected in the
peripheral blood from any persistently infected cat at any time throughout the study,
In addition, transient low levels of p45-specific, and p27-specific, CD4" T cells were
detected by weck 4 in the peripheral blood from six, and three, persistently infected
cats, respectively. Higher levels of virus-specific CD4" T cells were briefly detected

in the remaining persistently infected cats after week 7,
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All cats in this siudy developed virus-specific CD4”™ T cell responses following
oronasal exposure to FeLV. However, in persistently infected cats, these responses
were either rapidly deleted, blunted, or absent, in the critical early stages following
exposure, Feline leukaemia virus can reach the bone marrow within two days
following oronasal exposute. Failurce to control virus replication in this site leads to
widespread dissemination of the virus, and persistent viraemia within three-to-eight
weeks. Thus, there is a window of just three weeks in which virus-specific immune

responses can develop, eliminate virus and mediaie recovery (Jarrett, 2001).

A quantitative and/or gqualitative failure of virus-specific CD4" T cell responses in
the early weeks following exposure to FeLV was associated with the development of
persistent viraemia. Ifowever, the exacl nature of this failurc is unclcar; in addition,
the underlying contributing mechanisms are pot understood. Nonetheless, we can
speculate on the causes of the failure of the virus-specific CD4" T cell response.
First, the activation of virus-specific CD4" T cclls in the absence of adequate
costimulation triggers anergic responses; sufficient numbers of competent DC are
required to fully activate the virus-specific CD4" 1" cell response. 'The role of DC in
the immunopathogenesis of FeL'V infection has not been delineated. Following
oronasal exposure to FeLV, DC will be important in conveying virus to the draining
lymph node (Macalonia et af., 1987), and in the activation of naive virus-specitic
CD4" T cells (Inaba er al., 1990; Steinman et al., 1991; Swain et al., 1999). It is not
known whether DC numbers, or function, are compromised in Fel.V infection.
Widespread replication of FeLV in bone marrow myeloid precursor cells may curb
DC numbers; furthermore, infection of DC in the peripheral tissues may impede

function, or directly reduce cell numbers.

Second, the large quantity of soluble glycosylated FeLV CA protein p27, released
from FeLV-infected cells, may also have a role in the induction of anergic CD4" T
cell responses (Neil ef al.,, 1980b; Jarrett, 1999). In the present study, persistently
infected cats either failed to develop early virus-specific CD4" T cell responses; ot
developed truncated or delayed responses. In addition, VNA were not detecled in
any of these cats throughout the study. Although these data illustratc impaired virus-
specific CD4" T cell responses, it was not clear whether the glycosylated FelLV CA

protein p27 contributed to these phenomena in vivo.
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"Third, many early studies demonstrated that cell-mediated and humoral immune
responses were impaired in FeLV-infected cats. Feline leukaemia virus has been
shown to have an immunosuppressive effect on normal cells in vitro; this effect was
reported to be associated with the FeLV TM protein p15E. Furthermore, mitogenic
responses of cells from FeLV-infected cats were shown to be impaired. The ability
of mononuclear cells from the lymphoid tissues and the peripheral blood from FeLV
exposed cats in the present study to proliferate in response to mitogenic stimulation
varied markedly; however, mitogenic prolifetative responses in the peripheral blood
and lymphoid tissues did not correlate with provirat DNA loads. Thus, it was
considered that differences among cats might be idiosyncratic, rather than associated
with FeLV-induced immunosuppression. The inactivated FelL'V particles used in the
present study retained the immunosuppressive TM protein p15SE. Monoauclear cells
from all cats in the present study proliferated poorly to inactivated FeLV particles in
vifro. However, using ICS, specific responses were detected in response to
stimulation with the inactivated FeLV particles. Therefore, in this present study,

these particles did not have an immunosuppressive effect in vifro.

Impairment of the quantitative and/or qualitative virus-specific CD4™ T cell
responses will compromise the elicitation, priming and maintenance of the virus-
specific CD8™ T cell and virns-specific B cell responses, Failure of the virus-specific
immune response will permit unlimited virus replication in the critical early weeks
following exposure, precipitating a state of persistent viraemia. Neither the
quantitative nor the qualitative virus-specific CD4" T cell responses, required to
mediale recovery and protection following oronasal exposure to Fel'V, have
previously been defined. However, we know that virus-specific CD8" T cells and B
cell effector responses directed towards either the FeLV Gag/Pro or Env proteins are
associated with recovery and protection. Now, these studies illustrate that failure to
generate and maintain adequate numbers of virus-specific IFN-y* CD4" T cells in the
early weeks following exposure is associated with the development of persistent

viragmia,

181



BIBLIOGRAPHY



Aaronson, S. A. and Todare, G. J. 1968. Basis for the acquisition of malignant
potential by mouse cells cultivated in vitro. Science, 162: 1087-1094.

Abbas, A. K., Murphy, K. M., and Sher, A. 1996. Functional diversity of helper T
lymphocytes. Nature, 383: 787-793.

Abbas, A. K., Lichtman, A. H., and Pober, J. S. 1997a. Immunity to Microbes, pp
342-361 in A. K. Abbas, A. H. Lichtman, and J. S. Pober, cditors. Cellular
and Molecular Immunology. W.B.Saunders Company, Philadelphia.

Abbas, A. K., Lichtinan, A. H., and Pober, J. S. 1997b. The Complement System, pp
314-338 in A. K. Abbas, A. H. Lichtman, and J. S. Pober, cditors. Cellular
and Molecular Immunology. W.B.Saunders Company, Philadelphia.

Adams, J. M., Harris, A. W., Pinkert, C. A., Corcoran, L. M., Alcxander, W. 5.,
Cory, S., Palmiter, R. D., and Brinster, R. L. 1985. The c-myc oncogenc
driven by immunoglobulin enhancers induces lymphoid malignancy in
transgenic mice. Nature, 318: 533-538.

Addie, D. D., Toth, S., Murray, G. D., and Jarrett, O. 1995. Risk of feline infectious
peritonitis in cats naturally infected with feline coronavirus. American
Journal of Veterinary Research, 56: 429-434.

Allen, T. M., Vogel, T. U., Fuller, D. H., Mothe, B. R., Steffen, S., Boyson, J. L&,
Shipley, T., Fuller, J., Hanke, T., Selle, A, Allman, J. D., Moss, B,
McMichael, A. J., and Watkins, D. L. 2000. Induction of AIDS virus-specific
CTL activity in fresh, unstimulated peripheral blood lymphocytes from
rhesus macaques vaccinated with a DNA prime/modified vaccinia virus
Ankara boost regimen. Jourral of Immunology, 164: 4968-4978.

Altfield, M. and Rosenberg, E. S. 2000. The role of CD4™ T helper cclls in the

cytotoxic T lymphoeyte responsce to HIV-1. Current Opinion in Inmunology,
12: 375-380.

Anion, P, A,, Mitsuyasu, R, T\, Deeks, S. G., Scadden, D. T., Wagner, B., Huang, C.,
Macken, C., Richman, D, D., Christopherson, C., Borellini, F., Lazar, R., and
Hege, K. M. 2003. Multiple measures of HIV burden in blood and tissue are

correlated with each other but not with clinical parameters in aviraemic
subjects. AIDS, 17: 53-63.

Appay, V., Nixon, D. F., Donahoe, S. M., Gillespie, G. M. A., Dong, T., King, A.,
Ogg, G. S., Spicgal, H. M. L., Conlen, C., Spina, C. A., Havlir, D. V,,
Richman, D. D., Watcrs, A., Easterbrook, P., McMichael, A. J., and
Rowland-Jones, S. L. 2000. HIV specific CD8" T cells produce antiviral

cytokines but are impaired in cytolytic function. Jowrnal of Experimental
Medicine, 192: 63-75.

Argyle, D. J., Smith, K., McBride, K., Fulton, R., and Onions, D. E. 1995,
Nucleotide and predicted peptide sequence of feline interferon-gamma (IFN-
¥). DNA sequence, 5: 169-171.

182



Bach, J. M., Hurtrel, M., Chakrabarti, L., Ganiere, I. P., Montagnier, L., and Hurtrel,
B. 1994. Early stages of feline immunodeficiency virus infection in lymph
nodes and spleen. AIDS Research and Human Retroviruses, 10: 1731-1738.

Barker, E., Bamett, S. W., Stamatatos, I., and levy, J. A. 1995. The Human
Immunodeficiency Viruses, pp 1-96 in J. A, Levy, editor. The Retroviridae.
Volume 4. Plenum Press, New York.

Barré-Sinoussi, F., Chermann, J. C., Rey, F., Nugeyre, N, T., Chamaret, S., Gruest,
I., Dauguet, C., Axler-Blin, C., Vézinet-Brun, F., Rouzioux, C,, Rozenbaum,
W., and Montagnier, L. 1983. Isolation of a T-tymphotropic retrovirus from a
patient at risk for acquired immune deficiency syndrome (AIDS). Science,
220: 868-871.

Battegay, M., Moskophidis, D., Rahemtulla, A., Hengartner, H., Mak, T. W, and
Zinkernagel, R. M. 1994. Enhanced establishment of a virus carrier state in
adult CD4" T-cell-deficient mice. Journal of Virology, 68: 4700-4704.

Beatty, J. A., Willett, B., Gault, E. A., and Jarrett, O. 1996. A longitudinal study of
feline immunodeficiency virus-specific cytotoxic T Ilymphocytes in
experimentally infected cats, using antigen-specific induction. Journael of
Virology, 70: 6199-6206.

Beaty, R. M., Rulli, K. L., Pantginis, J., Lenz, I., and Levy, L. S. 1999. High levels
of IL-4 and IL-10 mRNA and low levels of IL-2, IL-9 and IFN-y mRNA in
MuLV-induced lymphomas. Virology, 261: 253-262.

Benveniste, R. E., Sherr, C. J., and Todaro, G. J. 1975, Evolution of type C viral
genes: origin of feline lenkaemia virus. Science, 190 886-888.

Beichel, M. K., Hayes, K. A, Mathes, L. E., Pandey, R., Stromberg, P. C., and Roy-
Burman, P. 1999. Recombivant feline leukaemia virus (FeLV) variants
establish a limited infection with altered cell tropism in specific-pathogen-
[ree cats in the absence of FeLV subgroup A helper virus. Veterinary
FPathology, 36: 91-99.

Betts, M. R., Ambrozak, D. R., Douek, D. C., Bonhoeffer, S., Brenchly, J. M.,
Casazza, J. P., Koup, R. A, and Picker, L. J. 2001. Analysis of total human
immunodeficiency virus (FIIV)-specilic CD4™ and CD8" T-cell responses:
rclationship to viral load in untreated HIV infection. Journal of Virology, 75:
11983-11991.

Bex, F., Bruck, C., Mammericks, M., Portetelle, D., Ghysdael, J., Cleuter, Y.,
Leclercq, M., Dekegel, D., and Burny, A. 1979. Humoral antibody response
to bovine leukemia virus infection in caitle and sheep. Cancer Research, 39:
1118-1123,

Bittner, J. J. 1936. Some possible effects of nursing on the mammary gland tumour
incidence in micc. Science, 84: 162.

183



Boaz, M. J., Waters, A., Murad, 8., Easterbrook, P. J., and Vyakarnam, A. 2002.
Presence of HIV-1 Gag-specific IFN-y'IL-2" and CD28'IL-2" CD4 T cell
responses is associated with nonprogression in HIV-1 infection. Journal of
Immunology, 169: 6376-6385.

Boehm, U., Kiamp, T., Groot, M., and Howard, J. C. 1997. Cellular responses to
interferon-y. Annual Review of Immunology, 15: 749-795,

Bolognesi, D. P. 1974. Structural componenis of RNA tumour viruses., Advarces in
Virus Research, 19: 315-359.

Bonner, T. 1. and Todaro, G. J. 1979. Carnivores have sequences in their cellular
DNA distantly related to the primate endogenous virus. Virology, 94. 224-
227.

Borrow, P., Lewicki, H., Wei, X., Horwitz, M, S., Peffer, N., Meyers, 1., Nelson, J.
A., Gairin, J. E., Hahn, B. H., Oldstone, M. B. A., and Shaw, G. M. 1997.
Antiviral pressure exerted by HIV-1-specific cytotoxic T lymphocytes
(CTLs) during primary infection demonstrated by rapid selection of CTL
escape virus. Nature Medicine, 3: 205-211.

Bourreau, E., Prévot, G., Gardon, J., Pradinand, R., Hasegewa, H., Milon, G., and
Launois, P. 2002. LACK-specific CD4" T cells that induce gamma interferon
production in patients with localized cutaneous leishmaniasis during an eatly
stage ol infection. Infection and Immunity, 70: 3122-3129.

Brossart, P. and Bevan, M.J. 1997. Presentation of exogenous protein antigens on
major histocompatability complex class I molecules by dendritic cells:
pathway of presentation and regulation by cytokines. Blood, 90 1594-1599.

Bruck, C., Portetelle, D., Mammericks, M., Mathot, S., and Burny, A. 1984. Epitopes
of bovine leukemia virus glycoprotein gpS1 reecognized by scra of infected
cattle and sheep. Leukocyte Research, 8: 315-321.

Campana, D., Thompson, J. S., Amlot, P., Brown, S., and Janossy, G. 1987. The
cytoplasmic expression of CD3 antigens in normal and malignant cells of the
T lymphoid lineage. Journal of Immunology, 138: 648-655.

Caraher, E. M., Parenteau, M., Gruber, H., and Scott, F. W. 2000. Flow cytometric
analysis of intracellular IFN-y, IL-4 and 1L-10 in CD3+4+ T-cells from rat
spleen. Journal of Immunological Methods, 244: 29-40.

Carnaud, C., Lee, D., Donnars, O., Park, S.-H., Beavis, A., Koezuka, Y., and
Bendelac, A. 1999. Cutting Edge: cross-talk between cells of the innate
immune system: NKT cells rapidly activate NK cells. Journal of
Immunology, 163: 4647-4650.

Cattoretti, G., Pileri, S., Parravicini, C., Becker, M. H. G., Poggi, S., Bifulco, C.,
Key, G., D'Amato, L., Sabattini, E., Feudale, E., Reynolds, F., Gerdes, J., and
Rilke, F. 1993. Antigen unmasking on formalin-fixed, paraffin-embedded
tissue sections. Journa! of Pathology, 171: 83-98.

184



Champagne, P., Ogg, G. S., King, A. S., Knabenhans, C., Ellefsen, K., Nobile, M.,
Appay, V., Rizzardi, G. P., Fleury, S., Lipp, M., Forster, R., Rowland-Joiies,
S. L., Sékaly, R.-P., McMichael, A. J., and Pantaleo, G. 2001. Skewed
maturation of memory HIV-specific CD8 T lymphocytes. Nature, 410: 106-
109.

Charreyre, C. and Pedersen, N. C. 1991. Study of feline leukaemia virus immunity.
Journal of the American Veterinary Medicine Association, 199: 1316-1324.

Chesebro, B. 1990. Host genetic control of spontancous and induced immunity to
Fricnd murine retrovirus infection. Annual Review of Immunology, 8: 477-
499,

Clerici, M., Stocks, N. 1., Zajac, A. 1., Boswell, R. N., Lucey, D. R., Via, C. S., and
Shearer, G. M. 1989. Detection of three distinct patterns of 'I" helper cell
dysfunction in asymptomatic, human immunodeficiency virus-seropositive
patients. Independence of CD4" cell numbers and clinical staging. Journal of
Clinical Investigation, 84: 1892-1899,

Clinkenbeard, K. D. and Meinkoth, J. I{. 2000, Normal Hematology of the Cat, pp
1064-1068 in B. F. Feldman, J. G. Zinkl, and N, C. Jain, editors. Veterinary
Hematology. Lippincott Williams & Wilkins, Baltimore.

Cocchi, F., DeVico, A. L., Garzino-Demo, A., Arya, S. K., Gallo, R. C., and Lusso,
P. 1995. Identification of RANTES, MIP-1alpha, and MIP-1beta as the major
HIV-suppressive factors produced by CD8" T cells. Science, 270: 1811-1815.

Cockercll, G. L., Hoover, E. A., Krakowka, S., and Yohn, D. S. 1976. Lymphocyte
mitogen reactivity and enumeration of circulating B- and T-cells during feline

leukaemia virus infection in the cat. Journal of the National Cancer Institute,
57: 1095-1099.

Coffin, J. M. 1992. Structure and classification of retroviruses, pp 19-49 in J. A.
Levy, editor. The Retroviridae. Volume 1. Plenum Press, New York.

Collins, K. L., Chen, B. K., Kalams, S. A., Walker, B. D., and Baltimore, D. 1998.
HIV-1 Nef protein protects infected primary cells against killing by cytotoxic
T lymphocytes. Nature, 391: 397-401.

Constant, S, L. and Bottomly, K. 1997. Induction of Thl and Th2 CD4" T cell
responses. Annual Review of Immunology, 15: 297-322.

Cooper, M.A., Fehniger, T.A., and Caligiuri, M.A. 2001. The biclogy of human
natural killer-cell subsets. Trends in Immunclogy, 22: 633-640.

Copelan, E. A., Rinehart, I. J., Lewis, M., Mathes, L., Olsen, R. G., and Sagone, A.
1983. The mechanism of retrovitus suppression of human T cell proliferation
in vitro. Journal of Immunology, 131: 2017-2020.

Cotter, S. 1990. Fcline Viral Neoplasia, pp 316-345 in C. E. Greene, editor.
Infectious Diseases of the Dog and Cat. W.B. Saundcrs, Philadelphia.

185



Couillin, I., Culmann-Pcnciolelli, B., Gomard, E., Choppin, J., Levy, J.-P., Guillet,
J.-G., and Saragosti, S. 1994, Impaircd cytotoxic T lymphocyte recognition
due to genetic variations in the main immunogenic rcgion of the human
immunodeficiency virus 1 NEK protein. Journal of Experimental Medicine,
180: 1129-1134.

Cousens, L. P., Pcterson, R., Hsu, S., Domer, A., Altman, J. D., Ahmed, R., and
Biron, C. A. 1999. Two roads diverged: interferon o/f- and interlcukin 12-
mediated pathways in promoting T cell interferon y responses during viral
infection. Journal of Experimental Medicine, 189: 1315-1327.

Crighton, G. W. 1969a. Lymphosarcoma in the cat. Veferinary Record, 84. 329-331,

Crighton, G. W. 1969b. The diagnosis ol leukacmia in the cat. Journal of Small
Animal Practice, 10; 571-577.

Czerkinsky, C. C., Nilsson, L. A., Nygren, H., Ouchterlony, O., and Tarkowski, A.
1983. A solid-phase enzyme-linked immunospot (ELISPOT) assay for
enumeration of specific antibody-secreting cells. Journal of Immanological
Methods, 65: 109-121.

Dean, G. A., Higgins, J., LaVoy, A, Fan, Z., and Pedersen, N. C. 1998.
Measurement of feline cytokine gene expression by quantitative-competilive
RT-PCR. Veterinary Immunology and Immunopathology, 63: 73-82.

Désiré, N., Dehée, A., Schneider, V., Jacomet, C., Goujon, C., Girard, P.-M,,
Rozenbaum, W., and Nicolas, J.-C. 2001. Quantiification of human
immunodeficiency virus type 1 proviral load by a TagMan real-time PCR
assay. Journal of Clinical Microbiology, 39: 1303-1310.

Dittmer, U., Brooks, D., and Hasenkrug, K. J. 1999. Requirement for multiple
lymphocyte subsets i protection by a live attenuated vaccine against
retroviral infection. Narure Medicine, 5. 189-193.

Dittmer, U., Peterson, K. E., Messer, R,, Stromnes, 1. M., Race, B., and Hasenkrug,
K. J. 2001. Role of interleukin-4 (IL-4), IL-12, and gamma interferon in
primary and vaccine-primed immune responses to Friend retroviral infection.
Journal of Virology, 75: 654-660.

Dolan, M. J., Clerici, M., Blatt, S. P., Hendrix, C. W., Melcher, G. P., Boswell, R.
N., Freeman, T. M., Ward, W., Hensley, R., and Shearer, G. M. 1995. In vitro
T cell function, delayed-type hypersensitivity skin testing, and CD4" T cell
subset phenotyping independently predict survival time in patients infected
with human immunodetficiency virus. Journal of Infectious Diseases, 172 79-
87.

Donahue, P. R., Hoover, E. A, Beltz, G. A., Riedel, N., Hirsch, V. M., Overbaugh,
J., and Mullins, J. I. 1988. Strong sequence consetvation among horizontally

transmissible, minimally pathogenic feline leukemia viruses. Journal of
Virology, 62: 722-731.

186



Dorn, C. R., Taylor, D. O., Schreider, R., Hibbard, H. H., and Klauber, M. R. 1968.
Survey of animal neoplasms in Alameda and Contra Costa Counties,
California. 1I. Cancet morbidity in dogs and cats from Alameda County.
Journal of the National Cancer Institute, 40: 307-318.

Douek, D. C., Brenchly, J. M., Betts, M. R., Ambrozak, D. R., Hill, B. J., Okamoto,
K., Casazza, J. P., Kuruppu, J., Kuntsman, K., Wollinsky, S., Grossman, Z.,
Dybul, M., Oxenius, A., Price, D. A., Connors, M., and Koup, R. A. 2002,
HIV preferentially infects HIV-specific CD4™ T cells. Nature, 417: 95-98.

Dunham, S. P., Flyan, J. N., Rigby, M. A., Macdonald, J., Bruce, J., Cannon, C.,
Golder, M. C., Hanlon, L., Harbour, D. A., and Mackay, N. A. 2002.
Protection against fclinc immunodeficicncy virus using replication defective
proviral DNA vaccines with feline interleukin-12 and -18. Vaccine, 20: 1483-
1496.

Elder, J. H., McGee, J. S., Munson, M., Houghton, R. A., Kloetzer, W., Bittle, J. L.,
and Grant, C. K. 1987. Localization of ncutralizing rcgions of the cnvclope
gene of feline leukaemia virus by using anti-synthetic peptide antibodics.
Journal of Virology, 61: 8-15.

Ellermann, V. and Bang, O. 1908. Experimentelle leuk&mie bei hiihnern.
Zentralbl. Bakteriol Parsitenkd Infectionskr. Hyg Abt.Orig., 46: 595-609,

Engelman, R. W., Fulton, R. W., Goad, R.A., and Day, N. K. 1984. Suppression of
gamma interferon production by inactivated feline lenkaemia virus. Science,
227: 1368-1370.

Essex, M., Cotter, S., Sliski, A., Hardy, W, D., Stephenson, J. R., Aaronson, S. A,
and Jarrett, O, 1977. Horizontal transmission of feline leukemia virus under

natural conditions in a feline leukemia cluster household. International
Journal of Cancer, 19: 90-96.

Hssex, M. 1982. Adult T-cell leukaemia-lymphoma: role of a human retrovirus.
Journal of the National Cancer Institute, 69: 981-985,

Fan, H. 1993, Retroviruses and their Role in Cancer, pp 313-362 in I. A. Levy,
editor. The Retroviridae. Volume 3. Plenum Press, New York.

Farrar, M. A. and Schreiber, R. D. 1993. The molecular ccll biology of interferon-y
and its receptor. Annual Review of Immunology, 11: 571-611.

Favre, N., Bordmann, G., and Rudin, W. 1997. Comparison of cytokine
measurements using ELISA, ELISPOT and semi-quantitative RT-PCR.
Journal of Immunological Methods, 204: 57-66.

Fiorentino, D. F., Bond, M. W., and Mosmann, T. R. 1989. Two types of mouse T
helper cell. IV. Th2 cloncs secrete a factor that inhibits cytokine production
by Thl clones. Journal of Experimental Medicine, 170: 2081-2095.

187



Fitzpatrick, D. R., Shirley, K. M., McDonald, L. E., Bielefeldt-Ohmann, H., Kay, G.
F., and Kelso, A. 1998. Distinct methylation of the interferon v (1FN-y) and
interleukin-3 (IL-3) genes in newly activaled primary CD8" T lymphocytes:
regional IFN-y promoter demethylation and mRNA expression are heritable
in CD44"¥" CDS'T cells. Journal of Experimental Medicine, 188: 103-117.

Flynn, J. N., Keating, P. K., Hosie, M. J., Mackett, M., Stephens, E. B., Beatty, J. A.,
Neil, J. C., and Jarrett, O. 1996. Env-specific CTL predominate in cats
protected from feline immunodeficiency virus infection by vaccination.
Journal of Immunology, 157: 3658-3065.

Flynn, J. N., Cannon, C. A., Sloan, D., Neil, J. C., and Jarrett, O. 1999. Suppression
of feline immunodeficiency virus replication in vitro by a soluble factor
secreted by CD8" T lymphocytes. Imnunology, 96: 220-229.

Flynn, J. N., Hanlon, L., and Jarrett, O. 2000a. Feline leukaemia viruses: protective
immunity is mediated by virus-specific cytotoxic T lymphocytcs.
Immunology, 101: 1-10.

Flynn, J. N., Hosie, M. J., Rigby, M. A., Mackay, N., Cannon, C. A., Dunsford, T.,
Neil, J. C., and Jarrett, O. 2000b. Factors influencing cellular immune
responses lo feline immunodeficiency virus induccd by DNA vaccination.
Vaccine, 18: 1118-1132.

Flynn, J. N., Dunham, 8. P., Mueller, A., Cannon, C. A., and Jarrett, O. 2002a.
Involvement of cytolytic and non-cytolytic T cells in the control of feline
immunodeficiency  virus  infection. Veterinary Immunology and
Immunopathology, 85: 159-170.

Flynn, J. N., Dunham, S. P., Watson, V., and Jarrett, O. 2002b. Longitudinal analysis
of feline leukaemia virus-specific cytotoxic T lymphocytes: correlation with
recovery from infection. Journal of Virology, 76: 2306-2315

Francis, D. P., Essex, M., and Hardy, W. D. 1977. Excretion of feline leukaemia
virus by naiurally infected pet cats. Nature, 269 252-254.

Francis, D. P., Cotter, S. M., Hardy, W. D., and Essex, M. 1979. Comparison of
virus-positive and virus-negative cases of feline leukaemia and lymphoma.
Cancer Research, 39: 3866-3870.

Froebel, K. S., Pakker, N. G., Aiuti, F., Bofill, M., Choremi-Papadopoulou, H.,
Economidou, J., Rabian, C., Roos, M. T. L., Ryder, L. P., Miedema, F., Raab,
G. M., and Buropean Conceried Action on Immunological and Virological
Markers of HIV Discasc Progression. 1999. Standardisation and quality
assurance of lymphocyte proliferation assays for use in the assessment of
immune function, Journal of Immunological Methods, 227: 85-97.

Fujiwara, T., Oda, K., Yokota, Y., Takatsuki, A., and Tkehara, Y. 1988. Brefeldin A
causcs disassembly of the Golgi complex and accumulation of secretory

proteins in the endoplasmic reticulum. Journal of Biological Chemistry, 263:
18545-18552.

188




Fuller, L., Carreno, M., Esquenazi, V., Zucker, K., Zheng, S., Roth, D., Burke, G.,
Ncry, J., Asthana, D., and Olson, L. 1994. Characterization of anti-canine
cytokine monoclonal antibodies specific for IFN-gamma: effect of anti-IFN-
gamma on renal transplant rejection, Tissue Antigens, 43: 163-169.

Gallimore, A., Glithero, A., Godkin, A., Tissott, A. C., Ellioit, T., Hengartner, H.,
and Zinkemagel, R. M. 1998, Induction and exhaustion of lymphocytic
choriomeningitis virus-specific cytotoxic T lymphocytes visualized using
soluble tetrameric major histocompatibility complex class I-peplide
complexes. Journal of Experimental Medicine, 187: 1383-1393,

Gardner, M. B., Rasheed, S., Rongey, R, W., Charman, H. P., Alena, B., Gilden, R.
V., and Huebner, R. J. 1974. Natural expression of feline type-C virus
genomes. Prevalence of detectable FeLV and RD-114 GS antigen, typc -C
particles and infectious virus in postnatal and foetal cats. International
Journal of Cancer, 14: 97-105.

Gatei, M. H., Naif, H. M., Kumar, 8., Boyle, D. B., Daniel, R. C., Good, M. F., and
Lavin, M. F. 1993. Protection of sheep against bovine leukemia virus (BLV)
infection by vaccination with recombinant vaccinia viruses cxpressing BLV
envelope glycoproteins; correlation of protection with CD4 T-ccll response to
ep51 peptide 51-70. Journal of Virology, 67: 1804-1810.

Geering, G.; Hardy, W. D.; Old, L. J.; De Harven, E.; Brodey, R. S. 1968. Shared
group-specific antigen of murine and feline leukacmia viruses. Virology,
36:678-680.

Grant, C. K., DeBoer, D. I., Essex, M., Worley, M. B., and Higgins, J. 1977,
Antibodies from healthy cats exposed to feline leukaemia virus lyse feline

lymphoma cells slowly with cat complement. Journal of Immunclogy, 119:
401-406.

Grant, C. K., Essex, M., Pedersen, N. C., Hardy, W. D., Stephenson, J. R., Cotter, S,
amct Theilen, G. 1978, Lysis of feline lymphoma cells by complement-
dependent antibodies in feline leukcmia virus contact cats, Correlation of
lysis and antibodies to feline oncornavirus-associaled cell membrane antigen.
Journal of the National Cancer Institute, 60: 161-166.

Grant, C. K., Pickard, D. K., Ramaika, C., Madewell, B. R., and Essex, M. 1979,
Complement and tumor antibody levels in cats, and changes associated with

nalural feline leukacmia virus infection and malignant disease. Cancer
Research, 39: 75-81.

Grant, C. K., Ernisse, B. J., Jarrett, O., and Jones, F. R, 1983. Feline leukaemia virus
envelope gp70 of subgroups B and C defined by monoclonal antibodies with

cytotoxic and neutralizing functions. Journal of fmmunology, 131: 3042-
3048.

Gray, D. and Skarvall, H. 1988. B-cell memory is short-lived in the absence of
antigen. Nature, 336: 70-72.

189




Green, S. I., Crawford, R. M., Hockmeyer, J. T., Meltzer, M. S., and Nacy, C. A.
1990. Leishmania major amastigotes initiate the L-arginine-dependent killing
mechanism in IFN-gamma-stinulated macrophages by induction of tumor
necrosis factor-alpha. Journal of Immunology, 145: 4290-4297.

Gross, L. 1951, 'Spontaneous' leukaemia developing C3H mice following inoculation
in infancy, with Ak-leukaemic extracts or AK-embryos. Proceedings of the
National Academy of Science, USA, 76: 27-32.

Hanke, T., Samuel, R. V., Blanchard, T. J., Neumann, V. C., Allen, T. M., Boyson, I.
E., Sharpe, S. A., Cook, N., Smith, G. L., Watkins, D. L., Cranage, M. P., and
McMichael, A. J. 1999. Effective induction of simian immunodeficiency
virus-specific cytotoxic T lymphocyles in macaques by using a multiepitope
gene and DNA prime-modified vaccinia virus Ankara boost vaccination
regimen. The Journal of Virology, 73: 7524-7532.

Hanlon, L., Argyle, D., Bain, D., Nicholson, L., Dunham, S. P., Golder, M. C,,
McDonaid, M., McGillivray, C., Jarrett, O., Neil, J. C., and Onions, D. E.
2001. Feline leukaemia virus DNA wvaccine efficiency is enhanced by
coadministration with interleukin-12 (IL-12) and IL-1§ expresston vectors,

Journal of Virology, 75: 8424-8433.

Hardy, W. D., Geering, G., Old, L. J., De Harven, E., Brodey, R. S., and
McDonough, S. 1969. Feline leukaemia virus: occurrence of viral antigen in

the tissues of cats with lymphosarcoma and other diseases. Scierce, 166:
1019-1021.

Hardy, W. D., Old, L. J., Hess, P. W., Esscx, M., and Cotter, S. 1973. Horizontal
transmission of feline leukacmia virus. Nature, 244: 266-269

Hardy, W. D., Hess, P. W., MacEwan, G., McClelland, A. J., Zuckerman, E. E.,
Essex, M., Cotter, S. M., and Jarrett, O. 1976. Biology of feline leukaemia
virus in the natural environment. Cancer Research, 36: 582-588.

Hardy, W. D., McClelland, A. J., Zuckerman, E. E., Sayder, H. W., MacEwen, J. G.,
Francis, D. P., and Essex, M. 1980. Dcvelopment of virus non-producer
lymphosarcomas in pet cats exposed to FcLV. Nature, 288: 90-92.

Hardy, W. D. 1¥81a. Feline leukaemia virus non-neoplastic diseases. Journal of the
American Animal Hospital Association, 17: 941-949.

Hardy, W. D. 1981b. Haematopoietic tumours of cals. Journal of the American
Animal Hospital Association, 17: 921-940.

Hardy, W. D. 1993. Teline Oncoretroviruses. pp 109-180 in J. A. Levy, editor. The
Retroviridae. Volume 2. Plenum Press, New York.

Haseltine, W. A., Sodroski, J., and Terwilliger, L. 1989. Replication and
Pathogenesis of HIV-1 Retrovirus Relevant to Drug Design, pp 159-181 in H,
Hanafusa, A. Pinter, and M. E. Pullman, editors. Retroviruses and Disease.
Acuademic Press, Inc., New York.

190



Hasenkrug, K. J. and Chesebro, B. 1995, Passive immunotherapy for retroviral
disease: influence of major histocompatibility complex type and T-cell
responsiveness. Proceedings of the National Academy of Science, USA, 92:
10492-10495.

Hasenkrug, K. J., Brooks, D. M., Nishio, JI., and Chesebro, B. 1996. Differing T-cell
requirements for recombinant retrovirus vaccines. Journal of Virology, 70:
368-372.

Hasenkrug, K. and Chesebro, B. 1997. Immunity to retroviral infection: the Friend
virus model. Proceedings of the National Academy of Science, USA, 94:
7811-7816.

Hawks, D. M., Legendre, A. M., Rohrbach, B. W., Sebring, R., Chavez, L., Chu, H.-
1., and Acree, W. M. 1991. Antibody response of kittens after vaccination
followed by exposure to feline leukaemia virus-infected cats. Journal of the
American Veterinary Medicine Association, 199: 1463-1469.

Hayes, K. A., Rojko, J. L., Tait, M. 1, Polas, P. ], Olsen, R. G., and Mathes, L.
1989. Atypical localised viral expression in 4 cat with feline leukaemia.
Veterinary Record, 124: 344-346,

Hebebrand, L. C., Mathes, L. E., and Olsen, R. G. 1977. Inhibition of concanavalin
A stimuiation of feline lymphocytes by inactivated feline leukaemia virus.
Cancer Research, 37: 4532-4533.

Hebebrand, L. C., Olsen, R. G., Mathes, L. E., and Nichols, W. S. 1979, Inhibition of
human lymphocyte mitogen and antigen response by a 15,000-Dalton protein
from feline lenkaemia virus. Cancer Research, 39: 443-447.

Hochrein, H., Shortman, X., Vremec, D., Scott, B., Hertzog, P., and O'Keefe, M.
2001. Differential production of IL-12, IFN-c and IFN-y by mouse dendritic
cell subsets. Journal of Immunology, 166: 5448-5455,

Hofmann-Lehmann, R., Huder, J. B., Gruber, S., Boretti, F., Sigrist, B., and Lutz, .
2001. Feline leukaemia provirus Joad during the course of experimental

inlection and in naturally infected cats. Journal of General Virology, 82:
1589-1596.

Hoover, E. A.; Kociba, G. I.; Hardy, W. D.; Yohn, D. S. 1974, Erythroid hypoplasia
in cats inoculated with feline leukaemia virus. Journal of the National Cancer
Institute, 83:1271-1276.

Hoover, E. A., Olsen, R. G., Hardy, W. D., Schallet, J. P., and Mathes, L. E. 1976.
Felinc leukacmia virus infection: age-related variation in response of cats to
experimental infcction. Journal of the National Cancer Institute, 87: 365-369.

Hoover, E. A., Olsen, R. G., Hardy, W. D., and Schaller, J. P, 1977a. Horizontal
transmission of felinc leukemia virus under experimental conditions. Journal
of the National Cancer Institute, 58: 443-444,

191



Hoover, E. A., Olsen, R. G., Mathes, L. E., and Schaller, J. P. 1977b. Relationship
between feline leukaemia virus antigen expression and viral infectivity in
blood, bone marrow, and saliva of cats. Cancer Research, 37: 3707-3710.

Hoover, E. A., Rojko, J. L., Wilson, P. L., and Olsen, R. G. 1981. Determinants of
susceptibility and resistance to feline leukaemia virus infection. 1. Role of
macrophages. Journal of the National Cancer Institute, 67: 889-898.

Hoover, E. A., Mullins, J. I, Quackenbush, S. I., and Gasper, P. W. 1987.
Experimental transmission and pathogenesis of immunodeficiency syndrome
in cats. Blood, T0: 1880-1892,

Hoover, E. A. and Mullins, J. I. 1991, Feline leukaemia virus infection and discase.
Journal of the American Veterinary Medicine Association, 199: 1287-1297.

Hosie, M. J., Robertson, C., and Jarrett, O. 1989. Prevalence of feline leukaemia
virus and antibodies to felinc immunodeficiency virus in cats in the United
Kingdom. Veterinary Record, 128: 293-297.

Hosie, M. J., Flynn, J. N., Rigby, M. A,, Cannon, C. A., Dunsford, T., Mackay, N.,
Argyle, D., Willett, B., Miyazawa, T., Ontons, D., Jarrett, O., and Neil, J. C,
1998. DNA vaccination affords significant ptrotection against feline
immunodeficiency virus infection without inducing detectable antiviral
antibodies. Journal of Virology, 72: 7310-7319.

Hosie, M. J., Dunsford, T., Klein, D., Willett, B. J., Cannon, C., Osborne, R.,
Macdonald, J., Spibey, N., Mackay, N., Jarrett, O., and Neil, J. C. 2000.
Vaccination with inactivated virns but not viral DNA reduces virus load
following challenge with a heterologous and virulent isolate of feline
immunaodeficiency virus., Journal of Virology, 74: 9403-9411.

Fu, W. S. and Temin, H. M. 1990. Rctroviral recombination and reverse
transcription. Science, 250: 1227-1233,

Huebner, R, J. and Todare, G. J. 1969. Oncogenes of RNA tumor viruses as
determinants of cancer. Proceedings of the National Academy of Science,
USA, 64: 1087-10%94.

Inaha, K., Metlay, J., Crowlcy, M., and Steinman, R. 1990. Dendritic cells pulsed
with protein antigens can prime antigen-specific MHC-restricted T cells in
situ. Journal of Experimental Medicine, 172: 631-640.

Jarrett, O., Laird, H. M., lay, D., and Crighton, G. W. 1968. Replication of cat
leukaemia virus in cell cultures, Nature, 219: 521-522.

Jarrett, O., Laird, H. M., and Hay, D. 1972. Restricted host range of a feline
lecukacmia virus. Nature, 238: 220-221.

Jarrett, O., Laird, H. M., and Hay, D. 1973. Determinants of the host range of feline
leukaemia viruses. Journal of General Virology, 20: 169-175.

192




Jarrett, O., Russell, P. H., and Stewart, M. F. 1977. Protection of kittens from feline
leukaemia virus infection by maternally-derived antibody. Veterinary Record,
101 304-305.

Jarrett, O., Hardy, W. D., Golder, M. C., and Hav, D. 1978. The frequency of
accurrence of feline leukaemia virus subgroups in cats. International Journal
of Cancer, 21: 334-337

Jarrett, O. and Russell, P. H. 1978. Differential growth and fransmission in cats of
feline lcukaemia viruses of subgroups A and B. International Journal of
Cancer, 21: 466-472.

Tarrett, Q., Golder, M. C., and Stewart, M. F. 1982a. Detection ol transient and
persistent feline leukaemia virus infection. Veterinary Record, 110: 225-228

Jarrett, O., Golder, M. C., and Weijcr, K. 1982b. A comparison of three methods of
feline leukaemia virus diagnosis. Veterinary Record, 110: 325-328.

Jarrett, O., Golder, M. C., Toth, S., Onions, D., and Stewarf, M. A. 1984, Interaction
between feline leukaemia virus subgroups in the pathogencsis of crythroid
hypoplasia. International Journal of Cancer, 34: 283-288.

Jarrett, O. and Ganiére, J.-P. 1996. Comparative studies of the efficacy of a
recombinant feline leukaemia virus vaccine. Veierinary Record, 138: 7-11.

Jarrett, O. 1999. Strategies of retroviral survival in the cat. Veterinary Microbiology,
69: 99-107.

Jarrett, O. 2001, Feline leukaemia virus. Encyclopedia of Life Sciences, www .els.net.

Jarrett, W, F. H,, Crawford, E. M., Martin, W, B., and Davie, F. 1964a. A virus-like
particle associated with leukaemia (lymphosarcoma). Nature, 202: 567-569.

Jarreit, W. F. M., Martin, W. B., Crighton, G. W, Dalton, R. G., and Stewart, M. F.
1964b. Leukaemia in the cal: lransmission experiments with leukacmia
(lymphosarcoma). Nature, 202: 566-567.

Jin, X., Bauer, D. E., Tuttleton, S, E., Lewin, S., Gettie, A., Blanchard, J., Irwin, C.
E., Safrit, J. T., Mittler, J.,, Weinberger, L., Kosirikis, L. G., Zhang, L.,
Peralson, A. S., and Ho, D. D. 1999. Dramaltic rise in plasma viraemia after
CD8* T cell depletion in simian immunodeficiency virus-inlected macaques.
Journul of Experimental Medicine, 189: 991-998.

Jones, M., Cordell, J. L., Beyers, A. D., Tse, A. G. D., and Mason, D. Y. 1993,
Detection of T and B cells in many animal species using cross-teactive anti-
peptide antibodies. Journal of Immunology, 150. 5429-5435.

Jones, S. M., Moors, M. A, Ryan, Q., Klyczek, K. K., and Blank, K. J. 1992, Altercd
macrophage anligen-presenting cell function following Friend leukemia virus
infection. Viral Immunology, 5: 201-211.

193



http://www.els.net

Jung, T., Schauer, U., Heusser, C., Ncumann, C., and Rieger, C. 1993, Dctcction of
intracellular cytokines by flow cytometry. Journal of Immunological
Methods, 159: 197-207.

Kahn, D. E., Mia, A. S,, and Tierney, M. T. 1980. Field evaluation of Leukassay*F,
an FeLV detection test kit. Feline Practice, 10: 41-45.

Kakazu, T., Hara, J., Matsumoto, T., Oshitani, N., Arakawa, T., Kitano, A.,
Nakatani, K., Kinjo, F., and Kuroki, T. 1999, Type 1 T-helper cell
predominance in granulomas ol Crohn's disease. Awmerican Journal of
Guastroenterology, 94: 2149-2155.

Kalams, S. A., Buchbinder, 8. P., Rosenberg, L. S., Billingsley, I. M., Colbert, D. S,,
Joncs, N. G., Trocha, A. K., and Walker, B. D. 1999. Association between
virus-spccific cytotoxic T-lymphocyle and helper responscs in human
immunodeficiency virus type 1 infection. Journal of Virology, 73: 6715-
6720.

Katz, R. A. and Skalka, A. M. 1994. The Retroviral Enzymes. Annual Review of
Biochemistry, 63: 133-173.

Kaul, R., Plummer, F. A., Kimani, J., Dong, T., Kiama, P., Rostron, T., Njagi, E.,
MacDonald, K. S., Bwayo, J. J., McMichael, A. J., and Rowland-Jones, S. L.
2000. HIV-1 specific mucosal CD8" lymphocyte responses in the cervix of
HIV-1-resistant prostitutes in Nairobi. Journal of Immunology, 164: 1602-
1611.

Kawakami, T. G., Theilen, G. H., Dungworth, D. L., Munn, R. J,, und Beal], S. G.
1967. "C'-type viral particles in plasma of cats with feline leukaemia.
Science, 158: 1049-1050.

Keller, P. and Freudiger, U. 1983. Atlas of Hematology of the Dog and Cat. Paul
Parey, Beilin and Hamburg.

Kelso, A. 1995. Thl and Th2 subsets: paradigms lost? Immunology Today, 16: 374-
379.

Kemp, K., Theander, T. G., Hviid, L., Garfar, A., Kharazmi, A., and Kcmp, M. 1999.
Interferon-y and tumour necrosis factor-a-producing cells in humans who are

immune to cutaneous leishmaniasis. Scandinavian Journal of Immunology,
49: 655-659.

Kerr, M. G. and Smith, K. 1. D. 1995. Detection of FelLV antigen by indirect
immunofluorescence in ELISA/CITE negative cats. Veterinary Record, 136:
516-518.

Khan, A. §. and Stephenson, J. R. 1977. Feline leukaemia virus: biochemical and
immunological characterization of gag gene-coded structural proteins.
Journal of Virology, 23: 599-607.

194



Kimura, A. and Ersson, B. 1981. Activation of T lymphocytes by lectins and
carbohydrate-oxidizing reagents viewed as an immunological recognition of
cell-swiface modifications seen in  the context of ‘"sclf" major
histocompatibility complex antigens. European Journal of Immunology, 11:
475-483.

Kipar, A., Kremendahl, J., Grant, C. K., von Bothmer, 1., and Reinachcr, M. 2000.
Expression of viral proteins in feline lenkaemia virus-associated cnteritis.
Veterinary Pathology, 37: 129-136.

Klenerman, P., Hengartner, H., and Zinkernagel, R. M. 1997. A non-rctroviral RNA
virus persists in DNA form. Nature, 390: 298-301.

Kohler, G. and Milstein, C. 1992. Continuous cultures of fused cells secreting
antibody of predefined specificity. 1975. Biotechnology, 24: 524-526.

Kohno, K., Kataoka, J., Ohtsuki, T., Suemoto, Y., Okamoto, L., Usui, M., Ikeda, M.,
and Kurimoto, M. 1997. IFN-y-inducing factor (IGIF) is a costimulatory
factor on the activation of Thl but not Th2 cells and exerts its effect
independently of 1L-12. Journal of Immunology, 158: 1541-1550.

Koshy, R., Wong-Staal, F., Gallo, R. C., Hardy, W. D., and Essex, M. 1979.
Distribution of feline leukaemia virus DNA sequences in tissues of normal
and leukaemic domestic cats. Virology, 99: 135-144,

Koshy, R., Gallo, R. C., and Wong-Staal, F. 1980. Characterization of the
endogenous Tfeline leukemia virus-related DNA sequences in cats and
attempts to identify exogenous viral sequences in tissues of virus-negative
leukaemic animals. Virology, 103: 434-445.

Koup, R, A., Safrit, J. T., Cao, Y., Andrews, C. A, McLeod, G., Borkowsky, W.,
Farthing, C., and Ho, D. D. 1994, Temporal association of cellular immune
responses with the initial control of viremia in primary human
immunodeficiency virus type 1 syndrome. The Journal of Virology, 68: 4650-
4655.

Kovacevic, S., Kipar, A., Kremendahl, J., Teebken-Schuler, D., Grant, C, K., and
Reinacher, M. 1997. hnmunchistochemical diagnosis of feline leukaemia

virus infection in formalin-fixed tissue. Euwropean Journal of Veterinary
Pathology, 3: 13-19.

Kuroda, M. J., Schmitz, J. E., Barouch, D. H., Craiu, A., Allen, T. M., Sette, A.,
Watkins, D. I, Forman, M. A., and Letvin, N. L. 1998. Analysis of gag-
specific cytotoxic T lymphocytes in simian immunodeficiency virus-infected
thesus monkeys by cell staining with a tetrameric major histocompatibility

complex class I-peptide complex. Journal of Experimental Medicine, 187:
1373-1381.

195




Kuroda, M. J., Schmitz, J. E., Charini, W. A., Nickerson, C. E., Lifton, M. A., Lord,
C. L., Forman, M. A., and Letvin, N. L. 199Y. Emergence of CTL coincides
with clearance of virus during primary simian immunodeficiency virus
infection in rhesus monkeys. Journal of Immunology, 162: 5127-5128.

Laemmli, U. K. 1970. Clcavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature, 227 680-685.

Lafrado, L. J. 1984, Evaluation of a feline leukemia virus vaccine in a controlled
natural transmission study. Journal of the American Animal Hospital
Association, 204: 914-917.

Lafrado, 1. J. and Olsen, R. G. 1986, Demonstration of depressed
polymorphonuclear leukocyte function in nonviraemic FeLV-infected cats.
Cancer Investigation, 4: 297-300.

Latrado, L. J., Lewis, M. G., Mathes, I.. E., and Olsen, R. G. 1987. Suppression of in
vitro ncutrophil function by feline leukaemia virus (FeLV) and purified
FcLV-p1SE. Journal of General Virology, 68: 507-513.

Laird, H. M., Jarrett, W. F. H., Jarrett, O., and Crighton, G. W. 1967. Virus-like
particles in three field cases of feline lymphosarcoma. Veterinary Record, 80:
606.

Lapierre, L. A., Fiers, W., and Pober, I. S. 1988. Three distinct classcs of regulatory
cytokines control endothelial cell MHC antigen expression. Journal of
tixperimental Medicine, 167: 794-804.

Latimer, K. S. 1995. Leukocytes in Health and Disease, pp 1892-1929 in S. I
Ettinger and E. C. Feldman, editors. Textbook of Veterinary Internal
Medicine. W.B. Saunders Company, Philadelphia.

Lawrence, C. E., Callanan, J. [, and Jarrell, O. 1992. Decreased mitogen
responsiveness and clevated tumour necrosis factor production in cats shortly
after feline immunodeficicncy virus infection. Veterinary Immunology and
Immunopathology, 35: 51-59.

Lederman, M. M., Connick, E., Landay, A., Kuritzkes, D. R., Spritzler, J., St Clair,
M., Kotzin, B. L., Fox, L., Chiozzi, M. I1., Leonard, J. M., Rousscau, F.,
Wade, M., D'Arc Roe, J., Martinez, A., and Kessler, H. 1998, Immunologic
responses associated with 12 weeks of combinational antiretroviral therapy
consisting of zidovudine, lamivudine, and ritonavir: results of AIDS clinical
trial group protocol 315. Journal of Infectious Diseases, 178: 70-79.

Lefrancois, L. and Masopust, D. 2002, T cell immunity in lymphoid and non-
lymphoid tissues. Current Opinion in Immunology, 14: 503-508,

Levin, J. G, Hu, S. C., Rein, A., Messer, L. 1., and Gerwin, B. 1. 1984, Murinc
Jeukaemia virus mutant with a frameshift in the reverse transcriptase coding
region: implications for pol gene structure. Journal of Virology, 51. 470-478.

196




Levin, R., Ruscetti, S., Parks, W. P., and Scolnick, Ii. M. 1976. Expression of feline
type-C virus in normal and tumor tissues of the domeslic cat. International
Journal of Cancer, 18: 661-671.

Levy, J. AL 2001, The importance of the innate immune system in controlling HIV
infection and discasc. Treads in Immunology, 22: 312-316.

1evy, L. S., Gardner, M. B., and Casey, J. W. 1984. Isolation of a feline leukaemia
provirus cootaining the oncogene myc from a feline lymphosarcoma. Nature,
308: 853-856.

lewis, M. G., Duska, G. O., Stff, M. 1., Lafrado, L. J., and Olsen, R. G. 1986.
Polymorphonuclear leukocyte dysfunclion associated with feline lenkaemia
virus infection. Journal of General Virology, 67: 2113-2118.

Liang, Y., Hudson, L. C., Levy, J. K,, Ritchley, J. W., Tompkins, W. A. F., and
Tompkins, M. B. 2000. T cells overexpressing interferon-y and interleukin-10
are found in both the thymus and secondary lymphoid tissues of feline
tmmunodeficiency virus-infected cats. Journal of Infectious Discases, 181:
564-575.

Licberman, J., Shankar, P., Manjunath, N., and Andersson, J. 2001. Dressed to kill?
A review of why antiviral CD8 T lymphocytes fail to prevent progressive
immunodeficiency in HIV-1 inlection. Blood, 98: 1667-1677.

Lifson, J. D., Rossic, J. L., Arnaout, R., Li, L., Parks, T. L., Schneider, D. K., Kiser,
R. F., Coalier, V. J., Walsh, G., Imming, R. J., Fisher, B., Flynn, B. M,,
Bischofberger, N., Piatak, M., Ilirsch, V. M., Nowak, M. A., and Wodarz, D.
2000. Containment of simian immunodeficiency virus infection: cellular
immune responses and prolecltion from rechallenge following transient
postinoculation antiretroviral treatment. Journal of Virology, 74: 2584-2593.

Lin, W. T., Good, R. A., Trang, L. Q., Engelman, R. W., and Day, N. K. 1984,
Remission of leukaemia and ioss of feline leukaemia virus in cats injected
with Staphylococcus protein A: association with increased circulating

interferon and complement-dependent cytotoxic antibody. Proceedings of the
National Academy of Science, USA, 81: 6471-6475.

Lin, Y.-1., Xu, J., de Bouteiller, O., Parham, C., Grouard, G., Djossou, O., de Saint-
Vis, B., Lebecque, S., Banchereau, J., and Moore, K. 1997. Follicular
dendritic cells specifically express the long CR2/CD21 isoform. Journal of
Experimentul Medicine, 185: 165-170.

Loar, A. S. 1993. Feline leukemia virus. Immunization and prevention. Veterinary
Clinics of North America: Small Animal Practice, 23: 193-211.

Lu, L., Zhou, Z., Wu, B., Xiao, M., Shen, R.-N., Wiltiams, D. E., Kim, Y.-I., Kwon,
B. S., Ruscettt, S., and Broxmeyer, H. E. 1992. Influence of recombinant
human interleukin (IL)-7 on disease progression in mice infected with Friend
virus complex. International Journal of Cancer, 52: 261-265.

197



Luciw, P. A. and Leung, N. J. 1992. Mechanisms of Retroviral Replication, pp 159-
208 in J. A, Levy, editor. The Retroviridae. Volume 1. Plenum Press, New
York.

Lutz, H., Pedersen, N. C., Harris, C. W,, Higgins, J., and Theilen, G. H. 1980a.
Detection of feline leukaemia virus infection. Feline Practice, 10: 13-23.

Lutz, H., Pedersen, N. C., Higgins, J., Hibscher, U., Troy, E. A., and Theilen, G. H.
1980b. Humoral immune reactivity to feline lenkaemia virus and associated
antigens in cats naturally infected with feline leukacmia vitus. Cancer
Research, 40: 3642-3651.

Lutz, I1., Pedersen, N. C., and Theilen, G. H. 1982, Course of feline leukaemia virus
infection and its dctcction by enzyme-linked immunosorbent assay and
monoclonal antibodies. American Journal of Veterinary Research, 44. 2054-
2059.

Lutz, H., Pederscn, N. C., Durbin, R., and Theilen, G. H. 1983. Monoclonal
antibodies to three epitopic regions of feline leukemia virus p27 and their use

in enzyme-linked immunosorbent assay of p27. Journal of Immunological
Methods, 56: 209-220.

Macatonia, 5., Knight, S., Edwards, E., Griffiths, S., and Fryer, P. 1987. Localization
of antigen on lymph node deudritic cells after exposure to the contact
sensitizer ltuorescein isothiocyanate. Journal of Experimental Medicine, 166:
1654-1667.

Mackey, L., Jarrett, W., Jarret, O., and Laird, H. 1975. Anemia associated with
feline leukaemia virus infection in cats. Journal of the National Cancer
Institute, 54: 209-217.

Madewell, B. R. and Jarrett, O. 1983, Recovery of feline leukaemia virus from non-
viraemic cats. Veferinary Record, 112: 339-342.

Mager, A., Masengo, R., Mammericks, M., and Letesson, J.-I. 1994. T cell
proliferative response to bovine leukaemia virus (BLV): identification of T
cell epitopes on the major core protein (p24) in BLV-infected cattle with
normal haematological values. Journal of General Virology, 78: 2223-2231.

Maggi, E., Parronchi, P., Manetti, R., Simnonelli, C., Piccinni, M.-P., Santonio Rugiu,
F., de Carli, M., Ricci, M., and Romagnani, S. 1992. Reciprocal regulatory
effects of IFN-y and IL-4 on the in vitro development of human Thl and Th2
clones. Journal of Immunology, 148: 2142-2147

Maggi, E., Mazzetti, M., Ravina, A., Annunziato, F., de Carli, M., Piccinni, M.-P.,
Manetti, R., Carbonari, M., Pesce, A. M., Del Prete, G., and Romagnani, S.
1994. Ability of HIV to promote a TH1 to THO shift and replicate
preferentially in TH2 and THO cells. Science, 265: 244-248.

Marciani, C. J., Kensil, C. R, Beltz, G. A., Hung, C., Cronier, J., and Aubert, A.
1991. Genctically-engineered subunit vaccine against feline leukaemia virus:
protective immune responses in cats. Vaccine, 9: 89-96.

198




Mason, D. Y. and Sammons, R. 1978. Alkaline phosphatase and peroxidasc for
double immunoenzymatic labelling of cellular constituents. Journal of
Clinical Pathology, 31: 454-460.

Mason, D. Y., Cordell, J. L., Tsc, A. G. D., van Dongen, J. J. M., van Noesel, C. J.
M., and Micklem, K. 1991. The IgM-associated protein mb-1 as a marker of
normal and ncoplastic B cells. Journal of Immunology, 147: 2474-2482.

Mason, J. T. and O'Leary, T. J. 1991. Effccts of formaldehyde fixation on protein
sccondary structure: a calorimelric and infrared spectroscopic investigation.
Journal of Histochemistry and Cytochemistry, 39: 225-229.

Mateu de Antonio, E., Husman, R. J., Hanscn, R., Lunney, J. K., Strom, D., Martin,
S., and Zuckermann, F. A. 1998. Quantitative detection of porcine interferon-
gamma in response to mitogen, superantigen and recall viral antigen.
Veterinary Immunology and Immunopathology, 61: 265-277,

Mathes, L. E., Olsen, R. G., Hebebrand, L. C., Hoover, E. A., and Schaller, J. P.
1978, Abrogation of lymphocyte blastogenesis by a felinc leukaemia virus
protein. Nature, 274: 687-689.

Mathes, L. E., Olsen, R. G., Hebebrand, L. C., Hoover, E. A., Schaller, 1. P., Adams,
P. W., and Nichols, W. S. 1979. Immunosuppressive properties of a virion
polypeptidc, a 15,000-dalton protein, from feline leukaemia virus. Cancer
Research, 39: 950-955.

Matloubian, M., Concepcion, R. J., and Ahmed, R. 1994. CD4" T cells are required
to sustain CD8" cytotaxic T-cell responses during chronic viral infection.
Journal of Virelogy, 68: 8056-8063.

Matthews, T. J., Langlois, A. J., Robey, W. G., Chang, N. T., Gallo, R. C,
Fischinger, P. J., and Bolognesi, D. P. 1986. Restricted neutralisation of
divergent human T-lymphotropic virus type III isolates by antibodies to the
major envelope glycoprotein. Proceedings of the National Academy of
Science, USA, 83: 9709-9713.

Mayo, M. A. and van Regenmaortel, M. H. V. 2000. ICTV and the Virology Division
News. Archives in Virology, 145: 1985-1988.

McAllister, R. M., Nicolson, M., Gardner, M. B., Rongey, R. W., Rasheed, S.,
Sarma, P. S., Huebner, R. J., Hatanaka, M., Oroszlan, S., Gilden, R. V.,
Kabigting, A., and Vernon, L. 1972. C-type vitus released from cultured
human rhabdomyosarcoma cells. Nature New Biology, 235: 3-6.

McKeating, J. A., Gow, J., Goudsmit, J., Pearl, L. H., Mulder, C., and Weiss, R. A.

1989. Characterization of HIV-1 neutralization escape mutants. AIDS
Research and Human Retroviruses, 3. 777-784.

McMichael, A. J. and O'Callaghan, C. A. 1998. A new look at T cells. Journal of
Experimental Medicine, 187: 1367-1371.

199




McMichael, A. J. and Rowland-Jones, S. L. 2001. Cellular immunc responses to
HIV. Nature, 410: 980-987.

Miedema, F., Petit, A. J. C., Terpstra, F. G., Eeftinck Schatienkerk, J. K. M., de
Wolf, F., Al, B. J. M., Roos, M., Lange, J. M. A., Danner, S. A., Goudsmit,
J., and Schellekens, P. T. A. 1988. Immunological abnormalities in human
immunodeficiency virus (HIV)-infected asymptomatic homosexual men.
Journal of Clinical Investigation, 82: 1908-1914.

Miyazawa, M., Nishio, J., and Chesebro, B. 1988. Genetic control of T cell
responsiveness to the Friend murine leukaemia virus envelope antigen.
Journal of Experimental Medicine, 168: 1587-1605.

Miyazawa, T., Nishio, J., and Chesebro, B. 1992. Protection against Friend
retrovirus-induced leukaemia by recombinant vaccinia viruses expressing the
gag gene, Journal of Virology, 66: 4497-4507.

Miyazawa, T. and Jarrett, Q. 1997. Feline leukaemia virus proviral DNA detecicd by
polymerase chain feaction in antigenaemic but non-viraemic ('discordant’y
cals. Archives in Virology, 142: 323-332.

Moretta, A., Bottino, C., Mingari, M. C., Biassoni, R., and Moretta, L. 2002a. What
is a natural killer cell? Nature Immunology, 3. 6-8

Moretta, L. Bottino, C., Pende, D., Mingari, M. C,, Biassoni, R., and Moretlta, A,
2002b. Human natural killer cells: their origin, reccptors and function.
European Journal of Immunology, 32: 1205-1211.

Morrison, R. P., Nishio, J., and Chesebro, B. 1986. Influence of the murine MHC (H-
2) on Friend leukaemia virus-induced immunosuppression. Jowrnal of
Experimental Medicine, 163: 301-314.

Mosmann, T. R., Cherwinski, H., Bond, M. W., Giedlin, M. A., and Coffman, R. L.
1986. Two types of murine helper T cell clone. 1. Definition according to

profiles of lymphokine activities and secreted proteins. Jowrnal of
Immunology, 136: 2348-2357.

Mosmann, T. R. and Coffman, R. L. 1989. Thl and Th2 cells: different patterns of
lymphokine secretion lead to different functional properties. Annual Review
of Immunology, T: 145-173.

Mullins, I. 1., Brody, D. S., Binari, R. C., and Cotter, S. M. 1984. Viral transduction
of c-mye gene in naturally occorring feline leukaemias. Nature, 308: 856-858.

Munder, M., Mallo, M., Eichmann, K., and Modolell, M. 1998. Murine macrophages
secrete interferon-y upon combined stimulation with interleukin (IL)-12 and

IL-18: a novel pathway of autocrine macrophage activation. Journal of
Experimental Medicine, 187: 2103-2108.

200




Musey, L. K., Krieger, J. N., Hughes, J. P., Schacker, T. W., Corey, L., and
McElrath, M. J. 1999. Early and persistent human immunodeficiency virus
type 1 (HIV-1)-specific T helper dysfunction in blood and lymph nodes
following acute HI1V-1 infection. Journal of Infectious Diseases, 180. 278-
284,

Neil, J. C., Onions, D. E., and Jarrett, O. 1980a. Polypeptides of feline lenkaemia
virus: identification of p15(E) and p12 (E). Journal of General Virology, 50:
455-460.

Neil, J. C., Smart, J. E., Hayman, M. J., and Jarrett, O. 1980b. Polypeptides of feline
leukaemia virus: a glycosylated gag-related protein is released inte culture
fluids. Virology, 105: 250-253.

Neil, J. C., Hughes, D., McFarlane, R., Wilkic, N. M., Onions, D. E., Lees, G., and
Jarrett, O. 1984. Transduction and rearrangement of the myc genc by feline
leukaemia virus in naturally occurring T-cell leukacmias. Nature, 308: 814-
820.

Neil, J. C. and Onions, D. 1985, Fcline leukacmia viruses: molecular biology and
pathogenesis. Anticancer Research, 5: 49-64.

Nick, S., Klaws, J., Fricbel, K., Birr, C., Hunsmann, G., and Bayer, H. 1990. Virus
neutralizing and enhancing epitopes characterized by synthetic oligopeptides
derived from the feline leukaemia virus glycoprofein sequence. Journal of
General Virology, 71: 77-83.

Nomura, L.E., Walker, J. M., Maecker, H.T. 2000. Optimization of whole blood
antigen-specific cytokine assays for CD4" T cells. Cytometry, 40:60-68.

Novick, D., Eshhar, Z., Fischer, D. G., Friedlander, J., and Rubinstein, M. 1983.
Monoclonal antibodies to human interferon-gamma: production, affinity
purification and radicimmunoassay. European Molecular Biology
Organization Journal, 2: 1527-1530.

Nylander, S. and Kalies, 1. 1999, Brefeldin A, but not monensin, completely blocks
CD69 expression on mousce leukocytes: efficacy of inhibitors of protein
secretion in protocols for intracellular cytokine staining by flow cytometry.
Journal of Immunological Methods, 224: 69-76.

O'Connor, T. E., Rauscher, F. J., and Zeigel, R. F. 1964. Density gradient
centrifugation of a murine leukaemia virus. Sciesice, 144: 1144-1147.

O'Shea, J. J. and Visconti, R. 2000. Type 1 interferons and rcgulation of TH1
responses:enigmas both resolve and emerge. Nature Inmunclogy, 1: 17-19,

Ogg, G. 8., Jin, X., Bonhoeffer, S., Dunbar, P. R., Nowak, M. A., Monard, S., Segal,
I. P, Cao, Y., Rowland-Jones, S. l., Cerundolo, V., Hurley, A., Markowitz,
M., Ho, D. D., Nixon, D. F., and McMichael, A. J. 1998. Quantitation of

HIV-1-specific cytotoxic T lymphocytes and plasma load of viral RNA.
Science, 279: 2103-2106,

201




Ohishi, K., Suzuki, H., Yamamoto, T., Maruyama, T., Miki, K., Ikawa, Y.,
Numakunai, S., Okada, K., Ohshima, K., and Sugimoto, M. 1991. Protective
immunity against bovine leukaemia virus (BLV) induced in carrier sheep by
inoculation with a vaccinia virus-BLV env recombinant: association with
cell-mediated immunity. Journal of General Virology, 72: 1887-1892.

Ohteki, T., Fukao, T., Suzuc, K., Maki, C., Ito, M., Nakamura, M., and Koyasu, S.
1999. Interleukin 12-dependent interferon y production by CD8a" lymphoid
dendritic cells. Jourrnal of Experimental Medicine, 189: 1981-1986.

Okamoto, Y., Abe, T., Niwa, T., Mizuhashi, S., and Nishida, M. 1998. Development
of a dual color enzyme-linked immunospol assay for simultancous detection

of murine T helper type 1- and T helper type-2 cells. Immunopharmacology,
39: 107-116.

QOkasinski, G. F. and Velicer, L. F. 1976. Analysis of intracelular feline leukaemia
virus proteins, Journal of Virolegy, 20: 96-106.

Olsen, C. W. 1993, A review of feline infectious peritonitis virus: molecular biology,
immunopathogenesis, clinical aspects, and vaccination. Veterinary
Microbiology, 36: 1-37.

Olsen, R. G., Hoover, E. A., Schaller, J. P., Mathes, L. E., and Wollf, L. H. 1977.
Abrogation of resistance to feline oncornavirus disease by immunization with
killed fclinc lcukacmia virus. Cancer Research, 37: 2082-20885.

Onions, D., Jarrett, O., Testa, N., Frassoni, F., and Toth, S. 1982, Sclective effect of
feline leukaemia virus on early erythroid precursors. Nature, 296: 156-158.

Orosz, C. G., Zion, N. E., Olsen, R. G., and Mathes, L. E. 1985. Retrovirus-mediated
immunosuppression. II. FeLV-UV altets in vitro murine T lymphocyte
behaviour by reversibly impairing lymphokine secretion. Jouwrnal of
Tmmunology, 135: 583-590.

Osterhaus, A., Weijer, K., Uytdehaag, F., Jarrett, O., Sundquist, B., and Morein, B.
1985. Induction of protective immune response in cats by vaccination with
feline leukemia virus iscom. Journal of Immunology, 135: §91-596.

Pacitli, A. M. und Jarrett, Q. 1985. Duration of the latent state in feline leukaemia
virus infections. Veterinary Record, 117: 472-474.

Pacitti, A. M., Jarrett, O., and Hay, D. 1986. Transmission of feline leukaemia virus
in the milk of a non-viraemic cat. Veterinary Record, 118: 381-384.

Palmer, B. E., Boritz, E., Blyveis, N., and Wilson, C. C. 2002. Discordance between
frequency of human immunodcficiency virus type 1 (HIV-1)-specitic gamma
interferon-producing CD4" T cells and HIV-1-specific lymphoproliferation in
HIV-1-infected subjects with active viral replication. Jowrnal of Virology, 76:
5925-5936.

202



Parwaresch, M., Radzun, H., Hansmann, M., and Peters, K. 1983. Monoclonal
antibody Ki-M4 specifically recogniscs human dendritic reticulum cells
(follicular dendritic cells) and their possible precursor in blood. Blood, 62:
585-590.

Pedersen, N. C., Theilen, G., Keane, M. A., Fairtbanks, L., Mason, T., Orser, B., Che,
C. H., and Allison, C. 1977. Studies of naturally transmitted feline leukemia
virus infection. American Journal of Veterinary Research, 38: 1523-1531.

Pedersen, N. C., Meric, S. M., Johnson, L., Plucker, S., and Theilen, G. 1984. The
clinical significance of latent feline leukaemia virus infection in cats. Feline
Practice, 14: 32-48.

Pedersen, N. C. 1987. Coronavirus Diseases (Coronavirus Enteritis, Feline Infectious
Peritonitis), pp 193-214 in J. Holzworth, editor. Diseases of the Cat. W.B.
Saunders, Philadeiphia.

Pedersen, N. C., Ho, E. W., Brown, M. L., and Yamamoto, J. K. 1987. Isolation of a
T-lymphotropic virus from domestic cats with an immunodeficiency-like
syndrome. Science, 238: 790-793

Pedersen, N. C. 1988. Feline Leukacmia Virus Infection, pp 83-106 in N. C.
Pcdersen, cditor. Feline Infectionus Diseases. American Veferinary
Publications, California.

Pedersen, N. C. 1993. Immunogenicity and efficacy of a commercial feline leukemia
virus vaccine. Journal of Veterinary Internal Medicine, 7: 34-39.

Perry, L. L., Miyazawa, M., Hasenkrug, K., Wehrly, K., David, C. S, and Chesebro,
B. 1994. Contrasting effects from a single major histocompatibility complex

class I molecute (H-2E) in recovery from Friend virus leukemia. The Journal
of Virology, 68: 4921-4926.

Perryman, L. E., Hoover, E. A., and Yohn, D. 8. 1972. Immunologic reactivity ol the
cal: immunosuppression in experimental feline leukaemia. Journal of the
National Cancer Institute, 49: 1357-1365.

Phillips, R. E., Rowland-Jones, S. L., Nixon, D. F., Gotch, F. M., Edwards, I. P.,
Ogunlesi, A. O., Elvin, J. G., Rothbard, J. A., Bangham, C. R. M., Rizza, C.
R., and McMichael, A. J. 1991, Human immunodecficiency virus genetic
variation that cau escape cytotoxic T cell recognition. Nature, 354: 453-459.

Picker, L. J. and Maino, V. C. 2000. The CD4" T cell response to HIV-1. Current
Opinion in Immunology, 12: 381-380.

Pitcher, C. J., Quittner, C., Peterson, D. M., Connors, M., Koup, R. A., Maino, V. C.,
and Picker, L. J. 1999. HIV-1-specific CD4" T cells are detectable in most
individuals with active HIV-1 infection, but decline with prolonged viral
suppression. Nature Medicine, 5: 518-525.

203




Poiesz, B. J., Ruscetti, F. W., Gazdar, A. F., Bunn, P. A., Minna, J. D., and Gallo, R.
C. 1980. Detection and isolation of type-C retrovirus particles from fresh and
cultured lymphocytes of a patient with cutaneous T-cell lymphoma.
Proceedings of the National Academy of Science, USA, 77: 7415-7419.

Rickard, C. G., Barr, L. M., Noronha, F., Dougherty, E., and Post, J. E. 1967. C-type
virus particles in spontaneous lymphocytic leukemia in a cat. Cornell
Veterinarian, 57: 302-307.

Rickard, C. G., Post, J. E., Noronha, F., and Barr, L. M. 1969. A transmissible virus-
induced lymphocytic leukaemia of the cat. Journal of the National Cancer
Institute, 42: 987-1014.

Ridge, J. P., Di Rosa, F., and Matzinger, P. 1998. A conditioned dendritic cell can be
a temporal bridge between a CD4* T-helper and a T-killer cell. Narure, 393:
474-478.

Rigby, M. A., Rojko, J. L., Stewart, M. A., Kociba, G. J., Cheney, C. M., Rezanka,
1.. I, Mathes, L. E., Hartke, J. R., Jarrett, O., and Neil, J. C. 1992. Partial
dissociation of subgroup C phenotype and in vivo behaviour in feline

leukaemia viruses with chimeric envelope genes. Journal of General
Virology, 73: 2839-2847.

Rissoan, M.-C., Soumelis, V., Kadowaki, N., Grouard, G., Briere, F., de Waal
Malefyt, R., and Liu, Y.-J. 1999, Reciprocal control of T helper cell and
dendritic cell differentiation. Science, 283: 1183-1186.

Robertson, M. N., Spangrude, G. J., Hasenkrug, K., Perry, L., Nishio, J., Wehrly, K,,
and Chescbro, B. 1992. Rolc and specificity of T-cell subsets in spontaneous

recovery from Friend virus-induced leukaemia in mice. Journal of Virology,
66: 3271-3277.

Robinson, D., Shibuya, K., Mui, A., Zonin, F., Murphy, E., Sana, T., Hartley, S. B.,
Menon, S., Kastelein, R., Bazan, F., and O'Garra, A. 1997. 1GIF does not
drive Thl development but synergises with IL-12 for interferon-y production
and activates [IRAK and N¥k B. Immunity, 7: 571-581.

Rojko, J. L., Hoover, E. A., Mathes, L., Hause, W. R., Schaller, J. P., and Olsen, R.
G. 1978. Detection of feline leukemia virus in tissues of cats by a paraffin

embedding immunofluorescence procedure. Journal of the National Cancer
Institute, 61: 1315-1321.

Rojko, J. L., Hoover, E. A., Mathcs, L. E., Olsen, R. G., and Schaller, J. P. 1979.
Pathogenesis of experimental feline leukaemia virus infection. Journal of the
National Cancer Institute, 63: 759-765.

Rojko, J. L., Hoover, E. A., Fina, B. .., and Olsen, R, G. 1981, Detcrminants of
susceptibility and resistance to feline Jleukaemia virus infection. 1L
Susceptibility of feline lymphocytes to productive feline leukaemia virus
infection. Journal of the National Cancer Institute, 67: 899-909.

204




Rojko, J. L., Hoover, E. A., Fion, B. L., and Olsen, R. G. 1982a. Characterisation and
mitogencsis of feline lymphocyte populations. International Archives in
Allergy and Applied Immunology, 68: 226-232.

Rajko, J. L., Hoover, E. A., Quackenbush, S. L., and Olsen, R. G. 1982b.
Reactivation of latent feline leukaemia virus infection. Nature, 298: 385-388.

Rojko, I. T.. and Kociba, G. J. 1991. Pathogenesis of infection by the feline
leukaemia virus. Journal of the American Veterinary Medicine Association,
199: 1305-1310.

Rosenberg, E. S., Billingsley, J. M., Caliendo, A. M., Boswell, S. L., Sax, P. E,,
Kalamis, S. A., and Walker, B. D. 1997. Vigorous HIV-1-specific CD4™ T
cell responses associated with control of viraemia. Science, 278: 1447-1450.

Roscnberg, E. S. and Walker, B. D. 1998, HIV type 1-specific helper T cells: a
critical host defence. AIDS Research and Human Retroviruses, 14:; §-143.-8-
147.

Rosenberg, S. A., Aebersold, P., Cornetta, K., Kasid, A., Morgan, R. A., Moen, R.,
Karson, E. M., Lotze, M. T., Yang, J. C., Topalian, S. L., Merino, M. J.,
Culver, K., Miller, A. D., Blaese, R. M,, and Anderson, W. F. 1990. Genc
trapsfer into humans-immunotherapy of patients with advanced melanoma,
using tumour-infiltrating lymphocytes modified by retroviral gene
transduction. New England Journal of Medicine, 323: 570-578.

Rous, P. 1911, A sarcoma of the fowl transmissible by an agent separable from the
tumour cells. Journal of Experimental Medicine, 13: 397-411.

Roy-Burman, . 1996. Endogenous env elements: partners in generation of
pathogenic feline leukaemia viruses. Virus Genes, 11 147-161.

Ruscetti, F. W. and Chervenick, P. A. 1975. Regulation of the release of colony-

stimulating activity from mitogen-stimulated lymphocytes. Jouwrnal of
Immunology, 114: 1513-1517.

Russetl, P. H. and Jarrett, O. 1978a. The occurrence of feline leukaemia virus
neutralizing antibodies in cats. International Journal of Cancer, 22: 351-357.

Russcli, P. H. and Jarrett, O. 1978b. The specificity of neutralizing antibodies to
feline lcukaemia viruses. International Journal of Cancer, 21; 768-779.

Sallusto, F., Lenig, D., Forster, R., Lipp, M., and Lanzavecchia, A. 1999. Two
subsets of memory T lymphocytes with distinet homing polentials and
effector functions. Nature, 401: 708-712.

Sarma, P. S. and Log, T. 1971. Viral interference in feline leukacmia-sarcorna
complex. Virology, 44: 352-358.

Sarma, P. S. and Log, T. 1973. Subgroup classification of feline leukaemia and

sarcoma viruses by viral interference and neutralization tests. Virology, 54:
160-169.

205



Sarma, P. S., Log, T., Jain, D., Hill, P. R., and Huebrer, R. J. 1975. Differential host
range of viruses of feline leukaemia-sarcoma complex. Virology, 64: 438-
446.

Schindler, H., Lutz M.B., Réllinghoff, M., and Bogdan, C. 2001. The production of
IFN~y by IL-12/IL-18-activated macrophages requires STAT4 signaling and
is inhibited by IL-4. Journal of Immunclogy, 166: 3075-3082.

Schmittel, A., Keilholz, U., and Scheibenbogen, C. 1997. Evaluation of the
interferon-y ELISPOT-assay for quantification of peptide spccific T
lymphocytes from peripheral blood. Journal of Immunological Methods, 210:
167-174.

Schmitz, J. B., Kuroda, M, J,, Santra, S., Sasserville, V. G., Simon, M. A., Lifton, M.
A., Racz, P., Tenner-Racz, K., Dalesandro, M., and Scallon, B3. J. 1999,
Control of viraemia in stmian immunodeficiency virus infection by CD8*
lymphocytes. Science, 283 857-860.

Schoenberger, S. P., Tocs, R. E., van der Voort, E. L., Offringa, R., and Melief, C. J.
1998. T-ccll help for cytoioxic T Iymphocytes is mediated by CD40-CD40L
interactions. Nature, 393: 480-483,

Schriever, F. and Nadler, L. 1992. The central role of follicular dendritic cells in
lymphoid tissue. Advances in Immunology, S1: 243-284.

Schuliz, X, R., Klarnet, J. P., Gieni, R. S., Hayglass, K. T., and Greenberg, P. D.
1990. The role of B cells for in vivo T cell responses to a Friend virns-
induced leukaemia, Science, 249: 921-923.

Sellon, R.K., Levy, J.K., Jordan, H.L., Gebhard, D.H., Tompkins, M.B., and
Tompking, W.AF. 1996. Changes in lymphocyte subsets with uage in
perinatal cats: late gestation through eight weeks. Veterinary Immunology
and Immunopathology, 53:105-113.

Shankar, P., Russo, M., Harnisch, B., Palterson, M., Skolnik, P., and Lieberman, J.
2000. Tmpaired function of circulating HIV-specific CD8" T cells in chronic
human immunodeficiency virus infection. Blood, 96: 3094-3101.

Shelton, G. H. and Lincnberger, M. L. 1995, Hematologic abnormalities associated
with retroviral infections in the cat. Seminars in Veterinary Medicine and
Surgery, 10: 220-233.

Sher, A. and Coffman, R. L. 1992. Regulation of immunity to parasites by T cells
and T cell-derived cylokines. Annual Review of Immunology, 10: 385-409.

Sherr, C. I, Fedele, L. A., Benveniste, R. E., and Todaro, G. J. 2002. Interspecies
antigenic determinants of the reverse transcriptases and p30 proteins of
mammalian type C viruses. Journal of Virology, 19: 1440-1448.

206



Shibata, R., Igarashi, T., Haigwood, N., Buckler-White, A., Ogert, R., Ross, W,
Willey, R., Cho, M. W., and Martin, M. A. 1999. Neutralizing antibody
directed against the HIV-1 envelope glycoprotein can completely block HIV-
1/S1V chimeric virus infections of macaque monkeys. Nature Medicine, 5:
204-210.

Shirichman, R. and Samuel, C. E. 2001. The role of gamma interferon in
antimicrobial immunity. Current Opinion in Microbiology, 4. 251-259.

Siegal, F. P., Kadowaki, N., Shodell, M., Fitzgerald-Bocarsly, P. A., Shah, K., Ho,
S., Antonenko, S., and Liu, Y.-J. 1999. The nature of the principal type 1
interferon-producing cells in human blood. Science, 284: 1835-1837.

Snapper, S. M. and Paul, W. E. 1985. Interferon-gamma and B cell stimulatory
[actor-1 reciprocally regulate Ig isotype production. Science, 236: 944-947.

Soumclis, V., Scott, I, Liu, Y.-J., and Levy, J, 2002. Natural type I interferon
producing cells in HIV infection, Human Inmunology, 63: 1206-1212.

Sparkes, H. 1997, Feline leukaemia virus: a review of immunity and vaccination.
Journal of Small Animal Practice, 38: 187-194.

St.Pierre, Y. and Waits, T. H. 1990, MHC class Il-restricted presentation of native
profein antigen by B cells is inhibitable by cycloheximide and brefeldin A.
Journal of Immunclogy, 145: 812-818.

Steftans, W. L. 2000. Ultrastructural Fcatures of Leukocytes, pp 326-336 in B. F.
Feldman, J. G. Zink], and N. C. Jain, editors. Veterinary Haematology.
Lippincott Williams & Wilkins, Baltimore.

Steinman, R. 1991. The dendritic cell system and its role in immunogenicity. Annual
Review of Immunology, 9: 271-296.

Stewart, M. A., Warnock, M., Wheeler, M., Wilkie, N., Mullins, J. L., Onions, D. I3,
and Neil, J. C. 1986. Nucleotide sequences of a feline lcukaemia virus
subgroup A envelope gene and long terminal repeat and cvidence for the
recombinational origin of subgroup B viruses. Journal of Virology, 58. 825-
834,

Stiff, M. L. and Olsen, R. G. 1983. Effects of retrovirus protein on the feline one-way
mixed leukocyie reaction. Journal of General Virology, 64: 957-959.

Super, H. J., Brooks, D., Hasenkrug, K., and Chesebro, B. 1998. Requirement for
CD4" T cells in the Friend murine retrovirus neutralizing antibody response:

evidence for functional T cells in genetic low-recovery mice. Journal of
Virology, 72 9400-9403.

Swain, S. L. 1999. Helper T cell differentiation. Current Opinion in Immunofogy, 11:
180-185.

207




Szakal, A., Holmes, K., and Tew, J. 1983. Transport of immune complexes from the
subcapsular sinus to lymph node follicles on the surface of nonphagocytic
cells, including cells with dendritic morphology. Journal of Immunology,
131: 1714-1727.

Takamatsu, H., Inumaru, S., and Nakajima, H. 1988. Inhibition of in vitro
immunocyte function by sera from cattle with bovine leukosis. Veterinary
Immunology and Immunopathology, 18: 349-359,

Tartaglia, ., Jarrett, Q., Neil, J. C., Dcsmettre, P., and Paoletti, E. 1993. Protection of
cats against feline leukacmia virus by vaccination with a canarvpox virus
recombinant, ALVAC-FL. Journal of Virology, 67: 2370-2375.

Temin, H. M. 1992. Origin and General Nature of Retroviruses, pp 1-18 in J. A.
Levy, editor. The Retroviridae. Volume 1. Plenum Press, New York.

Tew, 1., Wu, J., Qin, D., Helm, S., Burton, G., and Szakal, A. 1997. Follicular
dendritic cells and presentation of antigen and costimulatory signals o B
cells. Immunological Reviews, 156: 39-52.

Theilen, G. H., Gould, D., Fowler, M., and Dungworth, D. L. 1971, C-type virus in
tumor tissue of a woolly monkey (Lagothrix spp) with fibrosarcoma. Journal
of the National Cancer Institute, 37. 731-743.

Todaro, G. J., Benveniste, R. E., Sherwin, S. A., and Sherr, C. J. 1978. MAC-1, a
new genetically transmitted type-C virus of primate: low frequency activation
from stumptail monkey cell cultures. Cell, 13: 775-782.

Tominaga, K., Yoshimoto, T., Torigoe, K., Kurimoto, M., Matsui, K,, Hada, T.,
Okamura, H., and Nakanishi, K. 2000, I1.-12 synergises with 1L-18 or IL-18
for TFN-y production from human T cells. International Inununity, 12: 151-
160.

Tompkins, M.B. and Tompkins, W.AF. 1985. Stimulation of a cell-mediated
cytotoxic response to Fel.V-induced T cell lymphomas in the cat. Jeurnal of
Immunology, 135: 2817-2823,

Torres, B.A., Perrin, G.Q., Muijtaba, M.G., Subramuniam, P.S., Anderson, A.K., and
Johnson, HLM. 2002. Superantigen enhancement of specific immunity:
antibody production and signaling pathways. Journal of Immunology, 160:
2907-2914,

Torten, M., Franchini, M., Barlough, J. E., George, J. W., Mozes, E., Lutz, H., and
Pedersen, N. C. 1991. Progressive immune dysfunction in cats experimentally
infected with feline immunodeticiency virus. Journal of Virology, 68: 2225-
2230.

Towbin, H., Strachelin, T., and Gordon, J. 1992. Electrophoretic transfer of proteins
from polyacrylamide geis to nitrocellulose sheets. Procedure and some
applications. 1979. Biotechnology, 24: 145-149.

208




Trainin, Z., Wernicke, D., Ungar-Waron, H., and Essex, M. 1983. Suppression of the
humoral antibody response in natural antibody response in natural retrovirus
infections. Science, 220: 858-859.

Trinchieri, G. 1995. Interlevkin 12: a proinflammatory cytokine with
immunoregulatory functions that bridge innate resistance and antigen-specific
adaptive immunity. Arnual Review of Immunology, 13: 251-276.

Trinchieri, G. 2001. Regulatory role of T cells producing both interferony and
interleukin 10 in persistent infection. Journal of Experimental Medicine, 10.
F53-F57.

Tyler, R. D., Cowell, R. L., and Mcinkoth, J. H. 1999. Bone Marrow, pp 284-304 in
R. L. Cowell, R. D. Tyler, and J. H. Meinkoth, editors, Diagnostic Cytology
and Haematology of the Dog and Cat. Mosby, Inc., St. Louis.

Vallée, H. and Carré, H. 1905. Sur infectieuse de 'anemic du cheval. Compfes
Rendues Academic Scientific Press, 139: 331.

Valli, V. E. and Jacobs, R. M. 2000. Structure and Function of the Hemopoietic
System, pp 225-239 in B. F. Feldman, J. G. Zinkl, and N. C. Jain, editors.
Veterinary Hematology. Lippincott Williams & Wilkins, Baltimore.

van Der Loos, C. M., Houtkamp, M. A., de Boer, O. J,, Teeling, P., van der Wal, A.
C., and Becker, A, E. 2001. Imununohistochernical detection of interferon-y:
fake or fact? Journal of Histochemistry and Cytochemistry, 49: 699-709.

van Der Maaten, M. J., Boother, A. D., and Seger, C. L. 1972. Isolation of a virus
from cattle with persistent lymphocytosis. Journal of the National Cancer
Institute, 49: 1649-1657.

van Der Valk, P. and Meijer, C. 1992. Reactive Lymph Nodes, pp 233-251 in S.
Sternberg, editor. Histology for Pathologists. Raven Press Lid, New York.

van Noesel, C. J. M., van Licr, R. A. W, Cordell, J. L., Tse, A. G. D., van Schijndel],
G. M. W, and dc Vrics, E. F. R. 1991. The membrane-associated hecterodimer
on human B cells is a newly defined B cell antigen that contains the protein
product of the mb-1 genc. Journal of Immunology, 146: 3881-3888.

Verwoerd, D. W., Payne, A. L., York, ID. F., and Myer, M. S. 1983. Isolation and
preliminary  characterization of the jaagsiekte retrovirus (JSRV).
Onderstepoort Journal of Veterinary Research, 50: 309-316.

Vogel, T. U, Allen, T. M., Aliman, I. D., and Watkins, D. 1. 2001. Functional
impairment of simian immunodeficicncy virus-specific CD8" T cells during
the chronic phase of infection. Journal of Virology, 75: 2458-2461.

Vogt, P. K. 1997a, Historical Introduction to the General Properties of Retroviruses,
pp 1-25 in J. M. Coffin, S. H. Hughes, and H. E. Varmus, cditors.
Retroviruses. Cold Spring Harbor Laboratory Press, New York.

209




Vogt, V. M. 1996, Proteolysis and Protein Maturation. Current Topics in
Microbiology and Immunology, 214: 95-132.,

Vogt, V. M. 1997b. Retroviral Virions and Genomes, pp 27-69 in J. M. Coffin, S. H.
Hughes, and H. E. Varmus, editors. Retroviruses. Cold Spring Harbor
Laboratory Press, New York.

Walter, E. A., Greenberg, P. D., Gilbert, M. J., Finch, R, J., Watanabe, XK. S,
Thomas, E. D., and Riddeli, S. R. 1995. Reconstitution of cellular immunity
against cytomegalovirus in rccipicnts of allogeneic bone marrow by transfer
of T-cell clones from the donor. New England Journal of Medicine, 333:
1038-1044.

Weber, J. M., Clapham, P. R., Weiss, R. A, Parker, D., Duncan, I., Weller, L., Carne,
C., Tedder, R. S., and Pinching, A. J. 1987. Human immunodcficiency virus
infection in iwo cohorts of homosexual men: neutralising sera and association
of anti-gag antibody with prognosis. Lancet, 1: 119-122.

Weksler, M. L. 1975. Immune complex disease in cancer. Clinical Bulletin, 5. 109-
113.

Wenner, C. A., Guler, M. L., Macatonia, S. E., O'Garra, A., and Murphy, K. M.
1996. Roles of IEN-gamma and IFN-alpha in IL-12-induced T helper ceil-1
development. The Journal of Immunology, 156: 1442-1447.

Willemse, M. J., van Schooneveld, S. H., Chalmers, W. S., and Sondermeijer, P. J.
1996. Vaccination against fcline leukaemia using a new feline herpesvirus
type 1 veetor. Vaccine, 14: 1511-1516.

Willett, BJ., Callanan, J.J. 1995. The expression of leucocyte differentiation antigens
in the feline immune system, pp3-15 in B.J. Willett, O. Jarrett, editors. Feline
Immunclogy and Immunodeficiency. Oxford University Press, Oxford.

Willett, BJ., Flynn, J. N., and Hosie, M. J. 1997, FIV infection of the domestic cat:
an animal model for AIDS. Immunclogy Today, 18: 182-189.

Wilsom, J. D, K., Ogg, G. S., Allen, R. L., Goulder, P. J. R, Kelleher, A., Sewell, A.
K., Q'Callaghan, C. A., Rowland-Jones, S. L., Callan, M. F. C., and
McMichael, A. J. 1998, Oligoclonal expansions of CD8* T cells in chronic

HIV infection are antigen specific. Journal of Experimental Medicine, 188:
785-790.

Wood, P. R., Rothel, J. S., McWaters, P. GG. D., und Jones, S. L. 1990. Production
and characterization of monoclonal antibodies specific for bovine gamma-
interferon. Veterinary Immunology and Immunopathology, 25: 37-46.

Yang, J., Lemas, V. M., Flinn, I. W., Krone, C., and Ambinder, R. F. 2000.
Application of the ELISPOT assay to the characterization of CD8" responses
to Epstein-Barr virus antigens. Blood, 95: 241-248.

210



Yewdell, J. W, and Bennick, J. R. 1989, Brefeldin A spccifically inhibits
presentation of protein antigens to eytotoxic T lymphocytes. Science, 244:
1072-1075.

Yoshimoto, T., Okamura, II., Tagawa, Y.-1., Iwakura, Y., and Nakanishi, K. 1997.
Interleukin 18 together with interleukin 12 inhibits IgE production by
induction of interferon-y production from activated B cells. Proceedings of
the National Academy of Science, USA, 94: 3948-3953.

Young, H. A. and Hardy, K. J. 1995. Role of interferon-gamma in immune cell
regulation. Jowrnal of Leukocyte Biology, 58: 373-381.

Zajac, A. J., Blaitman, J. N., Murali-Krishna, K., Sourdive, D. J. D., Suresh, M.,
Altman, J. D., and Ahmed, R. 1998a. Viral immunc cvasion due to
persistence of activated T cells without effector function. Jowrnal of
Experimental Medicine, 188: 2205-2213.

Zajac, A. J., Murali-Krishna, K., Blattman, J. N., and Ahmed, R. 1998b. Therapeutic
vaccination against chronic viral infections: the importance of cooperation
between CD4" and CD8" T cells. Current Opinion in Immunology, 10: 444-
449,

211

UNIVERSTTY |




