












































































































































































































































































































































































































































To increase the yield of the putative genomic amplicon for F9, F65, and LSO27 a
further 20 PCR reactions were performed for each isolate, pooled, and ethanol
precipitated using standard laboratory protocols to a total volume of 40ul. Long PCR
products often yield multiple products, as observed in Figs. 4a and 4b making gel
purification a necessary step prior to cloning. The pooled and concentrated PCR
pfoducts were then loaded onto a crystal violet gel to enable visualisation of DNA
bands under ambient light, ensuring gel purification of intact DNA. This eliminates
ethidium bromide and exposure to UV light, which can nick and damage DNA. All
three putative genomic amplicons were excised and put into sterile microcentrifuge
tubes and gel purified using reagents provided with the TOPO XL PCR cloning kit
(Invitrogen). Purified amplicons were assessed on an agarose gel and, as observed in
Figs 5a and 5b, a clear band of the anticipated size was present for each isolate. An
additional band was also present for F9 (Fig. 5a), which is likely to be an artefact of
the gel purification protocol (personal communication Dr. Phil Turner). Based on the
intensity of the genome sized product in relation to those of the molecular weight
marKker, it was estimated that only 100ng of each putative full-length product was
available for further studies. Attempts to characterise these amplicons by sequencing
with the T7 primer were unsuccessful due to the low concentration of DNA (data not
presented). Because of the restricted amount of DNA available, it was not possible to

further characterise these amplicons.
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Figs. 5a and 5b. Purification of genome sized products

Fig. 5a. Gel purified PCR product of FCV F9 showing a band of approximately
7.7Kbp with an additional band of approx 3Kbp (see text). Molecular weight marker
is lambda HindlIlII digest (Abgene) and the base pairs are shown on the left of the
figure. Fig. Sb. Gel purified PCR products of F65 and LSO27 with molecular
markers lambda HindIII digest mixed with ¢X174 Haelll digest shown on the right

and left of the figure.
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Attempts to Clone purified PCR products.
The limited amount purified F9, F65 and LSO27 PCR product available represented a
limitation to the number of DNA manipulation steps that could be performed prior to

attempting their cloning. It was therefore decided to abandon the use of the restriction

enzyme sites in the primers and to use instead a commercially available vector

designed for direct cloning of PCR products (TOPO XL PCR cloning kit; Invitrogen)

(Fig.6). This vector was chosen as it is designed for cloning long PCR products up to

3-10 Kbp. In addition, the vector is provided linearized and is toposisomerase I

activated to enable efficient 5-minute ligation with over 80% recombinants usually

produced (manufacturer's data). Recombinant plasmids are efficiently selected by

insertional inactivation of a lethal gene (ccdb) and selected for kanamycin resistance.

Briefly, 4ul of each of the purified PCR products for F9, F65 and LSO27 were added
to 1l of pCR-XL-TOPO vector (Invitrogen) in a sterile eppendorf tube, mixed gently
and incubated for Sminutes at room temperature. Immediately following this
incubation 1pl of 6X TOPO Cloning Stop Solution was added and mixed for several
seconds at room temperature. The tubes were then briefly centrifuged and placed on
ice ready to transform. Transformation was performed using One Shot TOP 10
chemically competent cells (Invitrogen). Briefly 2pl, of the TOPO cloning reaction
was added to a single vial of One Shot cells, gently mixed, and incubated on ice for
30 minutes. Then the cells were heat-shocked for 30 seconds at 42°C and placed on
ice for 2 minutes. This was followed by the addition of 250l SOC medium
(Invitrogen). All tubes were then shaken horizontally in an orbital shaker at 37°C for

1 hour and then placed on ice. Three dilutions of 50ul, 100ul, and 150u1 for each
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Fig. 6. PCR- XL-TOPO cloning vector used to attempt to clone

amplicons from FCV isolates F9, F65 and LSO27.
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transformation were spread onto prepared warmed LB (Luria-Bertani) plates

containing 50ug/ml kanamycin and incubated overnight at 37°C.

Following overnight incubation all plates were examined for colony growth. No
growth was obtained for F65 and LSO27 but colonies had grown on all dilutions of
the F9 plates. These colonies were then analysed for any full-length inserts of F9.
This was achieved by picking individual colonies and culturing them overnight in LB
medium containing 50ug/ml kanamycin. Plasmids were isolated from overnight
cultures and purified according to the manufacturer’s instructions, (Wizard SV
Miniprep Kit, Promega), and eluted in 100ul nuclease-free water (Promega).
Plasmids were then screened by restriction enzyme digestion for the present of an
insert of the appropriate size using Eco RI by standard protocols. However, despite
several attempts at cloning the purified PCR products into PCR-TOPO- XL cloning

vector, and analysis of numerous plasmids no full-length inserts were observed.

2. Attempts to generate infectious clones using a cloned full-length

genomic copy of FCV F9.

As efforts directed towards amplifying and cloning genomic copies derived from
infectious virus were proving unsuccessful, a second approach was instigated based
on a previously cloned full-length genomic copy of FCV F9 designated pF9FL2
(Glenn, 1997). This clone had been produced previously in this laboratory by ligating
two Smal fragments together. The complete genome was placed downstream of a
Rous Sarcoma virus long terminal repeat (LTR) promoter in order to attempt recovery

of infectious RNA. However, no infectious RNA was produced. Reasons put
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forward to explain this apparent lack of infectivity included base additions at the 5’
end of the genome introduced by transcription initiation at the RSV promoter, the
presence of cryptic splice signals in the viral genome, and cloning of a defective
genome. It was felt that using this template in our studies would provide a readily
available source of template DNA from which to optimise amplification and cloning
protocols. Since this genome already contained a known Smal site, the FCVgen5
primer was modified by replacing its Smal site with a Sall restriction site which from
sequence data was known to be absent in the F9 genome (Table 3). In addition, a
guanosine residue was placed between the T7 promoter and the 5° FCV genomic
sequence. This has been shown to increase T7 transcription efficiency and is rapidly
lost from recovered viruses when replicated in cell culture (Personal communication
Dr. Raymond Tellier). Amplification from pFOFL2 should remove the RSV promoter
and place the F9 genome downstream of the T7 promoter. Amplicons derived from
pF9FL2 could then be cloned into the pBluescn’ptTM SK- vector (Stratagene) using

Sall | Notl sites present in that vector.

Primer Sequence (5° —3°)
T7 BEG TCGAGTCGACTAATAACGACTCACTATAgGTAAAAGAAATTTGA
GACAATGTCTCAAACTCTGAGC

Table 3

Table 3. The primer T7 BEG with the Sal I restriction enzyme underlined, the core

sequence of the T7 promotor (dot underlined), a single guanosine nucleotide(lower case in

bold) and the first 36 nucleotides of FCV F9.
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Long PCR using pF9FL2 as template.

Plasmid FOFL2 in E.coli DH5a cells, was streaked onto LB plates containing 50ul/ml
ampicillin. After incubation overnight at 37°C, a single colony was picked and
resuspended in 500ul of sterile distilled water (Sigma). This colony suspension was

boiled for 10 mins prior to using as a template in the long PCR reaction.

Amplification conditions of pF9FL2 using Extensor long master mix was essentially
identical to amplification of the cDNA template described above with minor
modifications. These were replacement of the cDNA template with 1ul of pFOFL2
and replacement of primer FCVgen 5 with equivalent amounts of the primer T7 BEG.
The results of this PCR are shown in Fig. 7 and clearly show a consistent band of the
anticipated size in all lanes. Unlike the amplification of cDNA derived from FCV
isolates used initially, non-specific products were not observed. All PCRs were
repeated multiple times to increase product yield then pooled and concentrated by
ethanol precipitation and gel purified to remove unincorporated primers and

nucleotides as described previously.
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Fig. 6. Full-length PCR products using pFOFL?2 as template. As observed in all
lanes a band of approximately 7. 7 Kb is produced. Molecular markers are lambda

Hind I1I digest and ¢X174 Hae III digest, and base pairs are shown left to the

figure.
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Following ethanol precipitation and gel purification, the full-length FCV F9 amplicon

was cloned into a commercial vector pBluescriptTM SK- Stratagene (Fig. 7). This
vector contains the restriction enzymes Sal I and Not I that are also incorporated into
the primers T7 BEG and GEN 3 respectively. Vector SK- was grown and purified
using standard laboratory protocols to produce a working stock solution of
approximately 200ng / ul. Both the PCR product and the vector SK- were digested
using standard protocols with Sal I and Not I (Roche). Digested SK- was purified by
agarose gel extraction to remove the intervening multiple cloning site (Qiaquick gel
extraction kit, Qiagen), and dissolved in 30ul sterile water (Sigma). Digested pFOFL2
was purified using the Wizard PCR preps DNA purification system (Promega). Then
1l of both PCR product and vector were run on an agarose gel to confirm that
digestion had been achieved and to estimate the concentration of purified DNA (Fig. 8

and Fig 9).

Ligation was performed with T4 DNA ligase (Roche) according to manufacturer's

instructions. Since the ideal ratio of insert to vector DNA is variable, three ligations
were set up with insert to vector ratios of 0.2ug:0.1ug, 0.3ug:0.1ug, and 0.2ug:0.2ug.
Each ligation was incubated overnight at 12°C. The products of ligation were then

transformed into XL1-Blue MRF" supercompetent cells (Stratagene) according to

manufacturer's instructions, and potential recombinant colonies identified by blue-
white colour selection. Briefly, LB agar plates were prepared containing 80pg /ml 5-
Bromo-4-chloro-3-inolylB-D-galactoside X-Gal; (Sigma), 20mM IPTG; isopropylthio-

B-D-galactoside IPTG; (Sigma) and 50ug/ml ampicillin (Sigma).
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Fig. 7. The commercial cloning vector pBluescript' ™ SK-
(Stratagene).
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Fig. 8. Digested and purified vector pBluescript SK- and Fig. 9. Full-length
PCR product. The vector and PCR product were both digested with the
enzymes Sal I and Not I. Digested vector and PCR product were then
purified and 1ul run on an agarose gel to confirm that digestion had been
achieved for the vector and that sufficient DNA was available for cloning the
PCR product. Molecular markers are lambda Hind 111 digest and ¢X174 Hae

111 digest, and base pairs are shown on Fig. 9.
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Three different quantities (50ul, 100ul and 150ul) from each transformation reaction
were then spread onto the plates and incubated overnight at 37°C. Approximately 30
transformed bacterial white colonies were inoculated into 10ml LB broth containing
50ug/ml ampicillin. The broth was' incubated overnight in an orbital shaker at 37°C
and centrifuged at 3000 rpm in a benchtop centrifuge for 10mins. The supernatant
was discarded and the bacterial pellet washed in phosphate-buffered saline (PBS), and
purified using a commercial plasmid purification kit (Wizard SV Miniprep Kit,
Promega) according to the manufacturer’s instructions, and eluted in 100pul nuclease-

free water.

Characterisation of clones containing the full- length insert.

Sixty plasmids were screened for the presence of genomic FCV F9 insert by
performing a series of different restriction enzyme digests using EcoRI, Not I, and Sal
I by standard protocols. These results suggested 25 full-length PCR products of FCV
F9 had been cloned and were designated pCPFLF9 1-25. An example of restriction
enzyme digests obtained for one of these clones (pCPFL9-4) is shown in Fig. 10,
together with restriction enzyme digests of the full-length PCR product before

cloning, and also pF9FL2 that was used as template in the original PCR reaction.

Partial sequencing of seven potential clones was performed at a commercial
laboratory (Kings College London) using M13 forward and reverse primers located
either side of multiple cloning site in plasmid SK- (Fig. 7) under the conditions

specified by the manufacturer (ABI prism dye terminator cycle sequencing ready
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Figs. 10. Restriction mapping of pCPFL9-4. All restriction enzyme sites correspond to their predicted positions. Figh 10a. Lane 1 is uncloned full-length PCR
product cut with EcoR]. Lane 2 is pF9FL2 cut with EcoRI. Lanes 3, 4, 5, 6, and 7 are pCPFLF9-4 cut with EcoRI (1ane 3), NotI (lane 4), uncut (lane5), Sa/l (lane
6), Notl / Sall (1ane 7), and uncut purified PCR product (lane 9). Molecular markers are in lane 8 and consist of lambda Hind 11] digest and $X174 Hae 111 digest.
Fig. 10b. Putative map of pCPFLF9-4 based on known published sequences of F9 and SK-



reaction kit; Perkin Elmer). The results confirmed that in each case the T7 BEG/
GEN 3 FCV F9 amplicon had been correctly cloned into the Notl / Sall sites of

plasmid SK-

In Vitro Trancription and RNA transfection into cells.

In order to determine if the cloned FCV F9 genome downstream of the T7 promoter
encoded an infectious genome, RNA transcripts were generated from six plasmids.

using the Ribomax Large Scale RNA Production System (Promega) according to the
manufacturer's instructions. Briefly, 10pug of each plasmid was linearised with Not!
followed by a phenol chloroform extraction and ethanol precipitation using standard
protocols. Then a transcription mix was prepared consisting of 20l T7 Transcription
5X Buffer, 30pl tINTPs (25mM ATP, CTP, UTP and 2mM GTP), approximately 10ug
linear plasmid DNA, 7.5pl of ribo m’ G Cap analog 40mM, 10ul T7 RNA polymerase
enzyme mix made up to a total volume of 100ul with nuclease free water and
incubated at 37°C for 4 hours. The transcription mixture was incubated with DNase
for a further 15minutes at 37°C, to degrade any remaining DNA while maintaining
the integrity of the RNA. The RNA was purified by phenol chloroform extraction
followed by ethanol precipitation using standard protocols, resuspended in 100ul of

nuclease-free water, and stored at -20°C until used in transfection experiments.

Subsequently, 25ul of each RNA sample was incubated with 163l Opti-Mem
medium (Gibco BRL) and 12pl Lipofectin (Gibco BRL) for 30 minutes at room
temperature, and a further 800ul of Opti-Mem medium was added. Monolayers of

CRFK cells (approximately 1 X 10° cells) were washed twice with fresh Opti-Mem

147



medium. The transfection mixture was then added and incubated for Shrs at 37°C.
Following incubation, the medium was removed and 4ml of Eagle’s minimum
essential medium (Gibco BRL) containing 1% foetal calf serum (FCS) (Sigma) was
added. Monolayers were observed for characteristic FCV cytopathic effect (cpe) for
24-36 hrs post —transfection. However no typical signs of FCV infection were
observed, even when cell monolayers were freeze thawed and titrated. Transfections
were repeated twice for each of the six clones but the results still suggested that these
potential full-length clones were uninfectious. One possible reason for failing to
recover infectious virus from these plasmids is that errors introduced into the
individual amplified molecules during PCR rendered the genomes inactive. It was
therefore decided to attempt to recover infectious virus from in vitro transcripts
prepared directly from the purified amplicon mixture prior to cloning. On this
occasion, cpe was observed and successfully passaged, suggesting the presence of
functional genomes in the amplified mixture. Infectivity was not recovered from
plasmid SK- which was used as a negative transfection control. It was not possible to
repeat this experiment on the same amplified batch due to insufficient purified
product. Therefore, a new batch of amplified FCV F9 was prepared from pF9FL2.
Attempts to recover infectious virus by in vitro transcription from this amplicon were
unsuccessful. This suggested that the virus recovered in the first experiment may
have been due to contamination of cell cultures by wild-type virus. Alternatively, it is
possible that if the first experiment was a genuine result, that the second experiment
failed to work because of one of several reasons including PCR error, DNA quantity
and purity. Unfortunately, time constraints on the duration of this project prevented

us from resolving this issue further.
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DISCUSSION.

Infectious cDNA clones represent important tools for studying the molecular genetics
of viral replication by allowing the study of the phenotype of site-specifically mutated
genotypes. In this study we have attempted to generate infectious clones for FCV
using a potentially rapid and efficient method that places the full-length genome under
transcriptional control of a T7 RNA polymerase promoter (Huang et al., 2003,
Lindberg et al., 1997, Martino et al., 1999, Tellier et al., 1996). The technique
requires three steps. Firstly, long-range RT PCR is used to amplify the entire genome
and places a T7 promoter immediately upstream of the 5’ end of the genome.
Secondly, this product is cloned to facilitate subsequent DNA manipulation. Finally,

synthetic genomes are synthesised by in vitro transcription and transfected into

permissive cells to recover infectious virus.

In this study, we have been successful in producing full-length PCR products both
from RNA isolated from infectious virus and from an FCV F9 DNA genome copy.
The latter amplicons were also cloned into a plasmid vector. Although we were
unable to recover infectious virus from any of these clones, we have developed all the

necessary steps required to generate infectious clones by this protocol.

This approach to generating infectious clones has depended on improvements in PCR
technology specifically in the areas of fidelity and processivity that have greatly
facilitated the amplification of longer PCR products. Indeed PCR amplification of up
to 35kb of DNA with high fidelity and yield from lambda bacteriophage double
stranded DNA templates has been achieved (Barnes, 1994). For RNA viruses, where a

reverse transcription step is required prior to PCR, generation of long DNA products
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has generally been restricted to products of less than 10 kb. Most probably the
integrity and purity of RNA templates and the reverse transcription reaction are the
critical parameters prior to the amplification of the cDNA (Thiel et al., 1997). Such
technology has been used to produce infectious clones of several important RNA
viruses including Japanese encephalitis virus (Gritsun & Gould, 1995, Gritsun &
Gould, 1998, Zhang et al., 2001), coxsackie B6 (Martino et al., 1999), infectious
bursal disease virus (Huang et al., 2003). We have been able to amplify products of
the anticipated size by RT-PCR from RNA isolated from several strains of FCV.
Successful amplification was dependent on the polymerase used, and frequently
associated with strong amplification of other smaller non-specific products. As is
frequently the way with scientific publications, difficulties with protocols are rarely
discussed. However, low product yield and amplification of non-specific products has

been frequently observed for other RNA virus systems (personal communication

Raymond Tellier).

Although product of the anticipated size was obtained in this study for FCV, the
amount of product was variable and low. This was a major limitation for both the
definitive characterisation of these amplicons as genome equivalents and also
eventually to their successful cloning. Difficulties that would make the FCV genome
a difficult target for PCR amplification include not just its length but also the potential
for both the 5’ (this thesis manuscript 3) and 3’ end of the FCV genome to form

potential stem-loop structures (Seal et al., 1994). Incorporation of such secondary

structure-prone sequences in primers would lead to primers forming hairpins and

dimers limiting amplification. In this study, we have attempted to minimise this by

extending the 5° primer beyond a region predicted to form a stem loop. Although the
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use of long PCR to generate infectious clones has worked well for several viruses, this
has remained problematic for other viruses with a similar genome organisation. For
example several attempts have been made to amplify Hepatitis E virus genome by long
range PCR without any success (personnel communication S. Emerson). Some of the
problems encountered may include complicated secondary structure causing a segment
of the genome to be ‘skipped’ during the PCR reaction. In future studies, it may be
necessary to attempt further characterisation of putative full-length amplicons to

confirm their integrity. However, this would not be immediately required if infectious

virus was recovered.

In order to facilitate cloning of long PCR products we adapted a similar protocol to
that of previous studies and incorporated restriction enzyme sites in the 5’ and 3’
genomic PCR primers. These were specifically chosen to minimise the likelihood of
the same restriction sites occurring within the amplified genome. For amplicons
derived by RT-PCR from viral RNA, low product yield led us to use a commercial kit
for cloning long PCR products to attempt to clone these products directly thereby
minimising downstream DNA manipulations and associated product loss.
Unfortunately, this was unsuccessful, possibly due to limited product yield. However,
if such an approach could be developed further it would simplify the cloning
procedure and also allow the design of shorter genomic PCR primers. Direct cloning
of PCR products using such a prepared vector would abrogate the need for a restriction -
enzyme site in the 5° genomic primer. This restriction enzyme site had proved
difficult in this study where the initial choice of a six-cutter Smal had to be changed to
Sall because FCV F9 had a Smal site within it. The NotI site could be maintained in

the 3’ genomic primer to facilitate plasmid linearization prior to in vitro transcription.
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Being an eight-cutter it is much less likely to be found by chance within an FCV
genome. This protocol of direct cloning of PCR products and linearisation of
recombinant plasmids by NotI should allow infectious clones to be generated from

most FCV genomes without the requirement for prior sequence information.

Difficulties over product yield for of amplicons derived by RT-PCR and the resultant
failure to clone these products led us to use a previously cloned but non-infectious
genome of FCV F9 as template. This clone was produced previously in this laboratory
using two overlapping sub-genomic fragments that were amplified, ligated together
and sub-cloned into a mammalian expression vector downstream of the Rous Sarcoma
Virus (RSV) long terminal repeat promoter (Glenn, 1997). Several reasons have been
put forward to explain the failure to recover infectious virus from this vector (Glenn,
1997). The RSV promoter would theoretically result in the addition of three non-vira]
nucleotides to the 5’ end of the FCV genome, which has been shown in some other
viruses to greatly reduce infectivity (Dore et al., 1990, Heaton et al., 1989). In
addition, transcripts from this vector would be devoid of a 3’ poly-A tail. This has
subsequently been shown to be necessary for infectivity. Using the FCV Urbana
infectious clone, Sosnovtsev and Green (1995) showed that synthetic transcripts
containing less that 10 adenine residues showed greatly reduced infectivity
(Sosnovtsev & Green, 1995). It is also possible that the genome cloned in PF9FL2 is a
non-functional genome as previously reported (Eggen et al., 1989, Holt & Beachy,
1991, Lai et al., 1991). This may be due to the amplification of an already defective
genome present in the original virus isolate (Holland, 1990) or the introduction by
PCR of inactivating substitutions that may not have been picked up in the original

sequence analysis (Eckert & Kunkel, 1992). The FCV genome in pFOFL2 was
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sequenced and shown to contain a small number of point mutations (Glenn, 1997)
relative to the published sequence for FCV F9 (Carter et al., 1992). However as Glenn
has suggested there is currently no way of determining whether the published F9

sequence is that of an infectious virus since it too was produced by cloning.

When pF9FL2 was used as a template in this study, amplicons of the anticipated size
were obtained and whilst this product was still fairly limited, it was generally of a
better yield with fewer non-specific products than derived by RT-PCR from viral
RNA. Following NotI / Sall digestion, these plasmid-derived amplicons were
successfully cloned into NotI / Sall digested pSK- as judged by partial sequence
analysis and restriction fragment analysis. However, none of the clones analysed by in
vitro transcription and transfection experiments produced infectious virus. Since the
primers used in this study should result in the generation of a faithful 5’ genome (or
with one additional non-viral nucleotide) and in a poly-adenylated 3’ end, it seems
most likely that the FCV F9 genome cloned in pFOFL2 may have been in some way
defective, ultimately making it an unsuitable template for the recovery of infectious
virus. It is also possible that the additional guanosine nucleotide incorporated in T7
BEG between the T7 promoter and the start of the FCV genome, may render the FCV
genomes that contain it non-infectious. However, in coxsackie B6 virus, this
additional nucleotide was added and worked successfully, and during subsequent
replication the extra G is lost by the virus (Personnel communication Raymond
Tellier). In future studies, we plan to attempt to clone amplicons from pFIFL2 using

GENS3 and a modified T7BEG without this extra G residue.
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In conclusion, we have successfully achieved two of the steps necessary for producing
an infectious clone. Specifically, we have developed long range PCR protocols that
allow the amplification of putative full-length equivalents under the control of T7
RNA polymerase promoter, and cloned these large amplicons into plasmids. Future
studies will be aimed at optimising those protocols specifically with reference to
facilitate downstream amplicon characterisation and manipulation. Subsequently,
screening a sufficient number of cloned amplicons by attempting to recover virus
following in vitro transcription should allow us to obtain an infectious clone for any

FCV isolate.
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MANUSCRIPT §

Attempts to identify a putative cellular receptor for feline calicivirus
from Crandell Feline Kidney Cells and feline embryo cell line A by a

virus overlay protein-binding assay.

C.J.Porter, A.D. Radford, R.Ryvar, C.McCracken & R.M. Gaskell.
Department of Veterinary Pathology, University of Liverpool, Leahurst, Neston, South

Wirral, L64 7TE, U.K.

ABSTRACT.

Cellular receptors play an important role in viral pathogenesis. In order to multiply, a
virus must first infect a cell following attachment to specific receptors on the surface of
cells. To date, the host cell receptor for feline calicivirus (FCV) has not been identified.
FCV replicates exclusively in feline cells, which suggests that its receptor may be a cell
surface molecule specific to this host species. In this study, we have used a virus overlay
protein-binding assay (VOPBA), which utilises the specific interaction between a virus
and its receptor, to attempt to identify a putative cellular receptor for FCV. In earlier
experiments a protein band of approximately 60kDa was detected suggesting this
approach may be an appropriate one to use. Unfortunately this result proved inconsistent
and not reproducible despite several attempts of optimisation. Reasons for the failure of
the VOPBA to detect a candidate FCV cellular receptor are discussed together with

alternative approaches that may be appropriate in future studies.
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INTRODUCTION.

Feline calicivirus (FCV) belongs to the family Caliciviridae and is an important pathogen
of domestic cats (Burroughs & Brown, 1974). It mainly causes upper respiratory tract
disease and acute mouth ulceration (Gaskell & Dawson, 1994), and can also induce a
febrile limping syndrome (Dawson et al., 1994, Pedersen et al., 1983). FCV is a small,
nonenveloped virus that contains a positive sense, single-stranded, RNA genome of 7.7
kb in length containing three open reading frames (ORFs) (Carter et al., 1992, Neill,
1990, Neill et al., 1991, Sosnovtsev & Green, 1995). Although considerable knowledge
of genome organisation has been achieved, the mechanism by which FCV attaches to and

gains entry into host cells is poorly understood.

Virus attachment is usually dependent on a specific interaction between a receptor on the
cell surface (the cellular receptor; CR) and a receptor ligand on the viral surface (virus
receptor ligand; VRL). The interaction of these molecules initiates a chain of dynamic
events that ultimately enables entry of the virus into the cell (Schneider-Schaulies, 2000).
In the past, intensive studies have highlighted the complexity of these virus—receptor
interactions making progress in this area rather slow (Sommerfelt, 1999). However, an
increasing number of VRs have now been identified on the surface of respective host
cells (Belnap et al., 2000, Mendelsohn et al., 1989). The structure of molecules used by
viruses as CRs is highly variable. Attachment to the surface of cells by the adeno-
associated viruses requires only the presence of carbohydrates (Summerford & Samulski,

1998). Other viruses, such as echoviruses use specific glycoproteins as receptors, where
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both the protein and carbohydrate moieties are necessary for receptor function (Mbida et
al., 1992). In contrast, dengue virus uses receptors consisting only of a protein without a

carbohydrate moiety (Salas-Benito & del Angel, 1997, Yazi Mendoza et al., 2002).

One of the best characterised CR — VRL interactions is for members of the
Picornaviridae, which like the caliciviruses, are also small single-stranded RNA viruses
(Racaniello, 1990). The cellular receptor has been identified for several members,
including coxsackieviruses (Kuhn, 1997, Shafren, 1998, Shafren et al., 1995), rhinovirus
(Bella & Rossmann, 1999), and foot-and mouth-disease virus (FMDV) (Duque & Baxt,
2003, Jackson et al., 1997, Jackson et al., 2000). The non-enveloped capsids of
picornaviruses interact with a variety of cellular proteins including those of the integrin
binding family (Bergelson et al., 1994, Kuhn, 1997, Shafren, 1998, Triantafilou et al.,
1999). Following binding, picornaviruses undergo conformational changes leading to
virus entry and uncoating of the genome (Arita et al., 1999, Dove & Racaniello, 1997,

Kaplan et al., 1990, Pelletier et al., 2003, Racaniello, 1990).

As well as the CR, the VRL has also been mapped for several picornaviruses. In
rhinoviruses, the VRL is located in a conserved region at the bottom of a cleft or
"canyon" on the surface of the capsid protein VP1, surrounded by variable domains
(Kolatkar et al., 1999, Rossmann et al., 2002). This contrasts with the FMDV VRL,
where attachment to the CR is mediated by a portion of VP1 forming a disordered loop
on the surface of the virus (Fox et al., 1989). This loop contains an Arg-Gly-Asp (RGD)

motif characteristic of integrin binding proteins. It is unlikely that FCV uses a cellular
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receptor belonging to the integrin family as a conserved RGD motif is not present within

the FCV capsid (unpublished observations).

In contrast to the Picornaviruses, neither the CR, nor its VRL, has been definitively
identified for any member of the Caliciviridae. Indeed, the only caliciviruses for which a
putative CR has been identified are the prototype norovirus (Norwalk virus; NV)
(Marionneau et al., 2002, Tamura et al., 2000) (Hutson et al., 2002) and rabbit
haemorrhagic disease virus (RHDV) (Ruvoen-Clouet et al., 2000). The ability of RHDV
to agglutinate certain human erythrocytes ultimately led to the identification of
carbohydrate antigens belonging to the histo-blood group family as putative receptors for
these viruses (Ruvoen-Clouet et al., 2000). Initial studies with recombinant NV-like
particles (VLPs) have suggested that attachment of NV to cells is mediated by a 105 kDa
cellular protein, ubiquitously expressed in mammalian cells but which was not identified
further (Tamura et al., 2000). However, more recent studies have shown that, as with
RHDV, NV binds to histo-blood group antigens present on gastroduodenal epithelial cells
of secretor individuals (Marionneau et al., 2002). Secretor individuals express ABH
antigens in saliva and on most epithelial cells whereas non-secretor individuals have an
inactivating mutation in FUT 1 or FUT 2 genes. These genes produce an enzyme which

catalyses the conversion of precursors into H antigenic structures.
A number of different experimental approaches have been used for the identification of

CRs. Many of the earliest attempts involved morphological studies, using electron

microscopy and virus infected tissue culture (Dales, 1973). In addition, kinetic studies
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using radiolabeled virus at various concentrations to adsorb to target cells were used to
determine the number and class of receptors per cell (Kaplan et al., 1990, Racaniello,
1990). However, although such studies have provided useful information about the
specificities and basic structural features of CRs, the data generated does not lead to the

isolation or purification of a functional viral receptor (Bass & Greenberg, 1992).

Direct purification and biochemical characterisation have also been used frequently to
identify CRs. Usually, purified virus binds to cell membranes either on cell monolayers,
in solution following detergent extraction from cells, or bound to a solid phase matrix.
Perhaps the most success use of these biochemical methods was demonstrated with
coxsackie B virus receptors (Hsu & Crowell, 1989, Hsu et al., 1988, Krah & Crowell,
1982, Krah & Crowell, 1985, Mapoles et al., 1985). The advantage of this approach is
the ability to isolate and purify specific cell membrane molecules involved in viral
attachment. However, the disadvantages of these strategies include poor affinity of virus-
receptor complexes compared to the multivalent binding, which functions in vivo, and the

need to correlate productive infection with binding to a given entity.

A more recent and simple modification of the affinity-based biochemical approach to
receptor identification is the virus overlay protein-binding assay (VOPBA) (Bass et al.,
1991). In this assay, cellular membranes are prepared from permissive cells, separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), electroblotted
to a nitrocellulose membrane, and probed with virus. Membrane components, which

retain high affinity for virus, are detected as bands on the membrane. A major advantage
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stated for this approach is the high concentration of receptor that can be achieved on a
nitrocellulose membrane for viral attachment, which increases the sensitivity of this assay
compared to those based on liquid phase binding (Bass & Greenberg, 1992). Several
viruses have been studied by this technique (Crane et al., 1991, Fox & Bloom, 1999, Jin
et al., 1994, Ludwig et al., 1996, Salas-Benito & del Angel, 1997) including NV (Tamura
et al., 2000). However, to date, no permissive cell lines for the growth of NV have been
established, and the 105kDa putative CR referred to above was identified in a variety of
non-permissive cell types using virus-like particles (VLPs). These VLPs were generated
with recombinant baculoviruses harbouring the capsid protein of NV, and are proven to
be morphological and antigenically similar to the native virions (Jiang et al., 1992, Prasad

et al., 1999, Prasad et al., 1994).

The purpose of this study was to attempt to identify a putative CR for FCV on the cell
surface of permissive feline cell lines using a VOPBA. This is a first attempt to identify
the CR for FCV, and was based on the assumption that the FCV CR may be a protein.
Since permissive cell lines for the growth of many other caliciviruses have not yet been
established, the identification of the FCV CR may create a useful model in which to study

the interaction between members of the Caliciviridae and their host cells.

METHODS

Several approaches were attempted to identify the CR for FCV, due to inconsistent

results on several occasions.
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Cells and virus.

Two FCV permissive continuous cell lines, feline embryo cell line A (FEAs) (European
collection of cell cultures) (ECACC) (Jarrett et al., 1973) and Crandell Rees Feline
Kidney Cells (CRFK) (ECACC) (Crandell et al., 1973) were used for this study. Both
cell types were grown in 75cm? flasks with Eagles minimum essential medium (EMEM,
Sigma), supplemented with 10% foetal calf serum as required for growth until
monolayers were confluent. The virus strain FCV F9 (Bittle et al., 1960) was used

throughout.

Virus overlay protein binding assay using crude cell extracts.

In preliminary experiments, crude cell and viral extracts were used in the VOPBA to
attempt to prove the utility of this type of assay for the identification of specific virus —
cell interactions. The FCV F9 strain used to probe for the VR was grown in FEAs.
Infection was allowed to proceed overnight until cytopathic effect (CPE) was complete.
Monolayers were frozen at -80°C and thawed to produce a cellular lysate, which was used

in later experiments.

Crude extracts of cell membrane proteins were prepared using confluent FEA cells in
75cm? flasks. Briefly, these cells were washed twice with phosphate buffered saline
(PBS; 154mM NaCl, 3 mM KCl, 9mM Na,HPO,, 1.65SmMKH,PO,). Then 1ml of PBS
was added and the cells were scraped into sterile Eppendorf tubes and centrifuged at

4,000g for 1 min. The supernatants were discarded and the cell pellet resuspended in 1ml
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of PBS, aliquoted into fresh Eppendorf tubes, and stored at -20°C. A stock solution of 3X
reducing sample buffer was prepared (1ml of 1M Tris, pH 6.8, 4ml of 10% SDS, 2ml of
glycerol, 1mi of the reducing agent 2-mercaptoethanol, and 0.1% bromophenol blue dye).
Then 20l of this stock solution was added to 10ul of FEA cellular extract and boiled for
5mins at 95-100°C and immediately placed on ice. Sample volumes of 20ul of this FEA
cellular preparation was then loaded into each lane of a 10% polyacyrlamide gel and
subjected to electrophoresis at a constant voltage of 120V until the dye front reached the
bottom of the gel (approx 45-60 mins). Separated proteins were transferred onto a
nitrocellulose membrane by electroblotting at 100V for 1 hour in ice-cold transfer buffer
(0.025M Tris-base, 0.192M glycine, and 200ml methanol made to a final volume of 1
litre in distilled water). Ponceau S staining (Sigma) of nitrocellulose blotted proteins was

used to confirm successful transfer (data not presented).

Non-specific protein binding with the membrane was blocked overnight by incubating in
5% skimmed milk in 100ml PBS. After blocking, the membrane was washed twice in
0.05% Tween 20 (Sigma) in PBS (PBS-T), for 10 minutes per wash and incubated with
FCV F9 (~10" TCIDsy) diluted 1:100 in 0.5% (wt/vol) skimmed milk in PBS overnight at
4°C. After a further three washes in PBS-T, each for 10 minutes, the membrane was then
incubated for 1 hour at 37°C with mouse monoclonal antibody IG9 (Nova Castra) diluted
1:100 in 0.5% (wt/vol) skimmed milk in PBS. The linear epitope for IG9 resides within
the capsid protein of FCV F9 (Carter et al., 1989). The membrane was washed three
times in PBS-T for 5 minutes per wash, and incubated for a further hour at 37°C in

peroxidase- conjugated anti mouse IgG (Sigma) diluted 1:2000 in 0.5% (wt/vol) skimmed
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milk in PBS. Then the membrane was washed twice in PBS-T for 10 minutes per wash,
followed by two final washes in PBS for 5 minutes per wash. Finally, membrane-bound
peroxidase was developed at room temperature with 3,3"-diaminobenzadine

tetrahydrochloride (DAB; Sigma) according to the manufacturer's instructions.

Controls run on SDS-PAGE gels included FCV F9 (approximately 2x10*- 2x10° TCID)
as a positive control for IG9 binding and staining, and uninfected tissue culture fluid
harvest (10ul) as a negative control. Both controls were treated under the same
conditions as for the cellular extract. As a further negative control, duplicate membranes
were also probed with uninfected tissue culture fluid harvest instead of FCV F9, with all

subsequent steps being performed as previously described.

Virus overlay protein-binding assay using cell surface proteins extracted with mild

detergent lysis.

In order to minimise potential disruption to the FCV CR conformation and function, the
cell extraction protocol was adapted by using mild detergent cellular lysis and by the
addition of protease inhibitors to minimise proteolysis during cell extraction (Bass et al.,
1991). Briefly, confluent FEA and CRFK cells in 75cm? flasks were washed twice with
PBS, and lysed in PBS containing 2mM of the protease inhibitor phenylmethylsulfonyl
fluoride (PMSF) and 1% of the mild detergent Nonidet P-40 (NP-40) for 30mins on ice.
The cell lysates were scraped into sterile Eppendorf tubes and nuclei were removed by

centrifugation at 1000g for Smins at 4°C, and the supernatant was further centrifuged for
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30mins at 11,000g at 4°C. The supernatants were transferred and aliquoted to fresh
Eppendorf tubes and stored at -70°C. Total protein concentration was estimated using the

standard Bradford assay (Biorad) according to manufacturer's instructions to be 3.2

pg/ml.

As well as reducing conditions, prepared cell membrane proteins were also separated
under non-reducing conditions to minimise the potential loss of VR function. The
reducing conditions were as described previously. Non-reducing conditions were the
same, except the 2-mercaptoethanol was omitted from the sample buffer. Similar

positive and negative controls were run for each experiment.

In order to estimate the protein concentrations on the gel, one gel was incubated in 0.1%
Coomassie blue in 40% methanol for approximately 1min, and destained with 50%
methano] (Coomassie staining is able to detect 0.1-1ug protein per band). Proteins from
a duplicate gel were transferred onto a nitrocellulose membrane by electroblotting at
100V in ice-cold transfer buffer as previously described. To demonstrate that the transfer
was successful, Ponceau S (Sigma) staining was performed according to manufacturer’s
protocols. Following Ponceau S staining, the membrane was de-stained with PBS and
developed exactly as described in earlier experiments. In later experiments, the
stringency of the wash conditions was reduced to maximise the chances of detecting low

affinity virus — CR interactions.
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Purification of FCV F9 for use as a probe in VOPBA.

In order to try and improve the sensitivity and specificity of the VOPBA, FCV F9 was
purified using Iodixanol (Optiprep; Nycomed, Pharma, Oslo, Norway) (Graham et al.,
1994). lodixanol readily forms self-generating gradients because of its molecular mass
and high solubility (1.32g/ml) (Ford et al., 1994). The advantage of using a gradient
formed from iodixanol as opposed to those based on sucrose to purify viruses is that
iodixanol gradients are isoosmotic, minimising the impact on protein conformation and
virus infectivity.

Cell culture medium was removed from a confluent monolayer of FEA cells, in a 162cm’
flask and the cells infected with 1ml of an FCV strain F9 (approximately 10’ TCID).
Virus was adsorbed to the cells for 1 hour, before 50ml of maintenance medium was
added containing 1% foetal calf serum. Virus was allowed to replicate for 24 hours until
cpe was complete. A virus cell lysate was prepared by freeze thawing these cells and the
lysate stored at -80°C until required. Cellular debris was removed from the viral cell
lysate by centrifugation at 1000g for 10 mins at room temperature in a bench top
centrifuge (Centaur 2). The supernatant was overlayed onto Sml of 50% Optiprep
solution, in 36ml Sorvall centrifuge tubes (polyallomer). After centrifugation in a swing
out Sorvall rotor (AH625) at 100,000g for 4 hours at 4°C, the supernatant was removed
leaving 5ml of the medium over the 5ml optiprep cushion. The cushion and the
remaining medium was mixed to create a 25% virus Iodixanol solution and transferred to
6ml Sorvall centrifuge tubes (polyallomer thin walled) and cenrifuged in a Sorvall

vertical rotor TV1665 at 350,000xg for 2 hours 15 mins at 4°C.
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Following centrifugation any observed bands were collected by inserting a 21-gauge
hypodermic needle just below the band. A sample was also removed from the top of the
gradient for comparative titre analysis. Ten-fold serial dilutions of the sample to be
assayed were prepared in growth medium containing 10% foetal calf serum and 100ul
samples of each dilution were inoculated onto 4 wells of a 96 well plate, and an FEA cell
suspension was added. Viral titres were calculated by the method of (Reed & Muench,
1938), and were expressed as the 50% tissue culture infective dose per ml (TCIDso/ml).
Following centrifugation a single distinct band was observed. After performing a virus
titration on the gradient fraction containing this band, the titre was 10° TCIDs, compared
to a pre-purification titre of 10’ TCIDsy. Furthermore, the titre of the virus from the top
of the density gradient medium had a titre of only 10° TCIDso. This suggested that we

had purified and concentrated the virus.

Detection of virus-cell interactions in a dot blot assay.

In an attempt to simplify the assay procedure for detecting virus-cell interactions, a dot
blot assayed was also employed. Briefly, cell membrane extracts were prepared as for the
protease / mild-lysis protocol, and dotted onto nitrocellulose membranes (Sigma). In
addition, 10p1 of FCV F9 (corresponding to approximately 2x 10*- 2x 10° TCID), and
10p1 of uninfected tissue culture fluid, were also added as positive development and
negative controls respectively. After drying at room temperature, the membranes were
blocked, incubated with either FCV F9 or uninfected tissue culture harvest (negative

control), and developed as described previously. In addition, another development
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system was used for other dot blots. This was essentially the same procedure but the
secondary antibody was anti mouse labelled with alkaline phosphatase diluted 1:2000 in
0.5% skimmed milk in PBS. Development occurred using 5-Bromo-4-chloro-3-indolyl
phosphate dipotassium salt/ Nitrotetrazolium blue chloride (BCIP/NBT) which produces

a dark purple colour for a positive reaction.

RESULTS.

Virus overlay protein binding assays.

The results of preliminary virus overlay protein-binding assays using crude cell extracts
showed a positive reaction with a cellular protein of approximately 60kDa (Fig. 1a). This
result was of considerable interest, suggesting that the virus—CR interaction was
maintained under the assay conditions employed. However, this result was inconsistent.
In some cases multiple bands were obtained (Fig. 1b), whilst in others, no positive
reaction was obtained (data not presented). The FCV F9 positive control for the staining
protocol was reproducibly positive showing a band of approximately 62 kDa consistent
with the size of the FCV capsid (Fig. 1c) (additional bands of approximately 80kDa,
100kDa and 135kDa were also occasionally detected as described previously (Carter et

al., 1989).

Attempts to improve the sensitivity and specificity of the VOPBA by preparing cellular
extracts with mild detergents in the presence of protease inhibitors was unsuccessful.

These results were consistently negative using both the crude unpurified and Iodixanol-
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purified FCV F9 as a probe under both reducing and non-reducing conditions
(unpublished data). Only the positive staining control of FCV F9 produced the expected

protein band of 62kDa in all experiments performed.
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Fig. 1. Representative preliminary results of VOPBA using crude FeA cell and FCV F9 extracts under denaturing conditions. a). A protein band of
approximately 60kDa was identified in some experiments (lane 1). Prestained molecular weight markers are present in Lanes 2 (Biorad). b). Multiple bands
were detected in some experiments (lanes 1 and 3). Prestained molecular weight markers are present in Lane 4 (Biorad). Lane 2 was loaded with sample buffer
only. ¢). In some cases, no specific bands were detected (lanes 2 and 3). The positive staining control F9 is present in Lane 1 and shows a major band at the

known weight of the FCV major capsid protein. Prestained molecular weight markers are present in Lane 4 (Biorad). Molecular weight marker values in kDa are
indicated on the right of each figure.

169



Virus cell interactions using dot blot assays.

Dot blot assays of CRFK cell membrane extracts, FEA cell membrane extracts, FCV F9
(positive development control) and uninfected cell tissue culture fluid (TCF) (negative
control) are shown in Figs. 2a and 2b. Fig. 2a is probed with FCV F9 and Fig.2b is
probed with TCF. The FCV F9 positive control dot blots in both Figs. 2a and 2b are
strongly positive. Faint positive staining can also be seen for both CRFK and FEA cells,
when probed with FCV F9 or uninfected cell TCF, suggesting that non-specific binding
may be occurring. Similar results were obtained with both the DAB and BCIP/NBT

staining protocols (data not presented).

In order to investigate this further, an additional series of dot blots were performed to
determine what stage of the development process was responsible for this non-specific
reaction. Figs. 3a and 3b show dot blots of CRFK cell membrane extracts, FEA cell
membrane extracts, FCV F9, and uninfected cell TCF applied as in Figs.2a and 2b, and
the secondary antibody peroxidase conjugated anti-mouse IgG as a positive staining
control. Only the secondary peroxidase conjugated anti-mouse IgG antibody and the
DARB staining system were applied in Fig. 3a, and just the DAB for Fig. 3b. A strong
positive reaction was scen for the two positive controls. However, weak staining was
also seen for all other dot blots, particularly those developed with the secondary antibody
and DAB, but also to a lesser extent for those developed with DAB alone (Figs 3a and 3b
respectively). These results suggested that a non-specific reaction was occurring between

the secondary peroxidase-conjugated antibody and components of the feline cell extract.
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Attempts to remove this non-specific binding by preadsorbing the secondary antibody

with cell membrane extracts proved unsuccessful (data not presented).
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Figs. 2a and 2b. Dot blot assays of CRFK cell membrane extracts, FEA cell membrane
extracts, FCV F9 (positive control) and uninfected cell tissue culture fluid (TCF) probed
with FCV F9 (Fig. 2a) or uninfected TCF (Fig. 2b). The FCV F9 staining control is
strongly positive in both (Figs. 2a.and. 2b). Faint positive staining can be seen for CRFK
and FEA cells when probed with FCV F9 or uninfected cell TCF, suggesting non-specific

binding may be occurring. Membranes developed using BCIP/NBT.
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Figs. 3a and 3b. Dot blots of CRFK cell membrane extracts, FEA cell membrane
extracts, FCV F9, uninfected cell TCF applied as in Figs.2a and 2b, and the secondary
antibody peroxidase conjugated anti-mouse IgG as a positive control. Membranes were
developed using secondary antibody peroxidase conjugated anti-mouse IgG and the DAB
staining system in Fig. 3a, and DAB alone in Fig. 3b. A strong positive reaction was
seen for the two positive staining controls in both Figs. 3a and 3b (anti-mouse
peroxidase). However, weak staining was also seen for all other dot blots when probed

with either secondary antibody peroxidase conjugated anti-mouse IgG and DAB or DAB
alone (Figs 3a and 3b).
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DISCUSSION.

The ability of animal viruses to infect host cells is dependent on the presence of an
appropriate cellular receptor. The host range of a particular virus defines both the types
of tissue that the virus infects and the animal species in which it multiplies. To infect a
cell, a virion must attach to a cellular receptor, a process involving the interaction of one
or more receptors on the host cell with the surface of the virus particle. Following
attachment, the virion penetrates the cell, and becomes uncoated to make its genome
accessible to virus and host machinery for transcription and translation to occur.
Information on identifying such putative cellular receptors is increasing but the molecular
mechanisms concerning these events are not fully understood (Schneider-Schaulies,

2000).

The aim of this study was to attempt to identify the putative CR for FCV as little is
known about the mechanism by which the virus enters permissive cells and initiates
infection. A virus overlay protein-binding assay was used as several receptor proteins
have been identified using this technique including those of encephalomyocarditis virus
(Jin et al., 1994), Sendai virus (Gershoni et al., 1986), mouse hepatitis virus (Boyle et al.,
1997), and Hantaan virus (Kim et al., 2002). In earlier experiments a band of
approximately 60 kDa was detected suggesting that the VOPBA may be a suitable
protocol to detect the FCV CR. Unfortunately these results were inconsistent and after

several attempts to refine the VOPBA protocol, were not repeatable. It is uncertain at
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this stage whether this 60 kDa protein represented a genuine interaction between FCV

and cellular protein or whether it was an artifact of the earlier experimental protocol.

There are several reasons that may explain why we were unable to detect a specific
interaction between FCV and a putative cellular receptor. For example, it is possible that
denaturation of the cellular extracts may have occurred during electrophoresis and
blotting. This can still occur even with freshly prepared cellular extracts, although the
addition of non-denaturing detergents in the lysis buffer before SDS-PAGE can preserve
the protein’s biological activity. This was demonstrated in a study by Fox et al (1999)
who identified a cell surface protein from CRFK cells that specifically binds Aleutian
mink disease parvovirus (ADV). During the optimization of their protocol, these authors
found that the inclusion of detergents decreased the specificity of binding. One of the
reasons that detergents may promote non-specific binding is that the detergents are
interacting with hydrophobic transmembrane regions of the membrane proteins on the
blot. The virions may be nonspecifically interacting with the membrane protein
associated detergents. In addition, intercellular proteases are fairly resistant to

denaturation and can also degrade sample proteins.

As well as the possible denaturation and inactivation of the cellular receptor, it is also
posible that the affinity of FCV for its receptor and the sensitivity of the VOPBA were
too low to allow detection of FCV CR. Future studies to identify such a putative cellular

receptor could focus on increasing the sensitivity of the assays by radiolabelling FCV.
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Such a protocol has recently been used to identify a 30 kDa cell surface protein as a

putative cellular receptor for Hantaan virus (Kim et al., 2002).

However, it is also possible that the FCV CR is not a protein, but another type of
molecule such as a carbohydrate antigen. This has recently been suggested for RHDV
and NV (Marionneau et al., 2002, Ruvoen-Clouet et al., 2000). However, this work was
published after the current study was initiated. The assumption was made in our studies
that the FCV receptor was likely to be a protein, based on earlier NV work (Tamura et al.,
2000), and the specificity of FCV for feline cells, and the initially promising results of the
early VOPBAs. Since related viruses often use similar receptors for virus entry, it may
be appropriate in future studies to see if FCV also interacts with histo-blood group
antigens as recently demonstrated for RHDV and NV. Many virus receptors have been
identified this way based on the previous identification of receptors in related viruses.
Examples of these include the role of aminopeptidase N as the major cell surface receptor
for group 1 coronaviruses including feline coronavirus (Tresnan et al., 1996) and the role
of CXCR4 as a common receptor for human and feline immunodeficency viruses (Willett
et al., 1997). However, a role for histo-blood group antigens in FCV seems unlikely at
this stage since the agglutination phenotype of RHDV and NV that initially suggested
such antigens may be involved in attachment for these viruses has not been demonstrated

for FCV and to the best of the authors knowledge (see also Studdert, 1978).

It seems likely that future studies aimed at characterising an FCV cellular receptor would

require a completely new approach to the VOPBA used in this study. These may include
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the development of simple cell attachment assays based on permissive cell lines followed
by the identification of specific inhibitors of this attachment assay. Other approaches,
including the characterisation of monoclonal antibodies raised against permissive cells,
and the transfer of the permissive phenotype to non-permissive cells by cDNA

transfection, may also be appropriate.
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General discussion and future work.

This thesis was aimed at increasing the understanding of important mechanisms of
FCV replication and host cell interactions utilising a wide range of sensitive molecular

techniques.

Previous studies by this research group identified two linear epitopes in conserved
regions of the major capsid protein (Radford et al., 1999) suggesting they may prove
useful in vaccine development, especially as one, ags 4, appeared to be detected by the
majority of FCV infected cats. We investigated the antigenic cross-reactivity of ags 4
using antisera obtained from rabbits with a synthetic peptide corresponding to ags 4
conjugated to a carrier protein. Then we demonstrated that this epitope induced an
antibody response in rabbits which reacted well with all FCV isolates tested in dot
immunoblotting, Western blotting, and immunofluoresence. This confirmed the
ability of this epitope to induce an antibody response, which is broadly cross-reactive
amongst FCV strains, suggesting such antiserum could prove highly useful as a
diagnostic and research tool for the specific detection of a wide range of FCV isolates.
The ability of antiserum to ags4 to neutralise FCV was more equivocal, with the two
antiserum showing low and undetectable neutralising activity respectively. However,
if this neutralising activity is genuine and as broadly reactive as its reactivity in blots
and by immunofluorescence, then the potential for ags4 to act as a novel vaccine could

be huge.

Future studies to enhance and confirm the specificity of the neutralising response seen

will require the synthesis of higher titre antisera. This may be achieved by the use of
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other carrier proteins described in manuscript 1 such as tetanus toxoid, Pseudomonas
aeruginosa toxin A, beta-galactosidase, Brucella abortus (killed bacteria), hepatitis B
core and surface antigens, all of which have been previously used to improve the
immunogenicity of peptides (Baker et al., 2000, Beekman et al., 2001, Lapham et al.,
1996). Recently, the use of T helper recognition sites has also been used to increase

the immunogenicity of injected peptides (Wang et al., 2002).

These higher titre antiserum could then be used to determine their neutralising activity
against a wide panel of FCV isolates in vitro. Although the ultimate target species for
neutralising is the cat, it would seem most sensible to trial peptide delivery systems
again, as in this study, in the rabbit, making use of commercial laboratories for the
preparation of antiserum. Once a suitable peptide delivery system has been optimised
and providing the neutralising activity is confirmed, it would then be necessary to use
ags4 peptides to vaccinate cats. In the natural host, neutralising activity could then be
assayed both in cell culture and in vivo using challenge experiments. In this regard it
is worth mentioning that currently available commercial vaccines for FCV result in

relatively low-level antibody titres as determined by in vitro virus neutralisation.

Regarding the Caliciviridae as a whole, little is known about how these important
viruses cause disease at the cellular level. Only members of the vesivirus genus can be
grown routinely in cell culture including FCV, SMSV and some isolates of CaCV.
Because infections caused by FCV are ubiquitous, and the virus has a narrow host
range this is an ideal model system for studying calicivirus replication. Studies by this
research group have previously characterised the morphological changes in infected

cells which include the cells becoming rounded and refractile. In addition, plasma
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membrane blebbing can be observed on the surface of some infected cells (Knowles,
1988). Whilst the exact mechanisms by which FCV induces this cell death are
unknown, some of the observed changes are suggestive of a cell undergoing apoptosis.
As viruses can actively modulate cell cycle progression and apoptosis we therefore
investigated whether the major mechanism of cell death in infection with FCV in vitro
is associated with the induction of apoptosis. In this study, there was little evidence to
support specific induction of apoptosis in FCV-infected cells as assessed by terminal
deoxynucleoide transferase-mediated labelling of 3’-OH ends (TUNEL assay). In
addition, there was no apparent upregulation of the anti-apoptotic factor Bcl-2.
However, there was some suggestion that cell cycle progression was being
manipulated by FCV infection as judged by levels of proliferating cell nuclear antigen

(PCNA).

These results are at variance with two very recent studies suggesting that apoptosis
does occur in FCV infected cells (Al-Molawi et al., 2003, Sosnovtsev et al., 2003). It
is not clear why our studies did not demonstrate evidence of apoptosis. Both of the
recent studies published used different techniques from our work, including
assessment of caspase activity as an indicator of apoptosis. However, different cell
lines, and, in one study, a different virus strain was used, in both our work and the

published work and this may have influenced the results.

In future studies, it would be useful to repeat the experiments we performed on cell
pellets on cover slip grown cells where cellular morphology is maintained and where
dual labelling for cellular markers and FCV antigens is more readily achieved.

Although we did achieve limited success using cover slips, technical problems
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precluded more extensive use in this study. The significance of PCNA upregulation as
suggested by our results remains to be determined. Further studies are required to
determine the location of FCV replication within infected cells and to further evaluate

its effect on cellular function and turnover.

As little information is available on predicted secondary structures in FCV, we
analysed regions at the 5 ends of both the genomic and subgenomic RNA molecules of
all FCV isolates that have been fully sequenced to date. Putative conserved secondary
structures were predicted for all FCV isolates. The significance of these regions was
further suggested by the high degree of sequence conservation identified between the
5’ ends of both the genomic and sub genomic RNA molecules, suggesting these
regions may play a similar role in both molecules. However, it is worth emphasising
again the putative status of these structures. Before they can be regarded as definitive,
synthetic RNA molecules will be necessary to characterise the significance of these
putative structures in vitro. These molecules could be produced from a full-length
infectious clone (if available). In the absence of an infectious clone, smaller sub-
genomic RNA fragments could be generated and used as molecular ‘hooks’ to identify
cellular (and viral) proteins that bind to these regions (Gutierrez-Escolano et al., 2000).
In both cases, mutational analysis of predicted structures will allow the precise

structure of the RNA molecules in these important genomic regions to be dissected.

Infectious clones have been previously attempted within this research group and
although a full-length clone was produced, infectious virus was never recovered. The
possible reasons for such failures are discussed in manuscript 4. Improved PCR

technology has enabled many studies to generate full-length cDNA in a single round
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of long PCR, following the reverse transcription of the viral RNA. Then infectious
RNA can be generated directly from the amplicon by in vitro transcription since a T7
promoter is engineered in the 5° end primer. It was decided that this approach should
be attempted to generate infectious clones of FCV isolates. In principle, the
application of long RT-PCR should simplify the construction of infectious clones and
diminish some of the problems often encountered especially during the ligation of
many sub genomic cDNA fragments prior to cloning. Using this methodology, we
were successful in producing long RT-PCR products with some FCV isolates.
However, following purification, the yield of putative full length amplicons obtained
was in general disappointing and represented a limitation to amplicon and
characterisation and cloning. Future work would therefore be aimed at increasing the
yield. This could be achieved by attempting to purify and concentrate viral template
RNA for example by caesium chloride gradients. It is also possible that further
attempts at PCR optimisation may improve product yield, particularly as enzyme
technology continues to improve. Readily generated infectious clones of FCV isolates
would be particularly beneficial to help understand genomic replication and the

molecular mechanisms of virulence.

As mentioned throughout this thesis FCV replicates exclusi'vely in feline cell lines
therefore representing a useful model to study the interaction between caliciviruses
and cells. As the cellular receptor has not been identified for FCV, and based on the
assumption it is likely to be a protein, we attempted to identify a cellular receptor on
the surface of feline permissive cell lines. Although cellular receptors have long been
a topic of interest, until recently progress in this area has been rather slow. Indeed a

variety of strategies have been utilised to detect and characterise specific cellular
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receptors. Amongst various methods the most promising approach has been the virus
overlay protein-binding assay (VOPBA) used in this study. However, as we were
unable to detect the putative cellular receptor for FCV on this occasion other
methodologies described in manuscript 5 could be attempted. For example, using a
VOPBA assay but probing with radiolabelling virus as described in a recent study
(Kim et al., 2002). The possibility that the receptor may not be a protein should also

be considered.
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