













































































1997; Sugiyama ef al., 1995, Marusic et al., 2001). Tobacco mosaic virus (TMV), a
member of the Tobamoviridae, is one of the more prominent vectors. Historically

TMV has been one of the most well studied viruses.
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Figure. 1.3. lllustrating all open reading frames within a linearized representation of the TMV
genome (http://www.biosource-technologies.com/genead.htmi)

1.41 TMV Plant Viral Vectors

Several investigators have exploited the potential of the TMV CP (CP) in vaccine
development to generate CP hybrids that display a variety of foreign epitopes
including those from malaria (Plasmodium), HIV gp120, Influenza virus and Murine
hepatitis virus (Turpen et al., 1995; Sugiyama et al., 1995; Koo et al, 1999).
Numerous other investigators have also succeeded in stimulating the production of
significant levels of peptide-specific antibodies using these TMV CP hybrids
(Oscherwitz et al., 1999; Fitchen et al., 1995; Staczek et al,, 2000, Wu et al.,

2003).
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TMV is a plus-sense single-stranded RNA (ssRNA) virus whose genome consists
of 6395 nucleotides, and contains only 4 open reading frames (ORF) (Figure. 1.3)
(Goelet et al., 1982). TMV expresses 3 genes; a 126kDa as well as a 183kDa
protein are expressed from the 5 end of genomic RNA by means of a leaky
translational stop codon directly (Yusibov et al., 1999). These 2 proteins are known
to form a replicase complex required for efficient replication (Ishikawa et al., 1991).
Other proteins translated from subgenomic RNAs during viral replication include a
30kDa movement protein, which is required to facilitate passage of the virus
particles from cell to cell via the plasmodesmata (Wolf et al., 1989) and a 17.5kDa
CP, which is required for the long distance movement of the virus within and

between plants.

The N- and C- termini of the CP are known to protrude on the exterior surface of
the TMV virion, which make them ideal for epitope presentation (Figure. 1.4C)
(Namba et al., 1989). Epitopes fused to the purified CP can be presented in an
aggregated or particulate form as the CP monomers at low pH are capable of self-
assembly by aggregating into rod-like particles independent of viral RNA, of which
a typical wild-type TMV virion contains 2130 monomers (Figure. 1.4A and B)
(Butler, 1984).
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Figure. 1.4(A) and (B) display 3-dimensional data of the assembied rod-shaped TMV virion
(www.ppws.vt.edu/ ~sforza/tmv/tmv.html) All content and images ©Copyright Peter Sforza, 2001; (C)
Shows a ribbon diagram of a TMV coat protein monomer; the N- and C-termini lie next to one another
and are exposed at the surface of the assembled rod (http://www.biologie.uni-hamburg.de/b-
online/e35/7.htm) © Peter v. Sengbusch. Images were kindly provided by the indicated researchers.

The TMV CP has been shown to be strongly immunogenic in the aggregated state
or as virions, and probably contains T-cell epitopes (Dr K.E. Palmer, LSBC,
personal communication). This property is quite noteworthy, as recombinant
“display” particles can almost certainly strongly enhance the immunogenicity of a
fused epitope. Enhanced V3 peptide immune responses have been demonstrated
by means of using a highly immunogenic Hepatitis B surface antigen (HBsAg) to

present the HIV-1 MN V3 peptide (RIHIGPGRAFYTTKN). The HBsAg/V3 fusion
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elicited humoral immune responses against both viruses within 3-6 weeks, which
peaked at 6-12 weeks and remained stable for 25 weeks. This observed response
was far superior in comparison to the use of gp160 peptide alone, which only
induced a slow and low-titred anti-V3 response at 12 weeks post-inoculation. This
demonstrated the ability of an immunogenic carrier protein to act as an adjuvant

enhancing the weak anti-V3 response (Fomsgaard et al., 1998).

Properties that promote the use of the TMV as a vector for gene expression within
plants include the fact that the 17.5 kDa TMV CP is capable of being expressed at
high levels in the infected plant. The viral CP has already been shown to
accumulate to levels as high as 10% of the infected dry leaf mass (Fraser et al.,
1987; Yusibov et al., 1999). This ability to rapidly produce high levels of protein has
been credited to the fact that TMV is an RNA virus. TMV has also displayed a rapid
systemic spread within a range of host plants (Donson et a/., 1991). Replication is
limited to the cytoplasm and not the nucleus and thus the absence of nuclear
integration coupled to viral replication kinetics enables rapid production of proteins

(http://www.biosourcetechnologies.com/genead.html). A property of immense

significance is that the TMV RNA genome can be used to make cDNA clones that
are easily modified to allow foreign gene expression (Shivprasad et al., 1999;
Donson et al., 1991). Another important fact about TMV is that it has a very broad
host range, and one of its primary host species - Nicotiana tabacum or tobacco, is
also one of the highest biomass and soluble protein-producing crops in the world
(Yusibov ef al., 1999). As TMV is a plant virus it does not pose the threat of
infecting mammalian cells and will therefore be non-pathogenic and non-toxic to a

vaccinated individual.
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As TMV is an RNA virus, this could deter some who consider using it as a potential
vector because of the low fidelity of RNA polymerases (replicase) (Yusibov et al.,
1999). A study conducted by Kearney et al. (1993) examined the accumulation of
errors within a TMV-derived vector over a period of 6 months and 10 passages
from plant to plant. Of the viral RNA isolated and sequenced, no mutations were
identified. Similar results obtained with another RNA virus based vector, TBSV,
corroborate the finding that these vectors are potentially quite stable, as the vector
retained the correct epitope sequence through a series of 6 sequential passages
(Joelson et al., 1997). Despite the stability, however, all recombinant viruses used
in this study were found to lose their insert eventually. This may work in favour of
use of the vector, as “escapes” can almost be guaranteed to revert to “wild-type”

on serial transmission preventing expression of foreign gene in other nearby crops.

It has been established that peptides are efficiently presented to the immune
system in repetitive arrays (Broekhuijsen et al, 1986; Lo-Man et al., 1993;
Lowenadler et al., 1990; Zheng et al., 1993). Such displays allow for more efficient
cross-linking of antigen-specific immunoglobulins on B-cells, which leads to B-cell
proliferation and antibody production. A study conducted by Oscherwitz et al.
(1999) has compared the ability of immunogens containing single as well as 8
tandemly repeated copies of V3 to elicit an immune response. The study revealed
that the tandemly repeated immunogen was capable of inducing an approximately
30-fold greater antibody response compared to those elicited by the monomeric
immunogen. Similarly Yusibov et al. (1997) used a recombinant TMV expression
system, which utilised the AMV CP to express V3 peptide from HIV. The

recombinant, self assembled CP when injected into mice stimulated a neutralizing
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humoral immune response, which resulted in up to 80% neutralization of the HiV-

1/MN isolate.

1.5 PROJECT OUTLINE AND OBJECTIVES

The aim of this study was to develop a peptide-based vaccine capable of inducing
a NADb response to HIV-1 subtype C, the predominant subtype circulating in sub-
Saharan Africa. The V3 PND was identified as the epitope of choice to stimulate
the NAb response. A TMV-based expression system was selected as a means of
efficiently expressing, producing and presenting the V3 loop epitope. The foreign
V3 loop epitopes were fused to different positions in the TMV CP, to potentially
allow the display of these epitopes on the surface of the assembled TMV virion:
theoretically, this could allow display of approximately 2000 copies of the V3
peptide on the outer TMV virion surface. Both TMV vector systems (CP fusions)
and V3 peptides have shown promise in their individual respects as an efficient
expression system and a potent Nab-stimulating immunogen in the varying
contexts discussed earlier. The combination of these 2 factors could therefore
present a potent HIV NAb stimulating vaccine candidate that if successful, could
form part of a combination therapy regimen. As the proposed TMV based vaccine
candidate’s production is plant based, this study aimed to enable a cost-effective
means of vaccine production, which is one of the primary aims for vaccine

production in developing nations.
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2.1 INTRODUCTION

A primary concern when investigating a potential vaccine is whether the selected
epitope/s presented to the immune system are capable of stimulating an adequate
immune response (capable of clearing an infection), be it humoral or cellular. The
aim of this study was to stimulate the humoral arm of the immune response and
determine whether a significant HIV NAb response could be stimulated with a
recombinant carrier particle. In particular, an epitope capable of stimulating a
broadly cross-NAb response to the predominant HIV-1 subtype circulating in sub-
Saharan Africa was most desirable. As discussed earlier (chapter 1 page 11), the
HIV-1 subtype C gp120 V3 (PND) epitope was identified as the epitope of choice

to elicit this immune response.

NAb responses were recently analysed in a cohort of South African sex workers
infected with HIV-1 subtype C (Bures et al., 2002). Sera from the subjects were
found to react strongly with the autologous V3 peptide and also showed a broad
cross reactivity with heterologous subtype C V3 peptides. V3-specific reactivity and
neutralization activity of sera was particularly strong for subjects Du151 and
Du179. In some instances Du151 serum was shown to react more strongly with
heterologous V3 sequences than their autologous sera. Prior research on Du151
and Du179 subject-derived isolates revealed that Du151 isolates used the CCR5
receptor while Du179 isolates were dual tropic, using both CCR5 and CXCR4 as
co-receptors (van Harmelen et al., 2001). Dual tropism is an uncharacteristic trait
of subtype C viruses and is in general attributed to an increase in positive charges
from arginine residues within V3. Sequencing has shown that the increased

positive charge in this instance arose due to the presence of a histidine residue at
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position 290 (which is located near the base of the V3 loop), which increased the
overall positive charge to +6. This is characteristic of CXCR4 co-receptor tropism
(van Harmelen et al., 2001). Another uncharacteristic trait of V3 from DU179
isolates identified in this study is the 34 amino acid length as opposed to the
normal 35 amino acid length. V3 peptides derived from the Du151 and Du179
isolates therefore serve as contrasting candidates for stimulating NAb responses
and both were selected for this study. For the purposes of this study, HIV isolates
derived from subjects Du151 and Du179 will be referred to as Du151 and Du179

respectively.

As mentioned previously, the TMV CP can accommodate the ligation of epitopes at
various positions that allow for the presentation of the foreign epitope on the
surface of the assembled virion. This ability to manipulate the RNA virus genome
arises due to the fact that the viral genome can be presented in a ¢cDNA cloning
vector form, which later is in-vitro transcribed to facilitate viral infection. Three
TMV-based cloning vectors were used in this study. They allowed for the fusion of
V3 epitopes to the N-terminus, C-terminus or in the 60S loop regions of the TMV
CP. Traditionally, TMV CP fusions have not exceeded approximately 20 amino
acids in length, suggesting that larger epitopes would sterically hinder TMV virion
assembly and may affect virion solubility (Sugiyama et al., 1995; Yusibov et al.,
1997; Koo et al.,, 1999; Staczek et al., 2000; Wu et al., 2003). To prevent this

possibility, truncated forms of the V3 PND were fused to the TMV CPs.
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This chapter describes the assembly and construction of recombinant V3-
presenting TMV vectors from the base TMV vectors provided by Large Scale

Biology Corporation (LSBC).
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2.2 MATERIALS AND METHODS

2.2.1 Assembly of V3 epitopes

HIV-1 subtype C V3 PND amino acid sequences derived from patients Du151 and
Du179 were kindly provided by Dr Lynn Morris (National Institute for

Communicable Diseases, Johannesburg, South Africa).

Du151: N- NNNTRKSIRIGPGQTFYATGEII -C (23 amino acids)

Du179: N- GNNTRKSIRIGPGQAFYTNHII -C (22 amino acids)

These epitopes were cloned into the appropriate LSBC TMV-based cloning vectors
(pLSB2295, pLSB2109, pLSB2296; Dr K.E. Palmer, LSBC, CA, USA) at the Ncol
(Ncol = 5-CCA TGG-3') and NgoMIV (NgoMIvV = §5-GCC GGC-3’) restriction
enzyme cloning sites, resulting in fusion of the epitope at either the N-terminus
(pLSB2295) or C-terminus (pLSB2109) or to the 60S loop (pLSB2296) (Appendix
B 2, 4, 6).

The epitope-encoding sequences were therefore modified as follows, each
epitope-encoding sequence averaging approximately 70 base pairs (bp) in length.
The oligonucleotides synthesized by the Oligonucleotide Synthesizing Service of
the Department of Molecular and Cell Biology, University of Cape Town could not
exceed 40 bp in length if they were to retain any relative degree of accuracy. To
facilitate the synthesis of the V3 epitope encoding sequence | therefore decided to

use a PCR assembly technique derived from Stemmer et al. (1995).
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In addition, Du151 and Du179 sequences needed to be synthesized to have an
Ncol site at the 5-encoding end and an NgoM|/V site at the 3'-encoding end to

allow for easier cloning.

As mentioned previously, the V3 PND-encoding sequence was truncated to avoid
steric hindrance of virion assembly. Appropriate truncation of each epitope was
accomplished by removing the first and last 4 amino acids from both Du151 and
Du179 encoding sequences resulting in 2 overlapping epitope-encoding regions

highlighted in Figure 2.1.

Du151: (a)

6’-CC ATG GGT AAC AAC AAC ACC CGG AAG AGC ATC CGG ATC GGC CCC GGC CAG ACC TTC TAC GCC ACC GCC GGC-3'

N N N T R K 8 I R I GG P G Q@ T F Y A T

Du151: (b)
8'-CC ATG GGT CGG AAG AGC ATC CGG ATC GGC CCC GGC CAG ACC TTC TAC GCC ACC GGC GAG ATC ATC GeCC GGC-¥’

R K s I R I 6 P G QT F Y A T G E 1 |

Du179: (a)
6'-cC ATG GGT BECIAACIAABIABE CGG AAG AGC ATC CGG ATC GGC CCC GGC CAG GCC TTC TAC ACC GCC GGC-3’
@GN R K S I R I 6 P G Q A F Y T

Du179: (b)

6’-CC ATG GGT CGG AAG AGC ATC CGG ATC GGC CCC GGC CAG GCC TTC TAC ACC NAGICAGIATEIATE ccc cee-3'

R K 8 I R I 6 P G Q A F Y T NEHIS

Figure 2.1 This shows the 4 different V3 loop epitope encoding sequences that were synthesized
for cloning into the pLSB vectors. The highlighted areas indicate the regions where the Du151,
Du179 (a) and (b) epitopes differ as a result of the epitope truncations. From the highlighted areas
on each epitope it is clear that the (a)-epitopes are C-terminal truncations while the (b)-epitopes are
N-terminal truncations
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2.2.1.1 PCR Assembly Strategy
The High Fidelity PCR System (Roche) was used as per vendor-directed

protocol (www.roche-applied-science.com/pack-insert/1732641a.pdf). The

PCR assembly strategy involved dividing the epitope-encoding sequence into
4 overlapping oligonucleotides for each epitope (Appendix C(l)).
Oligonucleotides (A) and (C) encompassed the forward strand, while (B) and
(D) encompassed the reverse strand. These oligonucleotides then via a 2
stage PCR indicated below (Figure 2.2) were annealed ((A to B) and (C to D))
and then amplified in a 2 stage PCR (Figure 2.2). The indicated intermediate
PCR products are shown in figure 2.2. The intermediate oligonucleotides
generated, i.e. the elongated oligonucleotides A and D, annealed at their
complementary regions and completed the entire epitope-encoding
sequence. Thus at the end of stage 1, a pool of nucleotides existed that
included those encoding the correct epitope sequence as well as others that
resulted from the annealing of oligonucleotides B and C, which clearly cannot
be amplified. A second stage of PCR was employed to more accurately
define and concentrate the required epitope-encoding sequence. This second
stage produced more specific product by using the external forward and

reverse oligonucleotides/primers A and D.

2.2.1.2 PCR compositions:
For the stage 1 PCR a 25 pmol/ul working stock dilution of each
oligonucleotide was made and the 4 oligonucleotides (A, B, C, D) combined in
equimolar amounts to form the oligonucleotide mixture. Each reaction was

carried out in a final volume of 50ul. Reactions were carried out using
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components of the High Fidelity PCR System (Roche), which included 1x high
fidelity buffer, 2.5mM MgCl,, 0.125mM dNTP mix, 1.75 units high fidelity
enzyme mix, 2ul (25pmol/ul) oligonucleotide mixture, 36.5ul dHO (See

reaction temperature profile Appendix C(I1)).

The stage 2 reactions were also carried out in a final volume of 50ul.
Reactions were carried out using components of the High Fidelity PCR
System (Roche), which included 1x high fidelity buffer, 2mM MgCl,, 0.125mM
dNTP mix and 1.75 units high fidelity enzyme mix. Reactions also contained
1ul oligonucleotides A and D, 36.25ul dH,0, and 1.25ul stage 1 PCR product
(which constitutes a 1/40 dilution of stage 1 product, see reaction temperature

profile Appendix C(Il)).
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Figure 2.2 Diagrammatic representation of the PCR assembly process used for the

assembly of the V3 loop encoding sequences.
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2.2.2 General Cloning strategy used for inserting the epitope encoding DNA into
sequencing and expression vectors

Assembly PCR products were initially ligated into the pGEM®-T Easy
cloning/sequencing vector (Promega) (DNA insert ligations to either pGEM®-T
Easy or pLSB vectors were routinely carried out in 10ul volumes using 1 unit of T4-
DNA ligase (Roche). PCR product ligation into the pGEM®-T Easy vector was
performed using reagents provided in the pGEM®-T Easy kit following
manufacturers protocol in 30:1, insert : vector ratios.) and recombinant plasmids
(pPGEM+151a, 151b, 179a, 179b) were used to transform DH5a E. coli competent
cells as described in Appendix A(VI). Plasmid DNA was isolated (Appendix A(ll}))
and the insert sequenced using an M13 forward primer (Appendix A(VIl)) provided
with the pGEM®-T Easy kit to verify the amplified sequence. DH5a E. coli
transformants that were identified to contain the correct V3 epitope-encoding
sequence were used for a large-scale plasmid DNA isolation (Appendix A(ll)).
Recombinant plasmid DNAs were digested in Ncol (Promega) restriction enzyme,
Digests were carried out using 1 unit of enzyme/ug of DNA and incubated at 37°C
for 2 hours before analysis. Supplier provided buffers and bovine serum albumin,
which accompanied the specific enzyme, was used in each digest as per suppliers
protocol. Digests were followed by column purification of digested DNA (Appendix
A(V)). Column purified DNA was then digested in NgoMIV (New England Biolabs)

restriction enzyme. The V3-encoding sequences were gel purified as described in

Appendix A(V).

The V3-encoding fragments were ligated into the Ncol and NgoMIV restriction

enzyme sites of pLSB 2295, 2109, 2296 vectors (Appendix B2, 4, 6) and insert
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ligations to the pLSB vectors were carried out in 10:1 (insert:vector) ratios.
Recombinant DNAs were used to transform competent E. coli DH5a cells
(Appendix A(VI1)) and plasmids were purified using a large-scale DNA isolation
protocol (Appendix A(ll)). The sequences of recombinant clones were verified by
sequencing the pLSB2109 and pLSB2296 recombinants with the TMV CP forward
primer (Appendix A(VI1)), while the pLSB2295 recombinants were sequenced with

a TMV CP reverse primer (Appendix A(VII)).
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2.3 RESULTS AND DISCUSSION

2.3.1 Assembly of V3 epitopes (PCR assembly)

The V3 epitopes were successfully assembled using an assembly PCR technique.

The expected approximately 75 bp band was identified in each assembly reaction

(lanes 4, 5, 6 in Figure. 2.3).

(bp)

2459

1093
805

448

247
4—= +/-75 bp band

Figure 2.3 PCR assembly products resolved on a 2% agarose gel. Lane 1 contains a APst
DNA size marker, lanes 2 and 3 show the 0 DNA controls for stage 1 and 2 respectively
and Lane 4 contains the Stage 1 experimental assembly PCR product, Lanes 5 and 6
show identical samples loaded in duplicate from the stage 2 V3 loop epitope assembly.

It is evident from duplicate lanes 5 and 6 (stage 2 PCR products) compared with

lane (4) (stage 1 PCR product), that the stage 2 final product is a more defined

product in terms of concentration and band specificity.
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2.3.2 Cloning of Assembled V3 Epitope into Expression Vectors

The PCR product was screened to identify correctly assembled V3-encoding
sequences by cloning the stage 2 PCR products into the pGEM T®-Easy
cloning/sequencing vector (Appendix B1), and sequenced using the M13 forward
primer. The Ncol and NgoMIV restriction enzyme digests of selected clones
excised the insert from the pGem®-T Easy vector, which resuited in the expected
approximately 75 bp band as well as an approximately 370 bp band as a result of

an internal NgoMIV restriction site within the pPGEM®-T Easy vector (Figure 2.4).

(bp)
4749 |

1160
1090
1159

514

468
340

4—— Excised insert band
(+/-75 bp)

Figure 2.4 DNA products from an Ncol/NgoMIV double digest on a 1% agarose gel.
Lane 1 contains the APst DNA size marker, lane 2 contains the undigested pGem®-T
Easy vector, lane 3 contains the stage 2 assembly PCR product as a size marker, lane
4 contains the Ncol/NgoMIV double-digested recombinant pGem®-T Easy vector from
which the excised insert band was gel purified, indicated by the bottom arrow
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As seen in Figure 2.4, the V3-epitope encoding bands were then cut out from the

gel and purified from the gel slice.

V3 loop-encoding sequences were ligated to the Ncol- and NgoMIV- digested
pLSB2295, 2109 and 2296 vectors (Appendix B2, 4, 6). The recombinant pLSB
vectors were screened by sequencing using pLSB CP forward and reverse
sequencing primers (Appendix A(VIl)). Sequencing of recombinant clones showed
that each of the pLSB2295, 2109, 2296 vectors contained each of the Du151a,
151b, 179a and 179b epitope-encoding sequences in the correct reading frame as

indicated by the sequence translations that follow: (Figure 2.5 A-L)

(A)

pLSB2295 + Du151(a) (N-terminal fusion) translation
Total amino acid number: 181, MW=19889

Max ORF: 1-543, 181 AA, MW=19889

1 BEAFEECTAACAACAACACCCGGAAGAGCATCCGGATCGGACCAGGACAAACATTTTATGCA
1 M G

61 ACC CTTACAGTATCACTACTCCATCTCAGTTCGTGTTCTTGTCATCAGCGTGG
21 f A s Yys 1T T@©PSQFVF F L S S AW
121 GCCGACCCAATAGAGTTAATTAATTTATGTACTAATGCCTTAGGAAATCAGTTTCAAACA
41 ADPIETILTINTLTCTNA ATLTGNTUGQTFQT
181 CAACAAGCTCGAACTGTCGTTCAAAGACAATTCAGT GAGGTGTGGAAACCTTCACCACAA
61 Q Q ARTVV QRQF S EV W KPS P Q
(B)

pLSB2295 + Du151(b) (N-terminal fusion) translation
Total amino acid number: 181, MW=19858
Max ORF: 1-543, 181 AA, MW=19858

1 BEAEEECT CGGAAGAGCATCCGAATAGGACCAGGACAGACAT TCTATGCAACAGGAGAGATA
1 M G

61 AT CTTACAGTATCACTACTCCATCTCAGTTCGTGTTCTTGTCATCAGCGTGG
21 B A G s yYys 1T TU®PSOQFVF F L S S AW
121 GCCGACCCAATAGAGTTAATTAATTTATGTACTAATGCCTTAGGAAATCAGTTTCAARACA
41 A DPTIETLTINTIULTCTNA ATLTGNGQTF QT
181 CAACAAGCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAA
61 Q O ARTVV QR QF S EV WZKTZP S P Q
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(C)
2295 + Du179(a) (N-terminal fusion) translation

Total amino acid number: 180, MW=19731
Max ORF: 1-540, 180 AA, MwW=19731

1 BEAEEGT GGCAACAACACCCGGAAGAGTAT TCGAATTGGACCAGGACAGGCATTCTATACA
1 M G

61 BEEEEE T CTTACAGTATCACTACTCCATCTCAGTTCGTGTTCTTGTCATCAGCGTGGGCC
21 A G S Y S I TTZ®PS QFV F L S S ATWA

121 GACCCAATAGAGTTAATTAATTTATGTACTAATGCCTTAGGAAAT CAGTTTCAAACACAA
41 D P I ELINJUILTGCTNA AILTGNIUGQTFQT Q

181 CAAGCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTA
61 Q ARTVV QROQTFSEVWEZ KT PSP Q V

(D)

pLSB2295 + Du179(b) (N-terminal fusion) translation
Total amino acid number: 180, MW=19822
Max ORF: 1-540, 180 AA, MW=19822

1 EEAEEG T CGGAAGAGTATTCGAATTGGACCAGGACAGGCATTCTATACAAACCACATCATC
1 M G

61 BEEEE8TCTTACAGTATCACTACTCCATCTCAGTTCGTGTTCTTGTCATCAGCGTGGGCC
21 A G S Y S I TTUZPSQFV F L S S A WA
121 GACCCAATAGAGTTAATTAATTTATGTACTAATGCCTTAGGAAATCAGTTTCAAACACAA
41 D P I ELINTULTCTNA ATLGNTUGQTF QT Q
181 CAAGCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTA
61 Q ARTV V QR QFSEVWZ KT PSP Q V
(E)

pLSB 2109 + Du151(a) (C-terminal fusion) translation
Total amino acid number: 182, MW=20034
Max ORF: 1-546, 182 AA, MW=20034

241 GTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGAATAATAGAAGT TGAAAATCAG
81 VT ALTLTGATFUDTH RI NI RTITITEVENQ
301 GCGAACCCCACGACTGCCGAGACGTTAGATGCTACTCGTAGAGTAGACGACGCAACGGTG
101 A NPT T AETTULTDA ATU RTI RVDTDA ATV
361 GCCATAAGGAGCGCGATAAATAATTTAATAGTAGAATTGATCAGAGGAACCGGATCTTAT
121 A'I RS ATINUNU LTIV VETLTIZ RTGTG S Y
421 AATCGGAGCTCTTTCGAGAGCTCTTCTGGTTTGGTTTGGACCT CTCHEMIBEGTAACAAC
141 NRSSFESSSGLVWTSAME
481 AACACCCGGAAGAGCATCCGGATCGGACCAGGACAAACATTTTATGCAACC CT
161 A G P
541 GCAACTTGA

181 A T *
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(F)

pLSB 2109 + Du151(b) (C-terminal fusion) translation
Total amino acid number: 182, MwW=20003

Max ORF:

241
81

301
101
361
121
421
141
481
161
541
181

(G)

1-546, 182 AA, MW=20003

GTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGAATAATAGAAGTTGAAAATCAG
V TALULGA AT FTUDT RNI RTITITEUVENQ
GCGAACCCCACGACTGCCGAGACGTTAGATGCTACTCGTAGAGTAGACGACGCAACGGTG
ANPTTAETTULUDA AT RI RUVDDA AT V
GCCATAAGGAGCGCGATAAATAATTTAATAGTAGAAT TGATCAGAGGAACCGGATCTTAT
A'I RS AINNZ LTIVETZLTIU RTGTG 5 Y
AATCGGAGCTCTTTCGAGAGCTCTTCTGGTTTGGTTTGGACCTCT GRUMBGEGT CGGAAG

NRSSFESSSGLVWTSAMH

AGCATCCGAATAGGACCAGGACAGACATTCTATGCAACAGGAGAGATAAT CT
A G P

GCAACTTGA

A T *

pLSB2109 + Du179(a) (C-terminal fusion) translation
Total amino acid number: 181, Mw=19876

Max ORF:

241
81

301
101
361
121
421
141
481
16l
541
181

(H)

1-543, 181 AA, MW=19876

GTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGAATAATAGAAGTTGAAAATCAG
VTALTLGATFUDTT RINIZ RTITITETVENDQ
GCGAACCCCACGACTGCCGAGACGTTAGATGCTACTCGTAGAGTAGACGACGCAACGGTG
A NPTTAETTULUDA AT RI RVDIDA ATV
GCCATAAGGAGCGCGATAAATAATTTAATAGTAGAATTGAT CAGAGGAACCGGATCTTAT
A'I RS AINNINZILTIVETLTIURGTG S Y
AATCGGAGCTCTTTCGAGAGCTCTTCTGGTTTGGTTTGGACCT CTGROMBBEGT GGCAAC
N RS S F E S s s GGLVwWT s A MG BN
AACACCCGGAAGAGTATTCGAATTGGACCAGGACAGGCATTCTATACABBBBEECCTGCA
A G P A
ACTTGA
T *

pLSB2109 + Du179(b) (C-terminal fusion) translation
Total amino acid number: 181, MW=19967

Max ORF:

241
81

301
101
361
121
421
141
481
lel
541
181

1-543, 181 AA, MW=19967

GTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGAATAATAGAAGTTGAAAATCAG
V TALULGATFTDTRINI RTITIETVENQ
GCGAACCCCACGACTGCCGAGACGT TAGATGCTACTCGTAGAGTAGACGACGCAACGGTG
A NPTTAETTULDA AT RI RVYVDDA ATV
GCCATAAGGAGCGCGATAAATAATTTAATAGTAGAATTGAT CAGAGGAACCGGATCTTAT
A'I RS A INJUNTULTIVETLTIZ RGTG S5 Y
AATCGGAGCTCTTTCGAGAGCTCTTCTGGTTTGGTTTGGACCTCTCREMBBEGT CGGAAG
N RS S FE S S S GULVWwWT TS AMG B
AGTATTCGAATTGGACCAGGACAGGCATTCTATACAAACCACAT CATCEBBBEECCTGCA
A G P A

ACTTGA
T *
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)

pLSB2296 + Du151(a) (60S-Loop fusion) translation
Total amino acid number: 186, MW=20300

Max ORF: 1-558, 186 AA, MW=20300

121 GCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTAACT
41 ARTVV QR QF S EVWI KZPSZPQ VT
181 GTTAGGTTCCCTGGATCTCEOMBEEGTAACAACAACACCCGGAAGAGCATCCGGATCGGA
61 VR F P G S P M G

241 CCAGGACAAACATTTTATGCAACC CTTCTGGAGACTTTAAGGTATACAGGTAC
81 A G P S G DTF K V Y R Y
301 AATGCGGTATTAGACCCGCTAGTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGA
101 N AVLIDZP?PILVTA ATLTZLSGATFTDTRN R

(J)

pLSB2296 + Du151(b) (60S-Loop fusion) translation
Total amino acid number: 186, MW=202609

Max ORF: 1-558, 186 AA, MW=20269

121 GCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTAACT
41 A RTUVVQROQTFSEVWZ KT PSP Q VT
181 GTTAGGTTCCCTGGATCTCEOMBBEGT CGGAAGAGCATCCGAATAGGACCAGGACAGACA
61 VR F P G S P M G

241 TTCTATGCAACAGGAGAGATAAT CTTCTGGAGACTTTAAGGTATACAGGTAC
3 ENNNGIERIE » G P S G D F K V Y R Y
301 AATGCGGTATTAGACCCGCTAGTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGA
101 N AV LIDZPULVTATLTLTGA ATFUDTRN R
(K)

pLSB2296 + Du179a (60S-Loop fusion) translation
Total amino acid number: 184, MW=20025
Max ORF: 1-552, 184 AA, MW=20025

121 GCTCGAACTGTCGTTCARAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTAACT
41 A RTVV QR QFSEVWI KT PSP Q V T
181 GTTAGGTCCCCTGGATCT CEBRBBEGT GGCAACAACACCCGGAAGAGTATTCGAATTGGA
61 VR S P G S P M G

241 CCAGGACAGGCATTCTATACABBBEEECCTTCTGGAGACT TTAAGGTGTACAGGTACAAT
81 EEgAEEE ~ c P s G D F KV Y R Y N
301 GCGGTATTAGACCCGCTAGTCACAGCACTGTTAGGTGCATTCGACACTAGAAATAGAATA
101 AV L DU&PILVTA ATLTZLGA ATFTUDTRNR RI
(L)

pLSB2296 + Du179b (60S-Loop fusion) translation
Total amino acid number: 185, Mw=20233
Max ORF: 1-555, 185 AA, MW=20233

121 GCTCGAACTGTCGTTCAAAGACAATTCAGTGAGGTGTGGAAACCTTCACCACAAGTAACT
41 A RTVV QR OQF S EVWZ KU PSP Q V T
181 GTTAGGTTCCCTGGATCTCEBMBEEGT CGGAAGAGTATTCGAATTGGACCAGGACAGGCA
61 V R F P G S P M G

241 TTCTATACAAACCACATCATCEBBBBBECCTTCTGGAGACT TTAAGGTATACAGGTACAAT
81 B ~ ¢ P s G D F KV Y R Y N
301 GCGGTATTAGACCCGCTAGTCACAGCACTGTTAGGTGCATTCGACACTAGARATAGAATA
101 AV LD&PLVTA ATLTLTGATFTDTR RNRI

Figure 26 A,B,C,D,E, F, G, H, |, J, K, L shows the relevant sequence translation data for
the pLSB2295, pLSB2109 and pLSB2296 recombinant vectors containing the 151a, 151b,
179a and 179b V3 epitope inserts respectively.



CONCLUSION

Theoretical size estimations for TMV CPs resulting from the recombinant TMV-
based vectors averaged about of 2 kDa larger than the wild-type CP as observed
from the CP translations above. This suggested that the recombinant and wild-type

TMV CPs could be distinguished by means of size variation.

As it was intended that only a segment (18/19 of 35/36 amino acids) of the V3
peptide be displayed on the TMV CP, it would probably not retain the native
conformation and thus would be presented mostly as a linear epitope. Research
has indicated that the binding of anti-V3 antibodies is most effective when the V3
domain retains its conformation (Schreiber et al., 1997; Krachmarov et al., 2001).
As demonstrated in comparative studies, serum antibodies displayed much higher
reactivity with a conformationally correct V3 fusion protein than with linear V3
peptides. The importance of these conformational epitopes was further
demonstrated in a study conducted by Gorny et al. (2002) who showed that the
strength of binding of anti-V3 antibodies to HIV virions correlates with neutralizing
activity. The implications of this lie in the additional finding that the relative affinities
of monoclonal antibodies were 1 to 2 orders of magnitude greater for the V3 region
that retains its conformation than for the same epitope represented by a linear
peptide. For this reason it may have been advisable to have inserted cysteine
residues at positions flanking the epitope encoding sequence to enable the

formation of the native hairpin structure through the formation of disulphide bonds.

Studies utilising CPMV expression vectors to present gp41 epitopes have been

successful in raising neutralizing antibody responses (McLain et al., 1995; 1996).
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CPMV gp41 chimeric particle studies have also stressed the significance of
presenting epitopes in their native conformations in order to stimulate specific
neutralizing a ntibody responses (Burrati et al., 1998). A similar study c onducted
using chimeric CPMV patrticles has also shown that the site of insertion of a foreign
Human Rhinovirus 14 (HRV-14) epitope in the coat protein can determine the
overall 3-dimensional structural presentation of the foreign epitope (Taylor et al.,
2000). The structure assumed by the HRV epitope appeared to have altered its
immunogenic properties as polyclonal antisera raised by the epitope assuming a
closed loop conformation had a significantly enhanced ability to bind to intact HRV-
14 particles compared with antisera raised against chimaeras presenting the same
sequence as peptides with free C-termini. The antigen used to stimulate an
immune response should preferably be capable of recognizing a broad range of
different HIV-1 isolates. Gorny et al. (2002) have also shown that NAbs against
conformational epitopes could neutralize a broad range of HIV-1 isolates, and it
has been speculated that linear epitopes will be more type-specific in neutralizing

activity.

Despite this, Joelson et al. (1997) have shown that a 13-amino acid sequence of
V3 attached to the surface of a TBSV CP was detectable with the sera isolated
from infected individuals, and also stimulated an immune response to the foreign
HIV epitope when the chimaeric virus was injected into mice. Marusic et al. (2001)
have also demonstrated that VLP’s presenting the linear epitope “ELDKWA” from
the transmembrane protein gp41 were capable of inducing the production of HIV-1

specific NAbs. The authors have speculated that the immunogenicity resuited from
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the highly repetitive nature in which the epitope was displayed on the surface of

the VLP.
3!
pLSB2295 (N-terminal recombinant)
5 | 3
pLSB2296 (C-terminal recombinant)
5’ 3’
pLSB2109 (60s-loop recombinant)

Figure 2.6 shows the relative positions of V3-epitope insertion illustrated by the pink dot
in the TMV coat protein ORF illustrated by the green bars in the pLSB vectors.

In this part of the study the Du151 and Du179 HIV-1 subtype C V3 PND-encoding
oligonucleotides were successfully assembled using an assembly PCR technique,
each as 2 overlapping epitopes truncated at either the N- or C-terminus of the
epitope. These resulted in epitope-encoding sequences Dui151a, Du179a (C-
terminal truncations), Du151b and Du179b (N-terminal truncations). These 4
epitope-encoding sequences were successfully cloned into the C-terminal, N-
terminal and 60S loop region of the TMV CP in the pLSB2109, 2295 and 2296

TMV-based vectors respectively (Figure 2.6), resulting in a total of 12 constructs.
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3.1 INTRODUCTION

TMV-based expression vectors have been successful in expressing foreign
proteins in infected plants as either CP fusions or soluble protein, which have
generally accumulated to high levels within the plant (Chapter 1). These high
expression levels have in turn allowed for the development of economical methods
to rapidly scale-up, extract and purify heterologously expressed proteins. The
levels of the foreign protein or protein fusion produced vary and depend on several
factors, which may include the protein itself, the vector expression system or the
plant host (Culver, 2002). TMV has a broad host range and infects over 200 plant
species including tobacco (Nicotiana tabacum), which is one of the highest
biomass-producing crops in the world (Awram et al., 2002). Tobacco thus serves
as a good host for foreign protein expression. However, it has several problems as
it contains numerous toxic alkaloids and phenolic compounds, which can
complicate successful purification of any heterologously expressed protein (Awram
et al., 2002). For this reason the tobacco relative N. benthamiana has been
recommended as a superior organic bioreactor as it does not contain the high
levels of toxic phenolics and alkaloids associated with tobacco. Additionally, N.
benthamiana allows the systemic spread of even attenuated TMV infection,

enabling the production of large amounts of heterologously-expressed protein.

Infection entails the active replication of the recombinant virus and is manifested in
distinct infection symptoms (leaf curling, mottling, chlorosis, necrosis, growth
stunting). These are generally not too severe to kill the plant (Culver, 2002). In
several cases disease symptoms within infected plants have been shown to be

affected by the presence of the TMV CP and its intermediates (Culver, 2002). The
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structure and charge of specific domains within the CP have been shown to
modulate various infection symptoms and disease progression within infected
plants (Banerjee et al., 1995; Bendahmane et al., 1999; Dawson et al., 1988). In a
specific example the disruption of certain CP domains by the addition of foreign
epitopes has been shown to induce severe chlorosis and necrosis (Turpen et al.,
1995; Dawson et al., 1988; Bendahmane et al., 1999). Despite this the TMV CP
has been shown to a certain degree to be redundant for the development of the
typical mosaic symptoms in tobacco as mutant TMV not expressing CP still
displayed mild mosaic symptoms in tobacco (Culver et al., 1989). Infection
symptoms therefore are not necessarily an indication of recombinant CP

production and virion assembly.

In the vectors used in these experiments the TMV cDNA is carried on a pUC 18
plasmid backbone, which contains the T7 polymerase promoter sequence
upstream of the TMV cDNA (Yanisch-Perron et al., 1985). This facilitates the
amplification of the vector and allows generation of infectious RNA by in vitro
transcription of the vector. As previously mentioned, one of the primary reasons
that viral vectors are highly efficient is their ability to spread throughout the plant
and express the foreign gene in all infected cells. A crucial step when attempting to
establish a viral vector based protein expression system is to ascertain whether the
viral vector in use is capable of efficiently surviving, replicating and spreading
within the inoculated plant host. Success of viral vector infection though depends
not only on how well the vector is adapted to survive in the plant but also on
several factors with regard to how the inoculation was carried out. These factors

may include the quality of the synthesised RNA transcript (i.e. degraded or not),
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plant growth conditions, inoculation of a suitable leaf and the actual inoculation

procedure.

In this chapter, the recombinant cDNA cloning vectors previously made are
assessed for their ability to produce an infectious TMV genome, infect N.
benthamiana plants and to establish a systemic infection. Several other questions
are raised in this chapter, one of which is whether the TMV CP is able to retain the
V3 insert or whetheritreverts to a wild-type form. Both a V3 and T MV-specific
antibody are used to distinguish wild-type and recombinant CPs. As the primary
aim of this study was to create a multivalent V3 display particle, virion assembly is
important: thus, | investigated whether the presence of the V3 epitope sterically
hinders virion assembly of the various N-, C-terminal and 60S-loop fusions, using

electron microscopy.
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3.2 MATERIALS AND METHODS

3.2.1 In vitro transcription

Capped transcripts from full-length recombinant TMV cDNA clones were generated
using the Ribomax™ Large Scale RNA Production System — T7 kit (Promega).
Transcription reactions were carried out according to the manufacturer's
instructions using 5ug of template DNA per 50pl reaction. Prior to the transcription
reaction, DNA templates were treated with 1u/ug DNA of human placental RNase
inhibitor (Roche) for 1 hour at 37° C. After synthesis RNA samples were stored at
-70° C. Results of the in vitro transcription were determined by electrophoresis on
a 1% TBE agarose gel (Appendix A(V)). Two microlitres of transcribed RNA was
loaded onto the gel and a total of 300ng of untranscribed plasmid DNA was also

loaded as a control.

3.2.2 Inoculation of plants and growth conditions

Nicotiana benthamiana seeds (LSBC 2002, K.E. Palmer, LSBC, CA, USA) were
sown individually in seedling trays and covered with plastic until they had
germinated. Seedlings were then transplanted after 3 weeks into pots. By 5 to 6
weeks the plants were ready for inoculation. Plants were grown at 45% humidity, a
constant temperature of 28° C and subjected to 16 hours of light and 8 hours of
dark. Lighting was supplied by 4 high-output fluorescent lamps (Phillips L58W/205)
suspended 50cm above the plants. Plants were inoculated by means of
mechanical abrasion of the leaf surface. Each inoculation used 7.5ul of each 50ul
in vitro transcription reaction with an RNase free abrasive powder (Celite), which

was gently rubbed onto one of the upper leaves in such a way that the leaf was not

49



visibly abraded. Each TMV construct was inoculated onto a set of 6 plants which

were monitored daily for the presence of infection symptoms.

Systemic spread was usually visible 10 days post infection (dpi), at which point 25-

35g of leaf material was harvested from each set of plants and used for TMV

extraction.

3.2.3 TMV extraction protocols

TMV was purified from infected plants 10 dpi as described elsewhere (Chapman,

1998).

3.2.3.1 Wild-type TMV
Harvested leaf material (25-35g) was homogenised in liquid nitrogen and
resuspended in 60ml 50mM phosphate buffer, pH8 containing 1% 2-
mercaptoethanol (v/v). Chlorophyll and cellular debris were coagulated by the
addition of butan-1-ol (0.8mI/10ml homogenate). Viral particles were precipitated
using polyethylene glycol (4% w/v) and concentrated by centrifugation. The viral
pellet was dissolved in 10mM pH8 phosphate buffer. Virus yield was determined by

measuring the absorbance at 260nm and assuming an extinction coefficient of 3.

3.2.3.2 Recombinant TMV
It was evident that the addition of the foreign V3 epitopes to the surface of TMV
had altered its physiochemical properties. Specifically, the excess positive charge
conferred by the V3 epitopes apparently made the recombinant CP/virions

insoluble at pH8. Harvested leaf material (25-35g) was therefore homogenised in
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liquid nitrogen and resuspended in 60ml 50mM phosphate buffer, pH5 containing
1% 2-mercaptoethanol (v/v). The remainder of the protocol was carried and as in

3.2.3(a) except that all phosphate buffers were used at pH5.

3.2.4 Western blotting

The procedure followed the methods set out in Appendix A(VII) and A(IX),
describing SDS-PAGE and immunoblotting. Blots were initially probed with a

1/5000 dilution of rabbit anti-TMV CP specific polyclonal serum.

3.2.5 Enzyme-linked immunosorbent assay (ELISA)

ELISAs were routinely carried out as described in Appendix A(X) for the detection
of the V3-epitope peptide on the surface of recombinant TMVs. For this assay a V3
peptide  with the sequence N-(CTRPNNNTRKSIRIQRGPGRAFVTIGK
IGNMRQAHCN)-C as well as a mouse-derived monoclonal antibody specific for
the N-(KSIRI)-C sequence within each of the 151a, 151b, 179a and 179b epitopes
was used at a 1/2000 dilution to establish a V3 peptide-specific standard curve.
Both antibody and V3 peptide were acquired from the National Institute for
Biological Standards and Control (UK; repository reference numbers EVA331 and
ARP792.3 respectively). Detection of V3 peptide on the surface of recombinant
TMV CPs required that the wells in the ELISA plate be coated with 10ug of each
TMV CP recombinant and initially probed with a 1/2000 dilution of the above
mouse V3-specific monoclonal antibody. This was followed by probing wells with a
1/10000 dilution of alkaline phosphatase conjugated goat anti-mouse secondary

antibody (Sigma-Aldrich).

51



3.2.6 Electron microscopy

3.2.6.1 Sample grid preparation
Sample grids were analysed using the LEO 912 OMEGA Energy Filter
Transmission Electron Microscope. Carbon coated copper grids were used for the
visualisation of TMV extracts. Grids were applied carbon coated side down onto a
15ul volume of undiluted TMV extract for 60 minutes. Grids were then washed
twice by applying them on 15ul volumes of distilled water for 30 seconds per wash.
Excess moisture was blotted from the grid between each wash. Grids were next
stained with 2% uranyl acetate for 2 minutes, before excess stain was blotted from

the grid. Grids were allowed to dry and stored in a grid holder.

3.2.6.2 Antibody decoration
Grids were applied carbon coated side down onto a 20ul volume of undiluted TMV
extract for 60 minutes, then washed twice by applying them on 20ul volumes of
phosphate buffered saline (PBS) for 1 minute per wash. Excess moisture was
blotted from the grid between each wash. Grids were next blocked by applying
them onto 20ul volumes of 1% bovine serum albumin (BSA) in PBS for 30 minutes,
and then washed as before. Grids were then probed with 1/500 dilution of either
the anti-TMV or anti-V3 antibodies by applying grids onto the appropriate antibody
dilution for 60 minutes, and next washed five times for 2 minutes each in distilled
water as b efore. Grids were next stained with 2% uranyl acetate for 2 minutes,

before excess stain was blotted from the grid. They were stored in a grid holder.
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3.3 RESULTS

3.3.1 In vitro transcription and inoculation of plants

In vitro transcription reactions were successful in synthesizing the TMV RNA as

indicated by the broad bands in Lanes 3, 5 and 7 in Figure 3.1.

(bp)

11501 — >
4507 —>
1986
gos

Figure 3.1 In vitro transcription reaction products are shown in Lanes 3, 5 and 7
synthesized from their corresponding recombinant TMV based vector template DNA
shown in Lanes 2, 4 and 6 respectively. Lane 1 contains the APst DNA size marker.

The in vitro synthesized RNAs were used for the inoculation of N. benthamiana
plants using a leaf abrasion technique explained in 3.2.2. Each day post
inoculation (dpi), N. benthamiana plants were observed for the development of the
classic TMV infection symptoms, which included leaf curling, mottling, chlorosis,
necrosis and/or growth stunting which is clearly distinct in comparison to a healthy,

uninfected plant (Figures 3.2(a) and (b)). In general, infection symptoms for all 12
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