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Abstract

Abstract

Plantproduced proteins of pharmaceuticaterest are beginning to reach the market, and the
advantages ofrainsientplant expression systesare gaining increasing recognition. In parallel,
the use of virudike particles (VLPs) has become standard in vaccine desigrpER@HT
vector derivedfrom the cowpea mosaic virus basedCPMVHT expression system has been
shown to allow the production of large amounts of recombinant proteins, including VLPs, in
Nicotiana benthamianaMoreover, previous work demonstrated that a tandem fusion of the
coreantigen (HBcAQ) of hepatitis B virus (HBV) could direct the formation ofikerparticles

(CLPs) in plants.

The work presented here demomated that the tandem core systers better suited for the
plant-based production of CLPs presenting foreignigans thanSplitCore technology. It was

shown that tandem core technology allows tipdant-based production of CLPsvhich are

suitable for the presentation of antigens either via chemical coupling or through antibody
antigen interactions Of particularsignificance was the successful displaysirigle domain

antibody fragments of camelid rigin (nanobodies, or VHH). @hresulting a i Y RA 0 2 R&
particles, as they are named here, can bind to their cognate antigen to yield CLPs covered in
the antigen of interestFurthermore, it was shown that target antigens can be attached to

CLPs via a fusion partner, raising the possibility of theekbpment of a universal generic

antigendisplay platform.

In addition to the transient expression work on HBCAg, lines ofhstadansformed N.
benthamianawere created which constitutively expressed human gastric lipase (hGL), an
enzyme of medical importance. In the future, this approach could be used to create transgenic

plants constitutively expressing a universal tandibotiystobviating the need for infiltration.
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Chapter 1: General Introduction

Chapter 1 : General Introduction

This thesis describes the development of a novel technique for the display of antigens of
interest on the sulace of a virudike particle (VLP)using a plant expression system. The
following introduction will first introduce the field of plant molecular farmiagd the use of

plants to produce proteins of interest. TIGPMVHTplant expression system which wased
throughout this thesis will be described in detail. The concept\dERwill be introduced, with
particular emphasis on the production of VLPs intended for use as vaccines. The hepatitis B
virus (HBV) core antigen (HBcAg) protein will then be intreduand the history of HBCAg
manipulation for antigerdisplay purposes will be reviewed. Finally, the main objectives and

hypotheses of the thesis will be presented.

| - Plant molecular farming

Plant molecular farming refers to the science of producargd quantities of a motaile of
interest in plants, through the use of genetic manipulatiohe use of plants as expression
systems for the production of recombinant proteins has emerged as an attractive alternative
to systems based on bacteria, yeast,amimal cells Producing proteins in plants potentially
has advantages in terms of coas well assafety, since plant pathogens do not infect
mammals and mammalian pathogens do not infect plaritss reducing contamination risks
when pharmaceutical piteins are produced@Kusnadet al,, 1997 Licoet al,, 2009. Moreover,
certain plants such aNlicotiana bathamianacan be grown in high density and still produce
large amounts of biomass in a matter of weeks. There are essentially two approaches to
producing heterologous proteins in plantsstable transformation (either nuclear or plastid)

and transient expgssion. Stable transformation involves the production of thweeding lines
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of genetically transformed plants. This approach has advantages in terms of reproducibility
and potential largescale production; however it is often very tigensuming and is
unsuitable for the rapid screening of a wide variety of different constriissnadiet al,

1997). Transient expression in plants allows fmoduction of high titres of recombinant
proteins in a matter of days in what is essentially a batch pro¢esgueet al, 2002.
Furthermore, techniques have been developed for scalipgproduction of transiently

expressed proteins in plan{®'Aoustet al.,, 2010.

This introduction, like this thesis, will focus on the production of recombinant proteins, which
are historically the most widelgroduced type of molecule imodernplant molecular farming

(as opposed to secondary nadtolites) The history of this field of science dates back to the
MPT NQaX 6KSYy Al ¢ d-neBativé Be2t@iGnN@dRactérikirm tiimefades 3 NI
contains a special plasmitiamed Ti (tumowinducing) which is capable of directing the
transfer d part of the plasmid (the transfer DNA, orONA), to the plant cell, and integrating
the T-DNA into the plant genoméChiltonet al,, 1977. This led to different research groups
replicating this natural proces#n vitro, by infectingtobacco cells (Marton et al, 1979 or
protoplasts(Wullemset al, 19810 with A. tumefacienand regeneratingjenetically modified
shoots from these cellsAt the time, the only way to obtain complete plants from such
modifications was to graft regenerated shoots tnhealthy tobacco plant root stock, and this
allowed the plant to flower, set seed, and produce transgenic offspfifigllems et al,
19819. However, it was quickly shawthat disabling the tumoucontrolling genes of the Ti
plasmid allowed plants to be regenerated directly after transformation wthtumefaciens
(Greveet al,, 1982; Bartonet al,, 1983. Such mutated varieties digrobacteriunwere called

G RA & NI S Rp tathidNdoirt, yolants @ere only transformed with a nativetumefaciens
plasmid, so theintroduced transgenes wererestricted to bacterial opine synthesis and

tumour-inducing genes.



Chapter 1: General Introduction

The leap from research to biotechnology was made in 1Bi&8erologous genes weiaserted

into the T-DNA yeast alcohol dehydrogenase and bacterial neomycin phosphotrassfera
(which confers kanamycin resistance) were transferred to plants alongside the napaéne
synthaseg(nog gene While the genesvere shown to be present, onlgopaline(the product of

the nosgene)was shown to bgroduced(Bartonet al, 1983. However,it was very quickly
realised that this could be a promoter issue, so antibiotic resistance gemes placed
downstream of thenosgene promoterallowingthe expression of antibiotic resistance genes

in transgenic plant{HerreraEstrellaet al, 1983. Another significant breakthrougltame

when it was discovered that their (virulence) genes on the Ti plasmid which direct the
transfer of the TDNA into the plant cell and its integration into the plamngme could be
dissociated from the -DNA itself. That is to say, tivé genes could be placed on one plasmid
where it could act as genetic background, while tHBNA could be placed on a separate small
plasmid that would be easy to manipulate Escheihia coli The T5 b ! 2y GKAA &
@S O {i& MIbecame known, could be modified to contain a selection marker (such as a
kanamycin resistance gene) and a multiple cloning site for insertion of heterologous genes of

interest(de Framoncet al,, 1983 Hoekemeet al., 1983 Bevan, 1984

These binary veors have been continually improved ever sire® a result of new research
into the FTDNA transfer proces$-or example, it was discovered that it was mefiective to

place the gene of interest (GOI) near the right border (RB) of tB&IA&, and the seléion
marker near the left border (LB), because the RB is the first to be integrated into the plant
genome(Wanget al,, 1989, and because there can sometimesibeomplete tansferof the
T-DNA at the LBRossiet al, 1996. This ensures that transformants displaying antibiotic
resistance will also contain the G@his paradigm shift in biotechnology did not go unnoticed
by industry: indeed one of ther§it binary vectors was created by a team from Monsanto
(Fraleyet al., 1983, who considered that the field was now wide open for any gene, from any
species, tobe expressed in plant§he primary result of this was the rapid development of

3
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industriatscale genetic engineering technology for agricultural purp@stsshall, 2019, but

at the same timet was also the birth oplant moleculafarming

The next big development came when lelidc transformation was developed: this allowed
transgenic tobacco plants to be regenerated from calli obtained from transformed leaf discs,
as opposed to protoplast which made the production of transgenics much simfiarsch

and Klee, 1986 At the same time, the field of plant virology merged with the nascent field of
plant biotechnology when it was shown that inserting tandem copies of the cauliflower mosaic
virus (CaMV) genome into abDNA allowed a virahfection to be initiated on a grown plant via
Agrobacteriummediated gene transfer(Grimsley et al, 1986. This technique, called

G ANRPAYTFSOGA2YyéT YR fFGSNE aF3INRBAYy2O0dzZ I GA:
suspension of modified bacteranto an abradedlant leaf. From there, the bacteria infect the
plant with the virus, which then spreads systemicaflythe same time, genetic components

of viral origins were being deployed to improve the efficacy of binary vectors. The most
obvious example is the catitsitive 35S promoter from CaMV, which was first introduced as a

feature of a binary vector bRietrzaket al.(1986.

Interestingly, whilethe developments described above had mostly come from research on
solanaceous species, aiicotianain particular, the next important development came from
research inArabidopsis thalianaStable transgenic plastcould be producedn planta (i.e.
without the need for tissue culture) with this species ever since the description of
agrobacteriumamediated transformation of germinating see@@eldmann and Marks, 1987

but this wa not deemed to be a very efficient technique in terms of frequency of
transformants in the progeny. To improve the transformation efficiencprabidopsisand to
obtain large numbers of transgenic progeny from the original transformant, agroinfiltration
was inventedBechtoldet al., 1993. This technique, described in detail by the original team in

a subsequent methods book chaptéBechtold andPelletier, 1998 involves submerging an
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entire Arabidopsisplant in a suspension agkgrobacteriumand applying a vacuum, which is
then gently released to allow the bacteria to infiltrate the intercellular spaces of the plant.

While this technique was g@inally aimed at producing transgenikrabidopsis(and is still

1y26y |a aFft2NI{f RA sboyéameTatldpled (it thel transldzml 2 & S

production of heterologougproteins such as antibodiein the excisedleaves of bean and
tobacco plantgKapilaet al, 1997 Vaqueroet al., 1999. The first example of agroinfiltration
on leaves of whole planthowever, seems to come froBchobet al. (1997, in a paper aimed

at studying transgene silenciig tobacco:thisis the first description of what is nhow known as
syringeinfiltration, an alternative to vacuum infiltrationBizarrely, the first description of
vacuum infiltration of whole plants, and nqust excised leavedpr transient expression
purposes,was not published untiblmost a decade later(Marillonnet et al, 2009, with
detailed methods described after théGlebaet al, 2007 Garabaget al, 2012. Until then, it
seems transient expression on whole plants was either done by syringe infiltration (which is
more practical on a very small scale) or agroinfection with replicating viral veet®iis Liu
and Lomonossoff2002. A diagram summarising transient expression via agroinfiltration is

provided infigure 11.

Transformation of A. tumefaciens
Cloning into E. coli 2-3 days
2-4 days
O @ 8 v

Protein extraction and
purification

Bacterial culture and agro-
infiltration
2-3 days

Expression in plants
5-9 days

Hgure 1.1 Transientexpression via agroinfiltration.The gene of interest is cloned into an expression vector and
propagated inE. coli After sequence verification it is transformed indo tumefaciensThese are used to infiltrate
the intercellular space dfl. benthamiandeaves, where the gene is transferred to the plant cells. Aft@rdays the
agroinfiltrated leaves are harvested for protein extraction and purification.
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Replicatingviral vectors, in \Wich a GOI is integted in a viral genome, became inherently

linked to agroinfiltration techniques when it was discovered that combining agrobacterial
0Nl yaFSOGA2y STFFAOASYOe 6AGK GANXf NBLX AOK G
developed This involved removingiral geneswhich were not strictly necessary to the
production of the recombinant proteinsuch as those cauy for the viral coat proteinand
positioning different viral functions on separate binary plasmigsbably the mostaimous

example of this is the magnlCON system, in whaclnybrid tobamovirus genome with

elements from tobaco mosaic virus (TM\ANnd turnip veinclearing virus (TVCV) sglit into

three components which are eafiltrated into the same plants leaves from mix of three
AgrobacteriumOdzt (G dzZNBAY GKS 0Q Y2 Rdz 8 plddeof ihd skglienceli K S

of the viral coat proteinalong with thenosterminatorz G KS p Q Y 2 RAtzbi8opsid2 y i I A
actin 2 (ACT2) promoter along with th@bamoviruspolymerase and movement protegenes

(the latter of which contains a subgenomic promotewhile the recombinase module
containing the PhiC31 integrase geffiom Streptomycephage C31) OGa (2 FdzAS (K.
modules together in the nucleus to allowvnd formation of a completetobamovirusbased

replicon (Hg. 1.2). Upon transcription, the RNA is able to replicatpread from cell to cell

within the leaf (though not throughout the entire plan@nd produceénigh levels ofhe protein

of interest (Marillonnet et al, 2004 Marillonnet et al, 2005. This system has been used to
produce a wide varety of proteinsin plants including antigengdWebster et al., 2009,

antibodies(Grohset al, 2010, and VLP& | Gekad, 2012.

Deconstructedviral vectors arenow also being used to make stable transgenis with the
INPACT systeffbugdaleet al, 2013. This is based on a geminivirus expression system
tobacco yellow dwarf mastrevirus, or TYDM)which a simplified version of the viral genome
including the GOl is integrated stably into transgenic plants, in a Walyi$ analogous to
lysogenic bacteriophaggsig. 1.2). Upon induction with ethanol, the viral genome is excised
from the chromosome, circularises, and this newly formed replicon replicates as the GOI is

6
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transcribed and translateddnother deconstructedival vector, named delRNA (Sainsburyet

al.,, 2008, is based on the cowpea mosaic virus (CPMV)-Rf. 1.9. The genesis of this
system, along with its successor, are described in the following section, which details the
development of a noweplicatingsystem based on cowpea mosaic vif@PMV) caled the
CPMWHT system, which gave rise to the pEAQ series of expression veatoich were used
throughout this thesisPart of the following section has already been published in a review

article (Peyret and Lomonossoff, 20 &vailablein appendix 2

5" module

o] -

magnliCON

Action of PhiC31

integrase in plant
nucleus

3"module - R GOl nos'm

Pnus—

Replication, movement,
transcription, translation

INPACT

Recombinase

module — PhiC31 —

Ethanol application activates AlcR,
leading to action of Rep/RepA in
plant nucleus

Regulatory
element

) BT e T2 [T L
Pre-
replisome GOIC-tsrm hos @ GOIN-lerm

Replication,
transcription, translation

CPMV RNA-1

—|ProC| Helicase IVPgI Pro I RdRp l—

delRNA-2

Lfoh—

-E%l sut || Gol

CPMV delRNA-2

) “ericon
transcription, translation
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Figure 1.2 Simplified diagrams of Hree different deconstructed viral vector systemsTop: the magnlCON
expression system istabamovrus-based deconstructed viral vector composed of three modules. The recombinase
Y2RdzZA S FdzaSa (GKS o0Q Y2RdA S O2ydlAyAy3a G4KS DhL G2 {(GKS
movement protein. This allows replication, egllcell movement,transcription and translation of the GOI
containing replicon. Middle: the INPACT expression system is afasB¥ deconstructed viral vector composed of
two elementswhich arestably integrated(as opposed to transiently expresseidjo the plant genome.Upon
induction by ethanol, the regulatory element excises the -G@itaining prereplisome from the plant genome and
circularises it to form a functional replisome. This allows replication, transcription and translation in every cell of the
plant. Bottom:the CPMV delRN2 system is based on the bipartite genome of CPM\the RNA2 component,
SOSNEBGKAY3A R2 gy asiepiedwithahe GOl Kasd thimpohentis replicatedthanks tothe genes
present onRNAL. Transcription and translation tekplace, with the suppressor of silencing acting to increase
transcript availability.
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Il - The CPM\AHT system and the pEAQ vectors

CPMV is a bipartite virus in the family Comoviridae, with a genome consisting of separately
encapsidated RNA (6.0kb) andRNA2 (3.5kb) molecules, each of which has a single long open
reading frame encoding a polyprotein. Ril&ncodes the viral replication machinery and the
24K protease, which is responsible for processing the polyproteins encoded by both RNAs at a
number of specific sites. This activity by 24K includes releasing itself from thelRNA
polyprotein(Goldbach and Wellink, 1996RNA2, which is entirely dependent on RNAfor its
replication, encodes both viral coat proteins and the viral movement protein. It has been
shown that most of the RNZ polyprotein can be deleted and replaced with a foreign
sequence without abolishing the abilibf the molecule to be replicated by RNARonhllet al.,

1993 Cafiizarest al, 2000, leading to the dvelopment of replicatiorcompetent deleted
RNA2 (delRNA2) constructs. These had advantages over the previous vectors based-on full
length RNA2 molecules both in terms of biocontainment and the size of insert tolerated.
However, because of their inaityl to spread from celto-cell and the absence of the small (S)
coat protein, which acts as the native suppressor of gene silerfcingt al., 2009, these
delRNA2 constructs had to be introduced into leaves by agfdtration (Liu and
Lomonossoff, 2002n the presence of RNA and a heterologous suppresg@afizarest al,
2006. The delRNA& approach was successfully used to express a numberraikips
(Sainsburyet al, 20093. However, to preserve the ability of delRI%Aconstructs to be
replicated by RNA, it was essential to retain the sequence of the first 512 nucleotides at the
p Q Sy R-2, M@ludimghtwo ifframe AUGSs at positions 161 and 512, as well as the entire
RNAH o0 Q(RahMet al, 1993. This required the precise -iname positioning of the

KSGSNRf232da 58 d8y0S 686688y ! Dpmu fFyR
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heterologous sequences into delRI2Aonstructs a cumbersome twaiep process(Sainsbury

et al, 20094.

During these studies, it was noticed that-icmculation of delRNA&R constructs with the
powerful P19 suppressor of gene silencing frammato bushy stunt virugTBSV3tabilised the
MRNA transcribed from the incomingDNA to such an extent as to make replication by RNA
unnecessary to achieve high levels of protein expression. Through studies originally intended
to simplify cloning, it was find that removal of AUG 161 caused aftf@l increase in yield of

an inserted GFP gene through increased translational efficiency of the mRNA transcribed from
the T-DNA(Sainsbury and Lomonossoff, 2008 further enhancement was obtained when an
additional outof-frame upstream AUG at 115 was also removed, despite the fact that
removing AUG 115 alondecreases translation compared to wilgbe. These unexpected
results indicate that AUG 161 inhibits translation initiation at AUG 512. This may be explained
by the need to promote replication of RNA a process which requires the activity of RNA
dependen RNA polymerase on a region of an RNA relatively unoccupied by ribosomes. This
could also explain the observed effect of removing AUG 115, which initiates an open reading
frame that extends beyond AUG 161: AUG 115 might allow ribosomes to bypass AUl 161 a
re-initiate at AUG 512Sainsbury and Lomonossoff, 2008uch regulatory activity provided by
upstream open reading frames is known to occur in other eukaryotic sys(steger and

Thomas, 2002

The new expression system, based on a deledion of CPMVRNA g A GK | Ydzil GS
was shown to enhance expression of GFP, DsRed, the Hepatitis B virus core antigen HBcAg, and
human antiHIV antibody 2G12Sainsbury and Lomonossoff, 20ainsburyet al., 2010.

Because high level expression is based on enhanced translation rather than replication, the
system was termed CPMpertrans orCPMVAHT. This earlyHT expression system, which is

the direct precursor to the pEAQ vector series, facilitaieglanta production of Influenza
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viruslike particles(VLP¥ particles that have the appearance of a virus, but do not contain
infectious viralgenetic material Influenza hemagglutinin (HA) is highly immunogenic and,
although it is highly variable, it is a good target for narrow hasige VLP vaccines. Influenza
HA was produced iN. benthamianausingCPMVHTand this protein budded from plardell
membranes to form vesicular VLESAoustet al,, 2009. In fact, CPMVHTwas determined to
provide higher yields of VLPs than the alfalfa plastocyanin -based e&pression system
which was previously used. For this reas@®@PMVHT was chosen for industriacale
production of HA VLPs which are currently undergoing clinical trials in a commercial context

(D'Aoustet al., 2010.

The pEAQ series of transient expression ved®ainsbunet al., 20091 are designed tanake

use ofthe CPMVHTeffect to achieve high levelof expression while at the same time facilitate
the insertion of heterologous sequences between the modifidd@( pQ ! ¢w FyR (K
They are small binary vectors carrying genes essential for replication of the plaskidaih
and A. tumefaciensn the backlone, along with a “-DNA regionThe 5.2 kilobase backbone of
all pEAQ plasmids carries tbeV and colElorigins of replication, therfA gene required for
plasmid replication, and thenptlll prokaryotic neomycin phosphotransferase gene which
confers resistance to kanamycin. ThH®WNA region varies between pEAQ plasmids to allow for
maximum flexibility in cloning and expressj@ithough only thegEAQHTvector (published on
GenBank under accession number GQ497234ak) used for the work desbid in this thesis
(Hg. 1.3). This specific plasmid containthe P19 suppressor of gene silencing and NPTII
eukaryotic kanamycin resistae gene near the LB of theDNA, and a multiple cloning site
within the CPMVHT cassette near the RBhe design oéll pEAQ vectorsincludingpEAGHT,

is modular, allowing the insertion of multipePMVWHT cassettes on the sameONA. This is
important to maximise the efficiency with which multiple proteins can be expressed within the
same cel(Montagueet al, 201]). Once a gene or genes of interest have been inserted into
the appropriate pEAQ vector, thplasmid is transformed intoA. tumefaciensprior to
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inoculationinto N. benthamiana The Agrobacteriumstrain of choice for transfer of pEAQ
vectors to plants has usually beéBA4404Sainsburyet al, 20091, although strains C58C1,
EHA105 and the cysteine aurkgph C58::pEHA105/Cys32 have also been used with success
(Sunet al, 2011 Larsen and Curtis, 20L2Vhile the pEAQ vectors have been used for the
production of stable transgenic plants, their main use has been for transient expression via

agroinfiltration ofN. benthamiana

LB
oriv

o

35S terminator
pEAQ-HT
10003 bp
P19

358 promoter& \NPTIII
Nos Terminator /
CPMV RNA-2 3'UTR / (/\
MCS @ CK ColE1
RB

CPMV RNA-2 5'UTR

NPTII

TrfA

CaMV 35S promoter

Multiple Cloning Site (MCS): 5" - Agel — ATG — 6XHis — Xmal — 6XHis — TAG — Xhol — 3’

Figurel.3 Plasmid map of thepEAQHT expression vectorEssential elements for plasmid replicationBncoliand

A. tumefaciensare located on the plasmid backbone. In theDNA, NPTII provides kanamycin resistance to
transformed plant cells, and the P19 suppressor of silencing incréasesvailability of transgene transcript. The

GOl is inserted in the multiple cloning site (MCS) between the modified CPMMIRNA Q! ¢ w oK NA y 3
mutations, and the native CPMV RNA o QThésevdTRs are themselves flanked by the CaMV 35S promoter and
the nosterminator.
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Though the pEAQ system could be used to produce transgenic suspension qdturesal.,
2011), it proved impossible to regenerate lines of transgeNicbenthamianawith constructs
expressing wildype P19 as this interferes with plant regenerati@axeneet al, 2011. This
was addressedhrough the deploymentof a version of the P19 suppressor of gene silencing
(P19/R43W) that is not developmentally toxic to plants and therefore coiblgatvith the
production of stable transgenic lingSaxenaet al., 2011). Through a pointnutation in the P19
gene that substitutes arginine 43 with tryptophathe suppressor activity odP19is reduced
and ceases to prevent regeneration of fullyown N. benthamianaplants from callus after
transformation withAgrobacterium It was found thaplants transiently expressing P19/R43W
along with GFP produce half as much recombinant GFP as plants transiently expressing wild
type P19 and GFP, but this reduced vyield still representsf@d7increase compared to
transient expression of GHR the abgnce of asuppressor of gene silencing. Because the
difference between wildype P19 and P19/R43W is a single nucleotide substitutionpE#eQ

HT vector can be used to rapidly test a construct transiently, and if yield is considered
adequate, a straightfiovard sitedirected mutagenesigSDM)reaction on the same plasmid
can yield a vector which can itself be tested transiently, but which is also readhe
production of transgenic plantsThis is advantageous as the productionlinés of stably
transformed plantsis far more timeconsuming than transient expressidhis thought that the
R43W mutation preservels m de&pacity to bind siRNAs (crucial for suppression of silencing)
but preventsit from binding to microRNAs, which play a role in earlyiptievelopment.This
development has allowed pEAQ to be used for the production of-Yiglding, fertile, stable,
homozygous transgenic lines that constitutively produce (&aRenaet al., 2011 and human

gastric lipasegeechapter 7).

The pEAQ vectors have been used to prodaceariety of different proteinghrough several
different approahes Along with the transgenic plants described abgvEAQ has also been
used to produceecombinant proteins in cell suspension cultu8sinet al., 2011 Larsen and

12
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Curtis, 2012 Moreover, numerous groups have produced active enzymes transiently through
agroinfiltration of pEAQ vectord.he most relevant for this thesi¢see chapter 7 is human
gastric Lipae (hGLwhich was producethrough transient expression iN. benthamianaThis
enzyme, responsible for degradation of lipids in the human stomach, has uses in in vitro
digestion models as well as a potential medical use for patients suffering from gasiccr
insufficiency. Previous efforts to produce recombinant hGL, in insect cells or yeast, have
suffered from very low yields and poor recovéGrabbeet al, 196, Canaaret al., 1999. By

using pEAQ, hGL has been produced at levels of about 0.5 g/kg FWT, representing a maximum
yield of enzymatic activity of 193 U/g FVardakouet al, 2012. This corresponds to an
activity of about 310 U/mg of protein, which is about thriéd lower than native human
produced hGL. The reasons for this discregyaare unknown as of yet, but it is possible that
the purification process could be further optimised to better preserve enzymatic activity. The
recombinant hGL from plants shares important characteristics with its native hymuatuced
version: it is stale at 40 °C as well as at low pH, it exhibits higher affinity for stiain lipids

over longchain lipids, and crucially, it appears to be resistant to digestion by pepsin, the
protease present in the stomach. This resistance is thought to be causdt lglycosylation

of the protein, and although the glycosylation profile is predicted to be different for plant
produced hGL from native hGL in terms of the glycans used, this does not appear to

compromise resistance to digestion by pepsin.

While hGL was rpduced in plants with a view to use the enzyme as a reagent or even a
medical therapeutic pospurification, pEAQ has also been used to produce enzymes for
fundamental research. The expression Nh benthamianaof hexahistidine (His) -tagged
recombinant @/ KAl nl X | NAOS OKAUAYylIraSsz Ffft26SR NB
anti-fungal activity as well as on the regulation of the gene coding for this enzyme by the plant

hormone jasmonic acigMiyamoto et al, 20129. While this is the only currently pulied
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example of the pEAQ system being used to study gene function, it is currently being deployed

for many such studies worldwide.

It has also been shown that the pEAQ vectors are well suited to the manipulation of entire
synthetic pathways through the eexpression of multiple enzymes. The coding sequences for
two sesquiterpene synthases frofrtemisia annuaamorpha3,11-diene synthase (ADS) and
epi-cedrol synthase (ECS), were cloned into pEAQ and expreddetienthamiando yields of

90 and 96 mg/kg \WT respectivelfKanagarajaret al, 2019. Moreover, these two enzyas
converted the product farnesyl diphosphate into (respectively) amo#plid-diene and epi
cedrol, which are intermediates in the biosynthetic pathway leading to the production of
artemisinin, an important antimalarial drug. This indicates that pEAQvatiaelatively high

level expression of these enzymes and that these fundtigmlantawith appropriate product
specificity. Two enzymes from the monocot crop spedigsna sativaoat) have also been
expressed in order to study their mode of acti(@ainsburyet al,, 20128. The oxidosqualene
cyclase (OSC) and the cytochrome P450 (CYP450) enzymes were expressed both separately
and on the same -DNA in pEAQ vectors, and both were found to be adtivplanta The
LINE R dxdyrin was produced by OSC, and when both enzymes weegpressed, a novel
compound was produced whictvas later identified as an intermediate in the pathway
towards avenacin, an important antimicrobial compound produced\bgnaspecies(Geisler

et al, 2013. This indicates that the pEAQ vectors can be used not only to produce large
quantities of a particular enzyme, but also to study theird®® of action alone or with other
enzymes involved in the same biosynthetic pathway, as well as poteraiklying metabolic

engineering: the introduction of entire biosynthetic pathways in plants

This is made possible, or at least much easier, byabgtiat the pEAQ vectors can carry more
than one GOI in the-DNA, which improves eexpression in the same cell as compared te co

infiltration of different constructs carried by separatgrobacteriumclones(Montagueet al,,
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2011). This is done by having multipePMVHT cassettes on the sameDONA, so each GOI

benefits from the yieleenhancing effects of the expression system. However, when that is
undesrable (either because proteins of interest must be present in a specific ratio, or due to
protein toxicity), one of the GOI on theDNA can be downregulated by removing thédT

Ydzii  GA2y 2y AGa pQ! ¢ waprasdodza thé shrheRtabyt Aot gt the ST F A ¢
same levelgThuenemanret al., 20133. This technique is not only useful for the expression of
enzymes, but first and foremost for the production of VItRe,production of which has been

the main useof the pEAQ vectorso far, and is of particular relevance to this thesis.

[l - Virus -like particles (VLPS)

A viruslike particle (VLP) is a viral particlesually produced in a recombinant systesmich is
devoid of viral genomé¢Roy and Noad, 200®lummer and Manchester, 201Bushniret al.,

2012. Typically, the viral coat protein(s) or surface protein(s) are expressed in a heterologous
system, and these structural proteins saffsemble into nanoparticles that strongly resemble
(and sometimes are indistinguishable from) native viral pbes. Crucially, the fact that only a
small portion of the viral genome is used in their production (namely, the gene(s) coding for
the structural proteins) means that VLPs are entirely -imdactious, making them inherently
safe to produce, handle, and @i®s vaccineswithout any risk of reversion or recombination
with wild virus straingMinor et al, 1986 Martin et al., 2004 Kushniret al,, 2012 Leeet al.,

2012. This is in stark contrast to the currently used wenombinant vaccines, which require
cultures of pathogens to be grown before the pathogen itself is inactivated (killed vaccines),
attenuated (live attenuated vaccines), or broken apart for purification of specific protein

immunogens (subunit vaccines).
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The first ever example of eecombinant vaccine is a 22 nm particle formed in the yeast
Saccharomyces cerevisilerough heterologous expression of HBV surface antig&sAld
(Valenzuelaet al,, 1982 Hilleman, 1987McAleeret al, 1999. These VLPs mimicked particles
derived from the plasma of HB¥fected individuals very close(llis and Gerety, 1989but
obtaining abundant quantities of clean material was much simpler when using recombinant
technology. BsAg VLPs were developed and ultimately licensed for use as human vaccines
under the trade names Recombivax®, produced by M@€akgman and Davidson, 19870r

later EngerixB®, produced by GlaxoSmithKlif@rovariet al, 198%. It has since become
obvious that these products represestt a revolutionin vaccine design due to their efficacy
and safety(Hilleman, 201}, and other VLP vaccines have since been brought to market, such
as the two human papillomavirus (HPV) vaccines Gardasil®, made in yeastdiky(Shank
Retzlaffet al, 2009; and Cervarix®, made in insect cells by GlaxoSmith@iliorie et al,

2008).

While all recombinant vaccines have the inherent safety profile associated with producing just
2yS 2N I FS¢ 2F | LI GK23ISyQa LINRGSAyas [t a
soluble proteins.This is due to thesize, geometry, and content of VLE&achmann and
Jennings, 2010 Firstly, the size of VLPs (typically between 10 and 100 nm) is ideal for direct
traffic into the lymphatic system, wti contains the highest concentration of B cells. Antigens
larger than 200 nm can only access the lymphatic system by being transported there by
antigenpresenting cells (APCs) after phagocytosis, which results in antigen breakdown and
presentation of antjen fragments on the surface of APCs. Antigens smaller than 200 nm
however, can access the lymphatic system directly in native form, meaning they reach
follicular dendritic cells (FDCs) intact, and can be presented on the surface of these in immune
complexes for recognition by follicular B cells. At this point, the geometry of VLPs becomes a
critical advantage: the symmetrigatjuasicrystalline structure of VLPgwhich is absent in

soluble protein subunit antigensjcts as a pathogerassociated moleculargitern (PAMP),
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which allows the VLPs to be very efficiently cHisised on the surface of B cells by B cell
receptors (membrandound IgGs). This creeking allows activation of the B cellsausing a

germinal cente response: proliferation of B cells

At the same time as the VLPs stimulate this B cell response, they also stimulate the T cell
response. VLPs that penetrate the lymphatic system in a native state can bemesated

on the surface of CD8lendritic cells (which argypicallyonly foundin the lymphoid organs),

and this crosgresentation allows cytotoxic T lymphocytes to be activated. Moreover, the
repetitive geometry of the VLPs favours binding to IgM in the circulatory system through
multivalent, highavidity interactions. This allowgcruitment of the complement system: C1q
binds the IgM, which in turn bind C3b, and this opsonisatiansescomplementmediated
phagocytosis by APCs. Once the particle is taken up, it is broken down in the endosomal
lysosomal compartments, and the resng peptides are presented on the dendritic cell
surface on the tips of major histocompatibility complex (MHC) class Il molecules, where they
stimulate CD4T helper cells, causing them to activate. Activated T cells and B cells then
G O2f f | 02 Niy diffeferiationfof B aells into plasma cells (that produce circulatory
IgGs) and memory B cells, which are essential to-lasting immunity.Upon challenge after
immunisation with a VLP, the memory B cells can quickly differentiate into plasma hé#ds w
primary B cells are activated and differentiate into new memory B ¢é&dliselet al., 2013. The
nucleic acid which is often encapsidated into VLPs also plays a beneficial role in stimulating an
immune response. VLPs often encapsedrandom host RNA in lieu of the viral genome, and
this RNA isin fact, a ligand for toHlike receptors (TLR) 7 and 8. These come into play at the
point where the VLP is taken up by APCs: TLR 7 and 8 are located on the luminal side of
endosomes, wherethey are stimulated by RNA taken up by the endoselysdsomal
pathway, so the immune system recognises endosomal RNA as a sign of inféabelet al,,

2013. These TLR stimulate both the T cell response as well as antibody prodatiefact

that the TLR ligand is encapsidated within the VLP is thought to reduce the risk of side effects
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from VLP vaccines: only the cells which have taken up the antigen are activated by the TLR
ligand, which focuses the immune system in a way thanho& happen if the antigen and TLR
ligand are simply mixed togethemd taken up by different cellachmann and Jennings,

2010.

These advantaggsermit the use ofVLPs directly as geines, or as presentation systems for
heterologous antigens through fusiom conjugation of an antigen on the surface of a VLP. In

this context, the ability of VLPs to stimulate a strong B cell response was at one point thought

to be potentially problema A O & Al ¢l a GK2dAKG GKFG Al YA
suppression of an efficierf cell esponse against antigens presented on the surface of a VLP
when antibodies against the VLP carrier already exist from prior vaccin@tiswas fand to

be unlikely to be a major issue Buedlet al. (2005, who showed that the presence of
antibodies to a VLP carrier does not significantly affect overall induction of immlirigyclear

that VLPs combine three crucial advantages (segtitive structure, and RNA encapsidation)

which make them idally suited for use as vaccines. Thisplains why so far, the only
recombinant vaccines approved by the American Food and Drug Administration (FDA) are VLP
vaccines: all other recombinant sutiti vaccine candidates have so far failed to obtain
regulatory approvallt is also worth noting that subunit vaccines on the market today typically
require the use of adjuvants such as aluminium hydroxide (alhydroggith can in fact be

seen as crude ays of making antigen subunits take on a particulate foRachmann and
Jennings(2010 refer tothisk & GKS aYl ydzFlI OGdzZNBENRA RANL& f A
GAYYdzy2f 238686 QASRPNRNIEZt s&KAOK NBFTSNA (2 GKS
proteins immunogenic(Janeway, 1989 Although all comercially available VLP vaccine
formulations contain adjuvant, there is evidence to suggest tiratsome cases, an antigen

fused onto the surface of a VLP is just as protective as the antigen mixed with adjuvant,

meaning the use of VLPs could be a way to reduce or eliminate the need for adjuvantation

(Wanget al., 2012.
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producing proteins of pharmaceutical interest in plan@®ne of themost common typse of
protein produced in this regard is candidataccinegthe other is probably antibodiesYhis
includes subunit accine candidatesn which a pathogeuerived protein or protein fragment

is produced in plants eithesstably (Haq et al, 1995 Mortimer et al, 2012 Perez
Aguirreburualdeet al., 2013 Gorantalaet al, 2014 or transiently (Mortimer et al, 2012
Gomezet al, 2013, sametimes linked to a carrier to act as a protein adjuvaBut
increasingly, candidate vaccine production in plants has focused on the production of VLPs
(Thuememannet al,, 2013h, for the reasons described abaw¥hile the HBsAg VLP vaccines
were licensed in the midv oy n Qa = (i K $roduded VLRs wasFnotlfaf belyiniBiAg

VLPs were the first example of heterologous VLPs produced in gdasonet al., 1992.

These patrticles were produced in stable transgenic tobacco plants, and their properties are
very similar to those produced in yea€itherenveloped virus particles have been produced in
plants, most notably human immunodeficiency virus (HIV) VLPs, through tbepcession of

the Gag polyprotein as well as the gp41 cytosolic and transmembrane comp(fesgangt

al,, 2013; and influenza A VLPs, through the expression gusie CPMVHT system) of
haemagglutinin(HA) transmembrane proteifD'Aoustet al, 2009 D'Aoustet al, 2010).
Moreover, human papillomavirus (HPV) has beemduced in potato tubergWarzecheet al,

2003 and in tobacco leaves using pE&Q- (iek ab, 2012.

Using a similar approach, bovine papitavirus (BPV) VLPs were also produced in plaotge

et al, 2012. More impressive is the production of bluetongue virus (BTV) VLPs using pEAQ,
which involves the cexpression of four different viral structural proteins in the correct ratios

in order to obtainlarge quantites of correctlyassembled VLPs. These proved to be effective at
protecting sheep from challengéThuenemanret al, 20133. Finally, hepatitis B virus (HBV)
core antigen (HBcAg) has been produaeglants on numerous occasiofiBsudaet al., 1998

Huanget al., 2006 Mechtcheriakoveaet al,, 2006 Thuenemanret al,, 2013, and it has been
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shown to form VLPs, which in this case are more accurately calledikengarticles (CLPSs),
since HBV is an enveloped viru§he production and potential pharmaceutical uses of plant
produced VLPs have beeacently reviewed (Scotti and Rybicki, 2013 huenemannet al,
2013h. Figure1.4 shows three different types of VLP produced in plants using the pEAQ
vectors.Note that plantproduced HBcAg (the first image), just like wilde HBcAg, takes on
both T=3 and T=4 conformations, although T=4 dominfi@xswtheret al, 1994. The most

relevant type of VLP for the purposes of this thesis is particles used for awlig@ay. HBCAg

in particular has played a large role in this field.

Figurel.4 Electron micrographs of virubke particles produced in plants using pEALeft: HBcAg CLPs. The arrow
indicates a T=3 particle, whereas the others are T=4. Middle: BTV VLPs, image courtesy of Eva Thuenemann. Right:
CPMV VLPs, image courtesy of Alaa Aljabedile bars are 100 nm.

IV - Antigen display

Antigen display refers to the presentation of heterologous antigens on the surface of a VLP.
The purpose is to enhance thisnmunogenicityof the antigen by using the carrier VLP to
presert a quasicrystalline ordered repeat antigen structute the immune systemthe VLP
moiety acts as both a scaffold aroh adjuvant for the antigen of interestsée aboveand
Plummer and Manchester, 20L1Because the point of an antigerarrier VLP is that the VLP

moiety is incapable of causing an infectiartie animal hostinfectiousplant viruses used for
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antigen display can be considered antigenrier VLPs, even though they are not technically
VLPs. There are numerous examples of replicating plant viruses used to display immunogenic
epitopes of animapathogens for vaccine purposdshimaeric CPMV particles displaying a foot
and mouth disease virus (FMDV) epitope, human rhinovirus epitope, or HIV epitope fused to
the S coat protein have been produced in cowpea plants, and these particles could stimulate
an immune response against the target epitope in test anirfiddhaet al., 1993 Portaet al,

1994 McLainet al, 1995. Moreover, this technique also permitted the development of a
vaccine against mink enteritis virus that provides protective immunity in target animals
(Dalsgaarckt al, 1997. TMV particles have also been used to display heterologous epitopes: a
leaky stop codon strategy was used to produce chimaeric TMV particles in which the C
terminus of ®me of the coat proteindgn the rod are fused to epitopes from the malaria

parasite(Turpenet al,, 1995, influenza virus, or HI{Bugiyamaet al., 1995.

Moreover, engineered antibody fragments called single chain variable fragments (scFv) have
been displayed on the surface of potato virus X (PVX) by fusion bftheologous protein to

the viral coat protein via the FMDV 2A peptide, which causes cleavage of some of the
polypeptides through a ribosomal stutter mechani§gmolenskat al,, 1999. While this is not
sensu strictaantigenpresentation, he display of a heterologous protein on the surface of a
viral particle is technically very similar whether the heterologous protein in question is an
antigen or an antibody fragment. Moreover, the display of antibody fragments on the surface
of VLPs is ¢ésemely relevant to this thesis. It should therefore be pointed out that while the
example cited above is the only one, to my knowledgfeanibody display in plantexamples

of antibody display in other systems are legion: scFv have been displayea curface of
hamster polyomavirus (HaPy¥yarticles produced in yeagPleckaityteet al, 2011); on the
surface of measles virus particl@enget al, 2003 and murine leukaemia virus particles
(Urbanet al., 2009 produced in mammalian cells; and on the surface of baculovirus particles
produced in insect cellgKitidee et al, 2010Q. The display of scFv on the surface of
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for years to identify specific antibodies which bind to an antigen of inte(8stith and
Petrenko, 1997Willats, 2002. It is not particularly surprising that scFv display was found to be
possible in plants, since the production wifusedscFv and other types of antibodies, both
native and engineeredd 82 YSGAYSa Ol & § BaRe béehJprbdyided id DIRUsS
numerous times through both stablgliatt et al., 1989 Ma et al., 1995 Schouteret al., 1997

and transient expressiofWVaqueroet al, 1999 Mongeret al., 2006 Sainsburyet al, 2009h

Rosenberget al, 2013.

The more classic antigen display, however, involvemfuan antigen or epitope of interest to

a nonreplicatingVLPin a heterologous expression system. Early successes with this sort of
technique showed that the antigenicity of a protein or epitope of interest can be dramatically
increased by presenting @n the surface of a VLP carrier: one of the earliest experiments
involved fusing an FMDV epitope to thetdtminus of HBcAg CLPs, which led to the formation
of chimaeric CLPs which were almost as antigenic as FMDV in animal rf@ldeieet al,

1987). It then became widely accepted as fact that any epitope or antigen fused to a VLP
carrier would be much more immunogenic than if it were alone, to such an extext
numerous groupshave actually producednd tested antigens displayed on VLP carriers
without ever comparing them to the antigen or epitope on its o(iirket et al., 2002 De

Filetteet al., 2005 Sominskayat al., 201Q Pastoriet al., 2012 Ravinet al., 2012.

Thisassumption, however, is not foolproof, as there are some examples of antigens being less
immunogenic(Aroraet al, 2012 2013, or at least no more immunogen{dliddelberget al,

2011 Mazeikeet al, 2019 when displayed on the surface of a VLP than when administered
alone.That having been said, it is true that in general, display on the surface of a VLP clearly
enhances the immnogenicity of the target antigen or epitop@&his normally holds true when

comparing the chimaeric VLP to the antigen al¢fBekssoret al, 201% Yinet al, 2011 Wang
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et al, 2012 Skrastineet al, 2013, the antigen mixed with the native VIi(legerlehneet al,

2002 Deniset al, 2008 Dhanasoraj et al, 2013, or the chimaeric VLP after denaturation
(Chackeriaret al,, 1999. This demonstrates that it is the particulate structure on which the
antigen is displayed that confers the increase in immunogenicity, and not simply therVLP
individual capsid proteiracting as a standard adjuvarthis shows that antigen display is a
potentially powerful technique which allows the inherent immunogewiaf a given antigen

or epitope to be enhanced for vaccirdevelopmentpurposes.The main limitation of this
technique is the risk of abolishing capsid formation by inserting a foreign sequence which is
either too longor too complex,and thus inerferes wth carrier protein folding or capsid
assembly. For this reason, most of the examples of antigen display, including those cited
above, tend to be of short linear epitopes. However, one carrier in particular has the potential

to overcome this limitation: te CLP formed by HBcAg.

V -The HBcAg CLP as an antigen carrier

HBCcAg is 20 kDa protein made up of 183 amino acids (depending on the strain of HB).
aSO2yRINE &0 Nbe@ésduititheAoagesudné€sKornfing a Hairpin structure, with
the immunodominant c/el loop bridging the ascending and descending h¢kiced .5). Two
HBcAg monomers dimerisspontaneouslywith the hairpin structure forming the dimer
interface and these dimers selfssemble to form either T=3 (90 dimers) or T=20(Hlimers)
corelike particleswith the hairpin structures formingharacteristicprotruding spikes on the
surface of the particléCrowtheret al,, 1994 Conwayet al., 1998 Wynneet al., 1999. The

CLP structure in general, and the dimer structure in particular, are very stable. This could be
explained bydisulphide bridges between monomers, with C61 from each monomer forming a
disulphide bridge between the hairpin helices, and C48 from each monomer sometimes
forming a bridge at the base of the spikéhenget al, 1992 Wynneet al, 1999. These are
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not strictly necessary for dimer or capsid formation, sidegerlehneet al.(2002 managel to

obtain CLPs after having removed all of the cysteine residues from the sequence, suggesting
that these disulphide bridges probably play more of a stabilising fidle. Germinus is very
argininerich, and truncations at position 176, 149, or 144 aoéerated, as they do not
interfere with capsid assembly but do drastically reduce nucleic acid encapsid@tdimaet

al., 1989 Zhenget al.,, 1992.

el loops

Figurel.5 The structure of HBcAg and the HBcAg Aldtt two HBcAg monomer(in blue and redpssembled to
form a dimer, with the el loops exposetihe amino (N) and carboxy (C) termini are indicated with arrdvese
dimers form the building blocks of the celike particle (CLP) of HBV (rigtructures were obtained from BB
entry 1QGT (Wynnet al., 1999).Imageswvere generated using PyMOL.

HBCcAg iknown to be inherently immunogenidhanks toboth B-cell and Tcell epitopes

(Franciset al,, 1999 Pumpens and Grens, 2002ooperet al., 20085. It is a remarkably tolerant
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protein in terms of the insertions and fusions thean be made without disrupting protein
folding or capsid assemblyhere have been numerous studies looking into how fusions and
insertions are tolerated in HBcAg, and tHegve revealed the advantages and disadvantages of
inserting sequences at the-tdrminus, Germinus, or the immunodominant el logpocated

at the tip of the spikes which protrude outwards from the surface of the HBcAglildkPow
possible to draw some general conclusions aboutpbssibilities as well as tHemits to such
modifications, and to devisedifferent strategies to attempt to overcome such limits. Many
groups have inserted identical sequences at different positions within HBCAg in order to assess
the feasibility and immunogenicity of such insertidi@chdodelet al., 1992 Yonet al, 1992
Koletzkiet al, 1999 Lachmannet al, 1999 Koletzkiet al, 200Q. They all conclude that
insertions in the el loop allow for greater yields of chimeric particles as wellttes barface
exposure than Nor Gterminal fusions, regardless of the truncation state of thée@ninus.
Moreover, el insertions reduce the antigenicity of the HBcAg carrier, which is often logs higher
than the target insert in Nor Gterminal fusionsbecause the el loop is the immunodominant
region, insertions in this area tend to transfer the inherent antigenicity onto the insert protein
or peptide(Brownet al., 1991 Chamberst al,, 1996 Ulrichet al,, 1998 Pumpens and Grens,
1999. This has ben extensively reviewed bRPumpens and Gren@001), and the use of

HBcAg as a vaccine platform has more recently been reviewdd¢hitgcreet al. (2009.

A) N-terminal fusions
Fusions of 5 to 120 amino acids have been attempted at theriinus of HBCcAg, buhe

latter prevented he formation of particles irE. coli(Koletzkiet al, 1999 Lachmannet al,
1999. The longest Merminal fusion which allowed particle formatiafin E. colj was a 63
amino acidlong epitope corresponding to three M2e peptides from Influenza virus fused
together (De Filetteet al., 2009. It is noteworthy that the surface accessibility otédminal
insertions seems to be sequenspecific rather than sizspecific.Indeed, a pentapeptide was
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found to be exposed on HBcAg particleachmanret al, 1999, whereas a much longer 30
amino acidlong oligopeptide necessitated these of a four amino acigllonglinker between it

and HBcAgo provide surface accessibilif§gchodekt al, 1992. However, accessibility of the
insert as determined by in vitro methods such as sandwich ELISA, is not always a perfect
correlate for antignicity in vivo. Indeed, an-términal 45 amino acidbng Hantavirus epitope

was found to be less exposed than identicakfninal or el insertions when assayed by ELISA,
but it stimulated greater production of antibodies in animals than th&e@inal irsertion
(Koletzkiet al, 2000Q. Moreover,the Nterminus was found tdbe the optimal fusion site
(better than the el loop) in the case of the M2e epitope:ifigs3 copies of M2e (with
cysteines replaced by alanine or serine) at théefninus of HBCAg was found to provide a
superior immune response in animals than an M2e insertion in the el loop (though a single
copy was still more immunogenic in the el loopnhat the Nterminus). Adding a copy of M2e

in the el loop to the construct already bearing 3 copies of M2e on theriinus did not
improve immunogenicity, and the particles carrying 2 or 3 copies of M2e at therminus
elicited higher antibody titre against M2e than against the HBcAg car(iee Filetteet al,

2005. This is thoughto be because the immunogenic potential of the M2e epitope requires
its N-terminus to be free and exposed, which is not the caéeen it is inserted into the el
loop. These data indicate that-términal insertions are normally well tolerated in terms of
cgpsid assembly up to about 65 amino acids, and are most often surface exposed. While they
do not normally provide a stronger immune response than el insertions, ttegrinus can

be the fusion site of choice for epitopes that requirér@e N-terminus, ifmultiple repeats of

the epitope can be used.

B) C-terminal fusions
The Germinus of HBCAgQ has been the subject of multiple experiments, with conflicting results

on whether Germinal inserts are surfacexposed on the assembled capsids. The truncation
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state of the HBcAg -@rminus seems to play a crucial role in deciding whethaer@inal

inserts are surface exposed: fusiawsfull-length (183 amino acids) cores or cores truncated
after position 155 seem to be burigdfonet al, 1992 Beteramset al,, 2000, while fusiongo

cores truncated after position 144 or 149 seem to be expogewhl and Murray, 1989
Schodekt al., 1992 Ulrichet al, 1992 Yoshikaweet al,, 1993 Greneet al, 1997 Koletzkiet

al.,, 2000. This seems to hold true unlefise insert is particularly small: the pentapeptide
DPAFR was found to be inaccessible when fused after HBcAg positighatAthanret al,,

1999. Interestingly, larger (385 amino acids) sequences inserted aftesition 144 seem to

be surfaceexposed regatiess of whether they are replacing or preceding théei@inal
argininerich tail (Borisoveaet al,, 1989. However, the specific sequence of the insert doley p

a role in determining surface accessibility: when fusing-WIvV DI 3  SLIA G254
truncation, Greneet al. (1997 found that while the 90 amino acid ingdewas surfaceexposed,
certain regions of it were inaccessible, suggesting that certain sequences will have a tendency
to be more buried than others. Certainly the most impressive insertion made in-thenihus

has been the fusion of the entire 167 aminoid (17 kDa) sequence of a bacterial nuclease
after HBcAg position 158Beteramset al, 200Q. This resulted in the formation of capsid
particles which corgtined properly folded, functional nuclease packaged within them. This is
particularly impressive given that such a large insert seems to surpass the lengtbrofigal
fusions that others have tried. For examplgrich et al. (1992 found that Gterminal
insertions of 90 amino acids, but not 100, 189, or 317, allowed patrticles to form with HBCAg
truncated after position 144. SimilarliKoletzkiet al. (1999 found that 120 amineacid long
AYyaSNIia LINBGSY(iSR (GKS F2NXIGA2Yy 2F LI NIAOES
HBcAg,Yoshikaweet al. (1993 demonstrated that a @erminal fusion of 37 amino acids of
Hepatitis C Virus core protein allowed particle formation (but that this epitope was not surface
accessild), as did 91 amino acids of the same core protein (which was swataessible). The

authors attempted to fuse the full 180 amino acids of the HCV core protein, as well as 2, 3, and
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4 copies thereof, but they failed to prove particle formation with slaige inserts. Taken
together, these data indicate that there is a size limit fele@ninal fusions of about 3200
amino acids for unstructured peptides, but that this limit can be extended for globular
proteins, thus hinting that particle assembly camlbmited by spurious interaction between an
unstructured insert and the HBcAg polypeptide. Furthermor¢er@inal inserts ted to be
surfaceexposed provided that they are long enough and fused upstream of the last 34 amino

acids of the HBcAgt€rminus.

C) Insertions in the el loop
The el loop has been recognised as the insertion site of choice for eliciting a strong immune

response, and has therefore been the subject of great attention in recent years. It is known
that small oligopeptide inserts are Weolerated in the el loop, and that these tend to yield
higher quantities of particles than equivalent b Gterminal fusions(Schodelet al., 1992
Yonet al, 1992 Ulrichet al, 1998 Koletzkiet al, 1999 Lachmanret al,, 1999 Koletzkiet al,

2000. Moreover such insertions disrupt the immunodominant region of HBcAg, which means
that they tend to reduce the antigenicity of the HBcAgries, particularly if some of the
HBcAg amino acids in the flexible loop (position8I¥around the insertion site are removed.
The impressive tolerance of the el loop for insertions allows much larger sequences, both
conformational and disordered, toebdisplayed in this region without abolishing particle
assembly (although the yield of chimeric particles is often adversely affected to a certain
extent). In a series of experiments aimed at displaying different long (~25 kDa) efitagpes

on the plymorphicimmunodominant nolecule (PIM) proteinof the parasiteTheileria parva

it was determined that the el loop of HBcAg could handle such long inserts without impairing
particle formation, so long as a flexible glyemeh linker of 15 or 20 amino acidgs added

on either end of the insert; whereabke use ofa similar linker of only 9 amino acids failed to

allow particle assemblyJanssen®t al, 201Q. The authors speculate that large inserts are
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likely to be tolerated in the el loop so long as linkefsufficient length allow the necessary
flexibility for folding, and for the termini of the insert to be relatively close togetherl@®R

apart) at the el loop. Another group demonstrated th&t90 amino acids corresponding to

the entire sequence of # OspC protein fronBorrelia burgdoferiwith the exception of the
signal peptide, could be fused into the el loop of HBcAg without impairing the folding of either
HBcAg or Osp(Skamelet al, 2006§. Moreover, the resulting particles seemed to be coated
with OspC proteins that were dimerising with inserts on neighbouring el spikes, thus
demonstrating great flexibility both within and between the el spikes orratded HBCcAg
particles. So far, the largest sequence directly fused into the el loop of HBcAg(isr&Eét

al.,, 1999. The 238 amino acidlong, 27 kDa protei sequence was inserted the el loop

(with amino acids P¥and A80 removed) with glycimh linkers on eitheend (9 amino acids
long). Thisconstruct yielded fluorescent fusion protein, some of which assembled into
fluorescent particles. Coyelectronmicroscopy revealed that these particles looked very much
like native HBCcAg capsids, but with an extra dense shell on the surface, corresponding to the
position of the GFP molecules. In some cases, insertions can cause problems related to
solubility of climeric capsids, but these are not necessarily unsurmountable. An 11 kDa
insertion from Dengue Virus EDIII yielded insoluble particles which had to be denatured to be
purified from E. colj but these were capable of being refolded into capsids displaymingert

(Arora et al, 2012. This inherent insolubility was not resolved by switching to a yeast

expression systerfAroraet al., 2013.

It is possible to use more than one insertion site on HBCAg at the same time without abolishing
capsid formation.Ulrich et al. (1999 inserted 45 amino acids ofahtavirus nucleocapsid
protein in the el loop, and a different 44 amino agldng epitope(from the same proteingt

the Gterminus, which was truncated after HBcAg position 144. i &ekett et al. (2002

successfully inserted 20 amino acids fretasmodium falciparumircumsporozoite protein in
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the el loop, and a different 20 amino acidlong epitope at the @ SNX¥Y Ay dza 2 F |

truncation of HBCAg.

At the time of writingthere have been onl two reportsof antigen display on HBcAg produced
in plants.Bandurskaet al. (2008 fused the139 amino acid; long domain4 epitope of the
anthrax protectie antigen (PA) in the el loop armteated lines oftransgenic tobacco
containing the sequenceNhile thefusion proteinwas expressed and was immunogenic, CLP
formation was not observedThis contrasts with the findings ¢duanget al. (2009, who
displayed a 21 amino acidong epitope from FMDV in the el loop of HBcAg, also produced in
transgenic tobacco. This group found tiGitB were formed, and were capabté protecting

mice from FMDV challenge.

D) Other insertion strategies
Numerous groups have developed alternatives to straightforward genetic fusions in order to

develop easier antigen presentation strategies, or to overcome the limits to insertions
descrbed above. The most common strategy used to force HBcAg capsids to carry large inserts

at the Gterminus is to produce mosaics: particles containing a mix of modified and unmodified
HBcAg monomersKoletzki et al. (1999 used this strategy to fuse 120 amoi acids of
Hantavirus protein atthe @ SNXY Ay dza 2F pwmnn | -thoough Yhechanisind 2 LI C
was exploited to produce modified and unmodified HBcAg from the same construct. This
allowed particle formation with this insert, whereas a straightforwa&terminal fusion did

not. This was seen again bjfrich et al. (1999, who produced mosaics particles with HBCAg
nmnn O2y i+t AYyAy3 wmnn -@minudlThid sifateg@as dtudiddRramorde i G K
detail byKazaket al. (2002, who found that it permitted the formation of particles with 94,

114, or 213, but no#t33 amino acids fused to theCS N Ay dza 2F pmnn | . O! 33

fusions failed to allow the formation of such particles (or gave prohibitively low yields). The
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or hydrophobic) sequences into HBcAg capsids at ffegriinus. The mosaic technique clearly
provides another tool for the insertion of peptides into theefminus of HBcAg, but it should
be noted that the drawback of this strategy is that pdagccould contain very few copies of

the insert, and some particles may not contain any insert at all.

An alternative strategy for display in the el loop is chemical conjugation. It is possible to
genetically modify HBcAg by inserting a lysine residuéenetl loop and removing all of the
cysteines from the sequence. A peptide insert with a cysteine on one terminus can then be
chemically conjugated to the el lysine via its cystdiiegerlehneret al., 2002. This allows
display of peptides to the el loop, but it should be noted that the efficiency of conjugation
decreases as the size of the insert increases. Indeed, a small peptide like the FLAG tag was
coupded with about 50% efficiency, M2e (23 amino acids) coupling was about 40% efficient,
and coupling of a 66 amino aeidng epitope fromToxoplasma gondjirotein GRA2 was only

about 30% efficient. The coupling of a 134 amino-4midy PLA2 glycoproteindm bee venom

was estimated to be even lower. Chemical coupling may therefore be an option if genetic

fusion is unsuccessful, or if the insert must present a free terminus.

Another strategy is nowovalent interaction of the insert and the HBcAg carrieotigh a
peptide tag that binds to the el loop. The natural interaction between HBcAg &édH
(Dyson and Murray, 199%vas exploited to design an oligopeptide (GSLLGRMKHKi£) hinds

the el loop of HBcA@BIlokhinaet al, 2013. This peptide tag, when fused to M2e, allowed
display of the epitope on the HBcAg particles. The sttermand stability of the interaction
deserves further study however, as sucrose gradient ultracentrifugation was seen to disrupt

the interaction between the particles and the tagged epitope.

Yet another strategy is situposttranslational cleavage of thasert in the el loogWalkeret

al., 2008. In this case, the insert is designedctintain the cleavage site for tobacco etdrug
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(TEV)protease at the Nerminus. The modified HBcAg construct is then expressed with the
protease, which cleaves the insert at itsédminus without preventing capsid assembly. This
was shown to allow particle assembly when a straightforward fusion wouldsoeh asn the

caseof the Borrelia burgdoferprotein OspA, a 28 kDa protein, in which theadd Gtermini

are very far apart. This strategy was simplified to give SplitCore: a strategy whereby the HBcAg
sequence is split at the el loop into two separate open reading feampkaced together as a
bicistronic operon in aik. coliexpression systerWalkeret al., 201J). This allows large inserts

to be fused either at the -@rminus of the upstream (Kerminal) halfmonomer, or at the N
terminus of the downstream (@rminal) halfmonomer. This strategy is discussed in more

detail inChapter 3

An interesting alternative to the above strategy is tamdem ©re technology patented by
Gehinet al. (2004 after development irE. coli and tested in plants using t@PMVHTsystem
(Thuenemann, 2010 This involveggenetically fusing two HBCAg monomers in ordéo
produce the HBcAg dimer as a single polypeptide chain. This allows large insertions to be made
in only one of the el loops in each dimer, thus reducing the risk of steric hindrance with large
inserts. This technigue has been shown to allow the foramatf capsid particles with large
inserts in the el loop in both bacteria and plantsvo main types of tandem core constructs
were produced and tested: the homotandem core construct (CoHo) iposed of two core
sequences both truncated at position 148hereas the heterotandem core construct (CoHe)
has a truncated Merminal core but a fullength Gterminal core(more details are given in
Chapter 3. While both expressed and formed patrticles in both plants Bndolj it was found

that CoHe yielded mer homogenous CLPs and was more suited to antigen display in plants
(Thuenemann, 20000f particular interest for this thesis is the fact that GFP was successfully
displayed on the surface of CoHe particles in plants usingE#QHTvector. Thisis the main
technique which was used in this thesis to diggrgecorrectlyfolded inserts on the surface

of HBcAg CLPs.
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E) Other antigen carriers and the advantages of HBCAg
While it is beyond the scope of this introduction to comprehensively review the use of

nanoparticles for antigen display, the main diffeces between HBcAg and other commonly
used carriers can be addressed. As mentioned previously, other viruses have been used for the
surface display of epitopes. Chimaeric T®vgiyameet al, 1995 Turpenet al, 1995 and
CPMV(Ushaet al,, 1993 Portaet al, 1994 McLainet al, 1995 Dalsgaarcet al, 1997 have

both been used, but only with small epies (<100 amino acids). PVX, on the other hand, has
proven to be much more tolerant of larger inserts, providiedt the 2A peptide is used to fuse

the insert protein to the Nerminus of the PVX coat protein. This ensures that a certain
number of coat poteins are insedree, which allows the assembly of chimaeric PVX rods
despite potential steric hindrance caused by large protein inserts. In that sense, this 2A
strategy is essentially very similar to a mosaic strategy. By using this method, wholagprotei
such as GFRCruzet al, 1999, scFMSmolenskeet al, 199§, and the rotavirus VP6 capsid
protein (O'Brienet al, 2000 have all been displayed on the surface of PVX rods. Small
epitopes can be fused to the PVX coat protein directly without the need for 2A, as wa
demonstrated byMarusicet al. (2001), who displayed a 6 amino acidong epitope from the
conserved region of HIV surface glycoprotein gp4l on the sum@ashimaeric PVX rods.
HBcAg can accommodate larger inserts than CPMV, and unlike PVX does not necessarily

require a mosaic strategy to display large folded proteins.

As mentioned above, animal viruses haakso been used to display proteins of interest.
Murine polyomavirus VLPs have been used to displa$traptococcuspeptide epitope
(Middelberget al.,, 2011 as well as the entire 34 kDa human prostate $jieantigen(Eriksson

et al, 201]. VLPs fromHhe related hamster polyomavirus has also been used to display a 9
amino acid- long model epitope from lymphgtic choriomeningitis iwus (Mazeikeet al,
2012, as well as an entire scFe fusion which retained antigdnnding activity when
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displayed on the surfacefdhe VLPgPleckaityteet al., 2011. While this is reminiscent of
HBcAg in terms of the size and complexity of inserts, polyomavirus VLPs require-the co
expression of at least two capsid proteins (in the latter example, the ingastfused to VP2
and coeexpressed with VP1Rrotein display on HBcAg does not require theegpression of
other structural proteins, which is an advantage as the stoichiometry of different capsid

proteins can sometimes be a barrier to efficient VLP potidn (Thuenemanret al., 20133.

Other viruses have been used to display short epitopes, including bovine papillomavirus
(Chackerianet al, 1999, papaya mosaic virugDenis et al, 200§, and the AP205
bacteriophage(Pastoriet al., 2012, but the display of fullength proteins is not normally
possible in such systems. As noted above, many different viruses have been used to display
scFv, but most of those viruses are notitglly used for antigen displastricto sensu This
underlines the fact that the display of a protein on the surface of a viral particle depends not
only on the viral particle, but also on the nature of the protein being used as an insert. Non
viral nanopaticles have also been used: apoferritin is a ubiquitous protein complex which
forms symmetrical nanoparticles reminiscent of VLPs. Apoferritin has been used to display
short epitopegHanet al., 2014 as well as the 65 kDa ectodomain of influenza viruswiAch
formed physiologically and immunologically relevant trimers on the surface of the apoferritin

nanoparticle(Kanekiycet al,, 2013.

Ultimately, HBcAg is not the only candidate for the display of heterologous proteins, and in
some cases it may not be the best candidate. But it does generally have advantagetherer o
carriers. A single protein forms the stable capsid, and there are three possible insertion sites
within HBcAg including the immunodominant el loop which tends to boost the antigenicity of
the insert. This el loop can accommodate large inserts, alth@IgP appears to be the limit in

terms of size and complexity that the el loop can handle in the context of native HBcAg. The
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use of different bionanoparticles for antigen display has been reviewetdesyand Wang

(20086.

VI - Aims of this thesis

The primary aim of this thesis is to develop ptanmdduced HBCAELPs as carriers fany
antigenof interest. Specifically, the goal is to produce a generic antigen presentation system,
which would easily allow any antigen to be presented on the surfaca biBtAg CLP. In order
to do this, both the SplitCore and tagh core technologies mentioned above were tested to
determine which might be most suitable fohimaeric CLProduction in plantsOnce it was
determined that tandem core technology was better suited, two different generic antigen
display systems were deloped: the first, very simple in design, is intended to allow antigen
display on a CLP via pgairification chemical conjugation. The second system, which is more
complex in nature and formed the bulk of the projeiciyestigated the possibilitgf displaying

an antibody fragmeniscFv or camelid nanobodgin the surface of the CLPs. This would allow
the non-covalent binding of an antigenf dnterest to the chimaeric CLP via the antibody
fragment. The hypothesis on which this system is founded is than&thody fragmentf a
particular type (scFv or camelid nanoboayi)l behave inthe same waywhen fused onto the
surfaceof the tandem core patrticle. Thus, if a system cdudddevelopedvhereby anantigen
could be displayed on the surface of a CLP thhothhe interaction with arantibody fragment
expressed in HBcAd should be straightforward tewitch the antibody moietyo create a CLP

that will capture and displag completely different antigen.
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Chapter 2 : Materials and Methods

| - DNA constructs

Numeous DNA constructs were ordered for synthesis from GeneArt (Life Technologies) in
order to quickly obtain reliable, higuality material for subsequent cloning and gene

expression. Details of the specific sequences synthesised are given in the releyatet c

Il - DNA isolation/purification

DNA was isolated from bacteria by using the QlAprep Spin MiniPrep Kit (Ritgen PCR
reactions by using the QIAquick PCR purification kit (Qiagad)from agarsose gels by using

the QlAquick Gel Extractiort kQiagen). Purified DNA was stored-20°C.

lll - Restriction digests

Restriction enzymes were obtained from New England Biolabs (NEB), Roche or Invitrogen.

Restriction digests were carried oim the appropriate buffeas recommended by NEB.

IV - Ligation

Ligation of DNA fragments was carried out using either Quick Ligase (NEB) or T4 Ligase (NEB) as
LISNJ YI ydzFlF OG0 dzNENDRa AYyaAdNHZOGA2yad 2KSy fAIFGA
fragments were quantified using a NanoDrop apephotometer and a 3:1 insemplasmid

molar ratio was used.
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V - Media

Solution Composition

ELISA BUFFERS

ELISA Block Buffer 5% (w/v) dry milk, 0.0%6 (v/v) TweefR0, in PBS

ELISA sample buffer 1% (w/v) dry milk, 0.056 (v/v) Twee20, in PBS

Wash buffer (EISA) 0.05% (v/v) Tweer0, in PBS

50 mM NaHP® Hp Y a OAGNRO ¢
ELISA detection reagent
Tetramethylbenzidine (TMB) tablet (SigiAkirich)

ELISA stop solution 1 M HSQ

EXTRACTION BUFFERS

AmBic 20 mM ammonium bicarbonateH 8.5

10 mMTris-HCI pH 8.4; 120 mM NaCl; 1 mM EDTA; %’
HBexB1 (w/v) sodium deoxycholate; 1 mM DTT; Compl

Protease Inhibitor Cocktail tablet (Roche)

0.1 M sodium phosphate, pH 7.5Complete Proteast

P

Inhibitor Cocktail tablet (Roche)

20 mM sodium phospha, pH 70; 1 mM EDTA; 5 mh
P+ DTT,; 0.26(v/v) Triton %100; Complete Protease Inhibitc

Cocktail tablet (Roche)
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IQUR

AngeliTris

AngeliBor

GROWTH MEDIA

Luria Bertanibroth (LB)

L-agar

SOC (Life technologies)

WESTERN BLOT BUFFE

Western Blot

buffer

Western

buffer

blot

Transfer

block

20 mM Tis-HCI pH &; 1 mM EDTA; 5% isopropanol (v/
5 mM DTT; 0.1 % Triton-100; Complete Proteas

Inhibitor Cocktail tablet (Roche)

100 mM Tris pH 9.0; 100 mM NaCl; 1 mM EDTA,; 0.0
(w/v) sodium deoxycholateComplete Protease Inhibito

Cocktail tablet (Roche)

100 mM boric acid pHQ 100 mM NaCl; 1 mM EDT
0.75 % (w/v) sodium deoxycholateComplete Protease

Inhibitor Cocktail tablet (Roche)

10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl adjustec

pH 7.0

as LB, with 1.856(w/v) Lab M agar added

2 % (w/v) tryptone, 0.5% (w/v) yeast exract, 10 mM NacCl
2.5 mM KCI, 10 mM MgCI2, 10 mM MgSO4, and 20

glucose.

3.03 g/l TrisHCI, 14.4 g/l glycine, 26 (v/v) methanol

5% (w/v) dry milk, 0.%6 (v/v) Tweer20, h PBS
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Wash buffer (westeri 0.1% (v/v) TweerR0, in PBS

Western blot detection 1.25 mM luminol; 200 mM paracoumaric acid; 27 n

solution HO,; 100 mM TrigHCIpH 8.5

OTHER

10 mM MES, pH 56; 10 mM MgCI100 uM

MMA

acetosyringone
Phosphatebuffered

150 mM NacCl; 2 mM NaPQ; 15 mM NaHPQ; pH 7.2
saline (PBS)

Protein loading buffer 900 pl 4x LDS sample buffer (Invitrogen), 300/ gl

(2X) mercaptoethanol

TBE 10.8 g/l TrisHCI, 5.5 g/l Boric, 2 mM EDTA

VI - Polymerase Chain Reaction (PCR)

Amplifiaation of DNA to be used for subsequent cloning was carried out using Phusien high
fidelity polymerase (Roche) and the supplied buffer using the following protDetils of the

primers used can be found Appendix 1.

Recipe 50 Cycles
5X HF buffe 10 98°C 30 sec
10 mM dNTPs 1.25 ul 98°C 10 sec
30 X
DNA template 1 pl 70°C 20 sec
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10puM forward primer 2.5 pl 72°C 20  seclkb
10puM reverse primer 2.5 pl 72°C 5 min
Phusion polymerase 0.5 pl

dH,0 32.25 pl

Amplification of DNA tde usedonly foragarose gel electrophoresis analysis only was carried
out using GoTaq Green Master Mix (Promega) using the following protocol. For colony PCR
(always carried out using the C1 and C3 primel® DNA template was replacedth a small

amount of bacteriapicked off an agar plate with a sterile toothpick.

Recipe 20 Cycles
2X Go Taq GreenMM 10 ul 95°C 5 min
DNA template 1 ul 95°C 1 min
31X
10pM forward primer 0.5 pl 58°C 45 sec
10 M reverse primer 0.5 i 72°C 1 min/kb
dH0O 8 Jl 72°C 5 min

VIl - Agarose gel electrophoresis

Agarose gel electrophoresis was used to analyse PCR reactions, or to analyse and purify
restriction fragments. Gels contained 082 % (w/v) agarose dissolved in TBRe marker

ladder used was Hypkeadder | (Bioline).
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VIIl - DNA sequencing

Sequencing reactions were either carried out entirely by Eurofins Genomics; or prepared as
GNBI Re& NBIOlA2yas dzZaAy3 . A3I58S ¢SNXYAYIF (2NJ
Y I y dzF I O dzNB Nibésequeicasivéidit@na analysed Dby either Eurofins Genomics

(i54 Business Park, Valiant Way, Wolverhampton, WV9 5GByruBgnome Enterprise Ltd.

(The Genome Analysis Centre, Norwich Research Park, Norwich, NR4 7UH, UK).

IX - Bacterial strains, growth and storag e conditions

Escherichia colstrain TOP10 (Life Technologies) aAgrobacterium tumefacienstrain
LBA4404Hoekemaet al., 1983 were used throughoutE. colicontaining a pMA plasmidith

the appropriate insert obtainefom GeneArt (Life Technologies) were grown at 37 °C using LB
broth or L-agar supplemented with carbenicillin (100 pg/ml) for plasmid selecti®ncoli
containing a pE@ plasmid were grown using the same conditions, but 50 pug/ml kanamycin
was used for plasmid smition instead of carbenicillinA. tumefacienscontaining a pEAQ
plasmid were grown at 28 °C using LB brothL@gar supplemented with kanamycin (50
pg/ml) for plasmid selectiorplus 50 pg/ml rifampicin to select foA. tumefaciend BA4404.
Once a clone dE. colior A. tumefacientiad been identified as positive for the desired [phéd

by colony PCR and sequence analyaiglycerol stock was prepared: the aowas grown in
liquid culture and an aliquot of stationary phase culture was supplemented with glycerol (final

concentration 25 %wv/v]), snapfrozen in liquid nitrogen, then stored &80°C.
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X - Transformation of competent bacterial cells

PurchasecE coliTOP10 chemically competeoells werell NI Yy a F2 N¥ SR | & LISNJ
instructions. Briefly, aliquots of cells mixed with-30 ng of plasmid DNA were hesttocked

at 41°C for 30 seconds then allowed to recover in SOC for one hour at 37°C leafhorelbted

on agar plates containing the appropriate antibiotic A. tumefaciens LBA4404
electrocompetentcells were made in the laboratarifrhese were transformed by mixing 50 pl

of competent cell aliquots with 280 ng of plasmid DNA, then electroporagiat 2,500 V. The

cells were allowed to recover in SOC for one hour at 2&€fGre being plated on agar

containing appropriate antibiotics

Xl - Plasmids used

The pMA plasmids are small simple plasmids used by GeneArt (Life Technologies) to facilitate
the propagation and transportation of synthetic gene constructs. They carry a resistance gene

to ampicillin, and were selected for in bacterial cultures with carbenicillin. FRBAGHT

plasmid is a binary vector tailored to allow higilelding overexpressio of recombinant

proteins in plantgSainsburyet al., 200®). It contains &CPMVWHTcassette composed of a 35S
promoter, Nos terminator, and Cowpea Mosaic Virus RNAp Q YR 0Q dzy i NI vy
6l ¢waonsz gAGK (g2 LRAY( Yedsed tiadslatgnal efficiéncyl K& isp Q |
the vector which was used to express the proteins discussed in this thesis. The pFSC5 and
pFSC6 plasmids are small plasmids used to insert two genes of interest (one in each plasmid)
each within its ownCPMVHT casséte: both contain aCPMVHT cassette with a multiple

cloning site for ORF insertion, atite CPMVHT cassetteis flanked by the restriction sites Pacl

and Sbfl for pFSC5, and Sbfl and Ascl for pfSa@Bburyet al., 20123. These resiction sites

can be used to integrate both cassettes into a sifpAQHT vector using the Pacl and Ascl
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restriction sites, with the shared Sbfl site allowing the two cassettes to form a single DNA

fragment.

XII - Agroinfiltration

For transient expreson of recombinant proteins, liquid cultures &. tumefacienswere
prepared. For bacteria taken from glycerol stocks, the primary culture was subcultured, and
this subculture was used for agroinfiltratioAgroinfiltration was carried out using a similar
method to that described iiThuenemanret al., 20133. Briefly, he cultures were centrifged

at 1,100 x g for 20 mjrthen resuspended in MMA buffer to an §of 0.4 unless otherwise
stated. A syringe wassed to infiltrate the suspension into the extracellular spaceNof
benthamianaleaves(Schobet al., 1997. Typically, for smalicale experiments designed to test
expression of a recombinant protein, two leaves from each of three plants were infiltrated in

order to minimise variability of expression levels.

XIII - Plant growth conditions

N. benthamianaplants were grown in glasshouses maintained at 25°C and watered daily.
Supplemental lighting was provided to maintain 16 hours of daylight in the winter months

(Octoberg April, inclusive). Plants were agroinfiltrat8dveeks after pricking out.

XIV - Small-scale protein extraction

Smaliscale extractions were used to test expression and accumulation of recombinant

proteins. Agroinfiltrated leaf tissue was harvested 7 days jd8tration (dpi), and a cork
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borer (sze number 7)was used to sample six leaf discs (corresponding to 90 mg of- fresh
weight leaf tissue, or FWT) from infiltrated areas of the leaves. These weredplaee2 ml
screwcap microcentrifuge tube with a-ch ceramic bead (MP Biomedicals) and RV @f

the appropriate extraction buffer (buffer P, unless otherwise stated). The leaf tissue was then
homogenised using a FastPrep homogeniser (MP Biomedicals) at speed setting 5.0 for 40
seconds, or on an Omni Bead Ruptor 24 homogenizer (Camlab) at sptigd) 4 for 30
seconds. The samples were then centrifuged at 16,000 g for 10 minutes, and the supernatant

(soluble protein extract) was separated from the pellet (insoluble protein extract).

XV - Large-scale protein extraction

Largescale protein extictions were used to obtain recombinant protein for experiments.
Agroinfiltrated leaf tissue was harvested 6 or 7 dpi, and the infiltrated areas of the leaves were
excised with a razor blade. The infiltrated leaf tissue was weighed and homogenised in a
Waring blender with 3 x volume of the appropriate extraction buffer (P, unless otherwise
stated). The crude extracts were filtered over one layer of Miracloth (Calbiochem) and the
filtrates were clarified by centrifugation at 9,00%,000 x g for 145 min (&pending on
volume and turbidity of the filtrate) at 4°C. The clarified extracts were then filtered over a 0.45
um syringe filter (Sartorius). After this, the extracts were either purified by sucrose cushion

(for corelike particles), or by affinity chroniagraphy (for Higagged proteins).

XVI - Sucrose cushions

The extracts were underlain with sucrose solutions prepared in the correspondirarigom

buffer (usually 2 ml 256 [w/v], then 0.5 ml 786 [w/v] sucrose solutions) in UltraClear 14X89
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mm ultracentrifuge tunes (Beckman Coulter) and centrifuged at 273,800 x g in a TH641
ultracentrifuge swingput rotor (Sorvall) for 2 h 30 min at 4°C. For even lasgate, a SureSpin
630/36 ultracentrifuge swingut rotor (Sorvallvas used: in this case, 5 ml 25w/v) sucrose

and 1 ml 70% (w/v) solutions were used in UltraClear 25X&& ultracentrifuge tubes. These
were centrifuged at 167,000 x g for 2 h 30 min at 4 °C. Fractions were then collected by
piercing the bottom of the ultracentrifuge tube with a ri#le and collecting the material as it

dripped out.

XVII - His-tag affinity chromatography

The extracts were loaded onto a HisTrap FF crudeppoked nickel column (GE Healthcare)

using a peristaltic pump (Watseviarlow Ltd.) as pethe manufactuS NI uctidng. &

XVIII - Photography

Photography was used to document fluorescence of-Gfffeaining leaves and leaf extracts as
visualised under ultraviolet light. Excitation of GFP was achieved using severgbRlékltra

Violet Product Ltd) lamps, and photographs were taken by Mr. Andrew Davis.

XIX - Polyacrylamide gel electrophoresis

SDSPAGE was carried out using NUPAGH iB8sprecast gels, containing either 12 % (w/v) or
4-12 % (w/v gradient) acrylamide. Electrophoresis was carried out imMSEPMOPS buffer at

200 V for 50 miates. All samples were boiled in protein loading buffer for320minutes

before being loaded onto the gels. The protein marker ladder used was SeeBlue Plus 2 (Life

Technologies). After electrophoresis, gels were eitmangferred to nitrocellulose membrane
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for western blotting (see below), or stained with InstantBlue (Expedeon) for at least one hour
before being destained in water for at least 16 hours. When necessary, protein bands of
interest from stained gels were idéfied by Mass Spectrometry liyr. Gerhard Saalbach (John

Innes Centre Proteomics facility).

XX-Western blotting

After electrophoresis, gels were transferred to membrane by wet transfewestern blot
transfer bufferto Amersham HyborndECL nitrocellose membranes (GE Healthcare), and
membranes were blocked in western blot block buffer either overnight at 8°C or for one hour
at room temperature. The membranes were then blotted with the appropriate antibody (see
below) in block buffer for one hour abom temperature, then washed three times in wash
buffer for 15 minutes, then blotted with the appropriaterseradish peroxidase conjugated
antibodysecondary antibody (if applicable, see below) before washing again. After a final wash
in PBS, protein wa detected using the western lot detection solution, and the
chemiluminescent signal was detecteilher on Amersham Hyperfilm ECL (GE Healthcaie)
digitally on an ImageQuant LAS 500 (GE Healthdaoe)protein quantification, western blots
were carriel out with multiple standards of known concentrations, and the ImageQuant LAS

500 (GE Healthcare) was used to quantify the protein based on signal in the bands.

XXI - Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to study binding of tandibpdyticles to their target antigens. Tandibody
particles in PBS (50 pl per well) were used to coat the wells of a F96 Maxisogll 98ate

(Nunc) overnight at 8 °C. For positive controls, a commercially obtained antibody against the
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target antigen was cdad at the same concentration and volume as the tandibodies (unless
otherwise stated). The wells were then blocked in blocking buffer for 2 h at 37°C. After
washing 3 times in 200 ul wash buffer, the target antigen in sample buffer was added to the
wells d varying concentrations obtained via a dilution series, and the plate was incubated for 2
h at 37 °C. The GFP used wagemhinal Histagged GFP (Millipore), the gpl20 was
recombinant HIVL 11IB gp120 produced in Baculovirus (CFAR NIBSC EVA607), a2w \rees p
recombinant p24 from HAL HxB2 produced iRichia pastoriCFAR NIBSC ARP678). After
washing again, the detection antibody (specific to the target antigen and conjugated to HRP) in
sample buffer was added to the wells and the plate was incubabed2fh at 37°C. After
washing, 50 pl of detection solution was added to each well and then stopped with 50 pl of
stop solution. The Ok, of the wells was read on a POLARstar Omega plate reader (BMG
Labtech), and the average signal from control weltsuplicate wellswith PBS added instead

of the antigen was subtracted from the average signal from experimental wells

(quadruplicates for each treatment) in order to obtain an average signal net of background

A) Antibodies used in western blots and ELISA

Name Target Species HRP Use Supplier

10E11 HBCcAg mouse  ho Western blot Abcam

Anti-His Histag mouse  ho Western blot Qiagen
Anti-mouse Mouse IgG goat yes  Western blot Life Technologies
Ab53840 gp120 goat yes  ELISA and western blot Abcam

Ab6673 GFP goat no ELISA Abcam

A10260 GFP rabbit yes  ELISA and western blot Life Technologies
Ab53841 p24 goat no ELISA Abcam

Ab20365 p24 goat yes  ELISA and western blot Abcam
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XXII - Dialysis

The dialysis material used for low volumes of CLPs wasdHlyaer dialgis devices with either

100 or 1,000 kDa molecular weight exff (MWCO) with either 2 ml or 5 ml chamber volumes.

For larger volumes or lower molecular weight proteins, SnakeSkin dialysis tubing with 10 kDa
a2/ h gl a dzaSR | a LISNJ Y BuffeizéxchangezNbralEadied oyt inli NHzC
either 3 | or 5 | buckets, with at least one buffer change over at least 16 hours, depending on

the volume of the samples.

XXIII - Protein concentration

Protein preparations were dialysed against AmBic and conatatirby vacuum evaporation

using a SpeedVac (Savant).

XXIV - Size-exclusion chromatography (SEC)

CLP preparations requiring higher purity than could be obtained from sucrose cushions, and
syringe filtrations, and clarification centrifugation were puudfiby geffiltration sizeexclusion
chromatography. Samples in PBS were purified on a FPLC column (Pharmacia) containing
Sephacryl $00 medium (GE Healthcare) with the help of an AKTA FPLC system (Amersham

Biosciences).

48



Chapter 2: Materials and Metiuls

XXV - Nycodenz gradient

Thet-KDextract, after largescale extraction, protein concentration, and dialysis against PBS,
wasunderlain withnycodenz AG (AxBhield PoC, Oslo, Norwasglutions prepared ifPBS2

ml each of 1020, 30, 40, 50, and 60 9%lycodenzsolutions) in UltraCleal4X89 mm
ultracentrifuge tunes (Beckman Coulter) and centrifuged at 273,800 x g in a TH641
ultracentrifuge swingput rotor (Sorvall) for20 h at 4 °CFractions were then collected by
piercing the bottom of the ultracentrifuge tube with a needle and caitecthe material as it

dripped out.

XXVI - Apoplastic wash

In order to extract proteins located in the intercellular space (apoplastyl.obenthamiana
leaves, apoplastic washes were carried diitese consistof infiltrating the P extraction buffer

into the intercellular space of agroinfiltrated leaves at 7 dpi, then wrapping those leaves in
muslin cloth and trapping the package at the top of a 50 ml centrifuge withethe lid, before
centrifugation at 2, 000 x g for 5 minutes. The buffer, along aitia soluble proteins in the

apoplast, is forced out of the leaf tissue and is collected at the bottom of the centrifuge tube.

XXM - Transmission electron microscopy (TEM)

TEM was used to confirm that plant tissue expressing a construct contained €urdl, &s to
observe homogeneity and morphology of CLPs. Samples (typically in AmBic) were adsorbed
onto copperpalladium grids composed of a plastiovered hexagon mesh, washed by
dripping 58 drops of sterile distilled water over the sample on the giién staining with 2 %

(w/v) uranyl acetate for 1 minute. Particles were then imaged using a FEI Tecnai 20 TEM with a

bottom-mounted digital camera.
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XXVIII - Cryo-electron microscopy (cryo -EM)

All cryoEM was carried out at thBivision of Structural Blogy University of Oxford, Oxford,

UK. Dr. Robert Gilbert provided guidance and supervision for the data collection, and carried
out the data analysis. Concentrated sBd&= Of dza A 2y OKNR Y|l GGFBbBolndX& T NJ
GFP were dialysed against 2MnTrisHCI (pH 8.5) and an aliquot was placed on a holey
carbon grid and vitrified by flasineezing. Images of the particles were obtained on a Tecnai
F30 microscope at 200 kV and 80,000 x magnification and a range of defocus valuegsttsom

-5 um on aFalcon 2K CCD camera. After manual selection of 2,385 patrticles from the obtained
images using EMAN softwarngudtke et al, 1999, particles were corrected for contract
transfer function and classified in two dimensions before being reconstructed in 3D using
RELION softwaréscheres, 2012 The initial 3D model was generated with IMAGIC software
from seven RELIG#Erived class averagégan Heelet al, 1996. Using this, a reconstruction

at a resolution of 25 A waseated.

XXVIV - Software

w Vector NTI Advance 11.5 (Invitrogen) was used for vector design, in silico cloning
strategies, sequence analyses and alignments, as well as predictions of protein
sequences, sizes and attributes.

w The BLAST function of the Natidii@enter for Biotechnology Information website
(http://blast.ncbi.nim.nih.gov/Blast.cgi) was used both for nucleotide and protein

sequence alignments.
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The GenBank database of the National Center for Biotechnology Information
website (http://www.ncbi.nim.nh.gov/genbank/) was used to find sequences of

interest.

Predicted cystallographic structures wereonstructed byDNJP 9t £ A& h Qb S

SwissProt (EXPASY) aichaged using the Py®iLsoftware (DeLano Scientific).

Microsoft Office software suite was uséat analysing data and making figures.
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Chapter 3 : Evaluation of tandem core and SplitCore technologies
for the expression of chimaeric HBCAg particles in plants

| - Introduction

As discussed ichapter 1 there is a limit to the size of sequence that can beldiggd in the

el loop of HBCcAQg: the longer the epitope, the lower the yield of chimeric CLP is likely to be,
and whole folded proteins are difficult to display with success. GFP was successfully displayed
on HBc(Kratzet al, 1999, but this was an ideal candidate: GFP forms a tight etdding

barrel structure with Nand Gtermini close together, so inserting this sequence in the el loop
flanked by long (9 amo acid) flexible linkers on either side allowed the particles to form with
GFP displayed on the outside. The reported yield of this chimaeric CLP was between 10 and 20
mg per litre ofE. coliculture, and the authors do not specify the yield that is noltynabtained

for unmodified HBcAg produced i coli For slightly more complicated inserts (either larger
proteins or proteins with distant Nand C termini), insertion in the el loop becomes more

complicated, if not impossible.

To overcome the sizentit of the proteins which can be displayed in the el loop, two methods
stand out. The first, called SplitCore, involves splitting the HBcAg sequence into two separate
open reading frames (ORFs) by inserting a stop codon in the el loop after P79, and a star
codon before A8Q(Walker et al., 2011). This &chnigue proved successful in a bacterial
expression system in which both halfres (called CoreN and CoreC) were produced from a
bicistronic operon with a ribosomal binding site (RBS) between the two ORFs. This allowed
whole proteins (GFPBorrelia burgdrferi protein OspA, andPlasmodium falciparum
circumsporozoite protein CSP) to be displayed on the surface of HBc by fusing them either to

the Gterminus of CoreN, or the #&rminus of CoreC, which reduces steric constraints on the
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insert because in eitlrecase, one of the termini has free movement, not being fused to the

rest of the HBcAg proteirri{g.3.1).

a) cle1 loop b) cl/e1 loop 150 183
Aoy, - side 1 a3 el —E i
E/ {N75 view o @ NUCLEIC ACID
L* 8/ «98\ BINDING CTD
LI /) &) EDP* M A SR
' GAG GAT CCT TAGJAAGGAGATATACAT A f('IECT 1CT AEA
l RBS I l
inter- coreN split clet coreC

dimer
contacts

900r120 HBc
dimers. CLPs

\

Figure3.1 The SplitCore systeras used irE. coli The native HBcAg sequence (a) is split attih of the el loop by

adding a stop codon after position P79, followed by a ribosome binding site (RBS), and a start codon before position
A80 (b). This allows the upstream CoreN and the downstream CoreC to be produced as two separate polypeptide

chainsbut as part of the same bicistronic operon. Sequences of interest can be inserted either atetmeirdis of
CoreN or at the Nerminus of CoreC without preventing both halfres from forming a complete core. This can
then go on to form complete capsid$ T=3 or T=4 conformation. Figure reprinted from Waiteal., 2011.

The other technique to overcome limits to el insertions is called tandem (Gehinet al.,

2004), and this involved fusing two HBCcAg sequences together in order to produdélbag

dimer as a single polypeptide chain. This allows only one of the el loops in a dimer to be

modified with an insert, thus eliminating steric hindrance of protein inserts on neighbouring el

loops on the same dimer. This is thought to aid dimer forovativhich is critical for particle
assembly.While the SplitCoresystem has only been tested lacterig the tandem core
system has been successfully used in both bacteria and p{@hteenemann, 2010 In this
work, two different types of tandem core were studied. The first was the htemdem core
CoHo, with is composed of a truncatedtdrminal core (at amino acidosition 149) fused to

another similarly truncated {rminal core. The second was the hetdemdem core CoHe,
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where the Nterminal core is truncated but the -terminal core contains the fulength

argininerich Gterminus fHg. 3.2).

It was demonstrated that both types of tandem core constructs could be produced in plants
using the CPMVHT expression system, although CoHe gave better results in terms of CLP
quality and homogeneity. Moreoveit,was found that CoHe could be modified by inserting the
sequence for GFP in the el loop of th&e@ninal core, thus leading to the formatian planta

of tandem core CLPs displaying GFP on the surface. This could be achieved with either very
short (2 aa or long (9 aa) linkers, whereas monomeric HBcAg is known to require long linkers
to display GFRKratzet al, 1999. However, it must be acknowledged that plaoroduced

CoHe with GFP displayed on the surface (B8HR) was largely insoluble, and a special buffer
containing sodium deoxycholatéiBexBlsee Chapter Rhad to be used to obtain enough
soluble CLPs for analysis to take pladeueremann, 2010. Moreover, the CoHe construct was

in fact optimised for use i&. coliwith bacterial expression vectors, because it was developed
for use in a bacterial expression system. This meant that sequence manipulation and cloning of
CoHebased constructs was suboptimia the pEAQHT vector used for expression in plants.

The preexisting CoHdased vectors therefore needed to be modified in order to create
comparable SplitCore and tandem core constructs, both designed to display GFP on the

surface of assembled CLPs.
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a) N-terminal el loop C-terminal el loop
\ 7 Nucleic acid binding
\ / ¢ Assembly domain » domain
Nl
- ) - (G6S), I~ ER—
1 N-terminal core 149 1 C-terminal core 149 185

Homo-tandem Core

v

< Hetero-tandem Core >

Figure3.2 The tandem core system as usedkn coliand N. benthamiana a) Two HBcAg sequences are fused-end

to-end via a flexible glycingerine linker (GGS) to form a tandem core. The upstreaeriNinal cae is truncated at

position 149 ,whereas the downstream -@rminal core is either fullength (heteretandem core) or similarly

truncated (hometandem core).The truncated @erminus corresponds to the arginimgch nucleicacid binding

domain b) Pedicted structure ofthe heterotandem core protein (EL,see figure 3.Bused in this thesis: two

HBcAg monomers (blue and red) are fused by a linker (yellow) to form a single polypeptide chain, with multiple
cloning sites inserted in both el loops (grg¢dn facilitate insertions by genetic fusiofhe amino and carboxy

termini are indicated in the top view imag&hestructure prediction is2 dzZNIi $a& 2F 5NX» 9ff A& hQ
was generated using PyMOL.

Il - Design of constructs

The CoHe constot was redesigned with the goal of simplifying its use plBAGHT.
Simultaneously, constructs were designed to evaluate the SplitCore strategy in plants. The goal
was to create comparable systems to determine which was best suited for the production of
an HBcAgerived antigen display system in plants. In order to do this, a modified version of
CoHe (named-EL, for tandem HBcAg Empty Loop) was designed which contained unique
restriction sites and polylinkers in strategic regions to allow easy cloning addications of

both el loops iIPEAGHT (construct diagrams are provided figure 3.3). This basic sequence

was the basis for a SplitCore construct aimed at testing the SplitCore system in plants. This
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construct, named sCofEL (for Split Core Empty LQpgs analogous to that described in
Walkeret al. (2011), except that it is meant to be used as two different gene cassettes instead
of a bicistronic operon. GFfarrying versions of both-EL and sCofEL were also created
which contained a solubilitpptimised GFP sequence in the el lodr the tandem core
construct, the sequence is in thet€minal el loop (and this construct is namedGFP). For

the SplitCore construct, the GFP sequence is split to create a split GFP system similar to that
usedin Walkeret al. (2013, in which the sequence for GFP is split betwemntivo half cores

so that fluorescence only occurs if the two parts of GFP come together; this only occurs if the
two halves come together. This construct, named s@&@EP, was intended to provide
evidence for particlassemblysimply by analysing fluoresnce of the infiltrated leaves. These
constructs were designed so that future work could be based on either tandem core or

SplitCore, depending on which gave the best results in the plant expression system.

In addition, a monomeric version of HBcAg wasigieed that could be readily compared to
the t-EL construct. This construct, nameekh (for monomeric HBcAg Empty Loop), is identical
in sequence to the @rminal core of tEL. This allows comparison between monomeric and
tandem constructs modified forse in pEAQHT, as well as comparisons with the original
tandem and monomeric constructs used in previous wdtkugenemann2010. Because basic
sequences were ordered for synthesis from GeneArt (Life Technologies), care was taken to
order sequences from with other constructs could be easily derived. This means that the
initial sequence which was ordered and from which others are derived is a tandem core
construct containing the sequence of an aptiOx single chain variable fragment (scFv) in the
Cterminal el loop (t"-phOx, described irChapter 4. Details are given in the following
section, and construct diagrams, along with predicted protein structures of selected

constructs, are shown ifigure 3.3.
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tEL: 1143 bp, 381 aa, 41.8kDa
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sCore-EL: 2037 bp. CoreN: 84 aa, 9.2 kDa; CoreC: 114 aa, 13.4 kDa
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sCore-sGFP: 2814 bp. CoreN-sGFP1-10: 308 aa, 34 kDa; CoreC-sGFP11: 149 aa, 17 kDa

B-2)- | corenserpmiomm} H—m)- {ucorecscrmml H— r1o -

. N-terminal HBcAg core (E. coli codon-optimised) Gly/Ser -rich linker x Nos terminator
. C-terminal HBcAg core (E. coli codon-optimised) - Solubility-enhanced GFP B CPMV-HTUTRs
. Full-length arginine-rich C-terminus of HBcAg Neomycin phosphotransferase » 35S promoter
P19 suppressor of gene silencing I Agrobacterium T-DNA right border and left border I PEAQ-optimised c/e1loop

Figure3.3 Diagrams of constructand protein structuresa) Maps of the constructsEL (empty loop tandem core),
t-sGFP (tandem core with sGFP sequence in tteerdinal el loop), EL (a monomeric HBcAg construct based on
the Gterminal core of {EL);and SplitCoreEL (composed of€oreNand CoreC) and sCoresGFP (composed of
CoreNsGFP410 and Core&GFP1L All SplitCore constructare based on 4L with and without splisGFP)b)
Structure predictions of an &L dimer (left Gtermini are labelledl t-EL (middleblue represents the ferminus
and red the @erminus), and tsGFP (righblue represents the NMerminus and red the @rminus. The first and last
amino acids of sGFP are representessticks and indicated with arrosStructure preditons are courtesy of Dr.
9ffAad hQbSAftZ AYIF3ISa gSNBE ISYSNIGSR dzaiy3d teéah[ ®
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A) Cloning

i) t-EL sequence
The features ofthe t-h -phOxconstructdescribedn Chapter 4allowed the creation of different

constructs from this sequence:BL (tandem core, empty loops) was made by digestiEgQ

HT-t-h -phOx with Avrll and religating

i) t-sGFP sequence
The sequenceofr sGFP was Bad on eGFP used Bjnueremann(2010) with point mutations

S30R, F99S, E111V, 1128T, Y145F, M153T, V163A, K166T, 1167V, 1171V, S205T, and A206V t
improve solubility and folding as described (@abantouset al, 2005 Pedelaccgt al., 20086.
¢tKAa aSljdzsSyOoS sFa 2NRSNBR FNBY DSYyS!I NI O6[ATFS
{FfL I yR ctofdsitesiTHis constBiét Wwadkloned iplBAQHTt-EL using the Sall and
Asel restriction.

iii) m-EL sequence
The mEL construct (monomeric core with empty el loéppased on a monomeric HBcAg
construct containing the anphOx scFv sequence in el pogsee Chapter 4. The mEL

construct wasnade by digestingEAQHT-m-"-phOx with Avrll and religating.

iv) sCoresGFP sequences
The concept of split cores was obtained frofalkeret al. (2011). The authors demonstrated

particle formation and insert display with a split GFP experiment: Frexriinal 10 sheets of
GFP (named sGFRQ@) were fused to the @rminus of CoreN (to give Cored&FP410), and

the 11" sheet (named sGFP11) was fused to theefxhinus of CoreC (to give CoreGFP11).
Thisconstruct was made for use in plantsing CoreN and CoreC sequences basedin and

the GFP sequence was sGfecribed above. The HBcAg amino acid E77 was replaced with
the polylinker G&XmMatG-AvriFGSGGGG to link sGFRLto CoreN, and sGFP11 was linked to

CoreC using the polylinker GGGGGGB@&GGIN. An Avrll restriction site was added at the
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end of the sGF1-10 sequence immediately before the stop codon, and another was added at

the start of the sGFP11 sequence immediately after the start codon. CXB&RI0 and
CoreGsGFP11 were cloned into entry plasmids pFSC5 and pFSC6 respectively. Pacl and Sbfl
were then used to digest pFSC5 while Ascl and Sbfl were used to digest pFSC6, and Pacl and
Ascl were used to digesgtEAQHT. A triple ligation then allowed the insertion of the two
constructs, each now in a separd@®MVHTcassette, into pEAQ, to gipEAQHT-sCoresGFP.

This single plasmid contains both genes coding for Gef&NP10 and Core@GFP11 on the

same TDNA.

V) sCoreEL
The pFSC5 and pFSC6 plasmids containing G&ERAL0 and Core@€GFP11 respectively

were digested with Avrll in order to removihe split GFP components. The resulting
constructs, with no insert in the el loop, were then cloned ipEAQHTas described above to

givepEAQHT-sCoreEL.

[l - Comparing tandem core and SplitCore constructs

The tandem core constructsBL and+sGFPthe SplitCore constructs sCeEt and sCorsGFP,

and the monomeric REL control were expressed transientlyNicotiana benthamianand
fluorescence of GFBearing constructs was inspected under ultraviolet lighg.(3.4). Firstly,

the results show thiat-sGFP fluoresces at least as much as & Fe. This demonstrates that

the modifications made to the GFP sequence did not abolish fluorescence, and these
madifications, along with those made to the tandem HBcAg sequence, clearly did not abolish
expressio. Secondly, it is clear thatsGFP is more intensely fluorescent than s&x@&P. This
suggests that either there is more protein accumulated-8GFR; expressing leaves, or that

sCoresGFP is gfficient at particle formationlt should be noted thatvhile fluorescence from
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the tandem constructs is associated with whole sGFP, fluorescence from-sGieire is

associated with split sGF&hd it is possible that sGFP is less fluorescent when split.

sCore-sGFP CoHe-GFP

Figure3.4 Comparing SplitCore and tandem core technologies for GFP displagtographs of leaves expressing
different constructs viewed under UV light. The caption indicates which protein(s) is being expressed by the leaf. EV:
empty vector control. There islearly more fluorescence (and therefore more correddided GFP) in leaves
expressing tandem constructs (right) than the SplitCore split GFP construct (bottom left). All photographs were
taken 7 dpi, courtesy of Mr. Andrew Davis.

In order to compare thge different constructs in more depth, smadtale protein extractions
were carried out and equal volumes for each construct of the insol(reluspended pellet)
and soluble(supernatant)fractions were analysed by western blot with the aHB8cAg 10E11
antibody (Hg. 3.5). It should be noted that since 10E11 recognises therMinus of HBCAg, it

is not expected to detect CoreC of the SplitCore constructs.
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Figure 3.5 Western blots of sipernatant and pellet fractions of plant extracts after expression of different
construct. After a smaliscale extraction, the equal volumes afpgrnatantfractions (left) andesuspended pellet
fractions (right) were loaded onto SIPAGE gels for western blot analysistwtite anttHBcAg 10E11 monoclonal
antibody.Monomeric constructs are expected to be about 20 kDa, while tandem core constructs are expected to be
about 40 kDa, and tandem core constructs with GFP inserted in-thenhal el loop are expected to be abdait

kDa. Exact sizes can be foundigure 3.3

The results show that the SplitCore constructs did not seem to be as highly expressed. For
plants infiltrated with sCor&L, the CorelL protein, with an expected size of about 9 kDa,
was not detected eithein the pellet or the sipernatantfraction. Because of the nature of the
antibody used in this western blot, we would not expect to detect CoreC. When the SplitCore
system is combined with a split GFP, there is detectable accumulation of -SGHERILO

(which is expected to a 34 kDa protein). Because the sSIBFPC expressing leaf tissue
fluoresces, one explanation for this could be that SplitCore proteins are unstable, but the split
GFP works to stabilise them by favouring the association of CoreNGet&C. The empty
vector control in the next lane shows no signal, which is to be expected. The 19 kDa
monomericwildi @ LIS |1 . O!' 3 {iNXzyOF SR 4 LRaAIA2Y wmTC
plants before (Meshcheriakovaet al, 2008 Thuenemann, 2010is expressed and mostly
soluble. The 22.5 kDa-EL construct, despite being extremely similar, sloet accumulate at

the same levels. There are three main differences between these two constructs. The first

difference is the length: REL contains the fulength GG SNXY Ay dza 2F |1 . O! 3%
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truncated at position 176. The second difference is the state of the el loop:Hh,nthe el

loop contains a polylinker allowing easy insertion of sequences. Tree rthain difference is

that m-EL, as a distant relative of CoHe, is codon optimised for uBe @k ¢ KSNBIF &
retains the native HBV codon usage. Any of these differences, or a combination of them, could

be the cause of the difference in yield.

CoHe(expected to be about 40 kDa) is seen to be expressed, though it does not seem to
accumulate to the same levels as the 41.8 kEA t(which was estimated to accumulate to
200500 pg/g of fresh weight tissue, or FWT). This suggests that the modificatiended to
simplify cloning iPEAGHT actually improved expression or accumulation of the protein in
plants. The difference betweersiGFP and CoH&FP points to a similar improvement in yield:
t-sGFP seems to be more abundant and more soluble than-GBHewhich is consistent with

the differences in fluorescence intensity showrfigure 3.4. The insolubility of COH8FP seen

here is in agreement with the findings dhuenemann (2010)who developed the more
complex HbexB1 extraction buffer to improvdduility of CoHeGFP. The simpler P buffer was
used for this experiment, which reveals superior yield and solubilitys@RP compared to
CoHeGFP. This is probably due to both the superiority of tHel tmoiety as well as the
modifications made to the GFsequence. Interestingly, the sGFP insert is inserted in the el
loop of tEL without any flexible linkers added on either side, relying only on the inherent
flexibility of the N and Gtermini of GFP and of the el loop. This is thought to be impossible
with monomeric HBcAg, in which long extomg flexible linkers are thought to be necessary
(Kratzet al,, 1999 Janssenst al., 2010. Moreover, it is clear from these western blots that t
sGFP is not significantly degraded: the majority of the signal for this construct appears in the
67.8 kDa band, although there does seem to be some degradation product insbieble
fraction. It is also noteworthy that higher molecular weight specific bands were seen for CoHe,
CoHeGFP, £L and sGFP. These are diagnostic of tandem core proteins, and were seen in
every western blot for every plargxpressed tandem core netruct described in this thesis,
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loading on the SDBAGE gel. Taken together, these data clearly indicate that tandem core
technology is better suited to chimerid_B production in plants than SplitCore technology.

Future work was therefore carried out using the tandem core system.

Once it had been established that-BL, tEL and sGFP are expressed in plants, it was
necessary to demonstrate that they form CLPsorigter to do this, large scale extraction was
carried out with a final partial purification step involving ultracentrifugation over a sucrose
cushion (see€Chapter 2. These partially purified fractions were then analysed by transmission
electron microscopyTEMfigure 3.6). This showed that all three constructs were capable of
directing the formation of particles in plants. These particles had the distinctive appearance of
CLPs, indicating that the modifications carried out to the basic HBCAg sequenees] as
insertion of GFP, did not abolish assembly. As with nativetype HBcAg, the majority of

CLPs were T=4, although some T=3 particles were observed. Moreover, the sucrose cushion
interface fraction for tsGFP fluoresced under UV light, indicatingt the GFP is not cleaved

from the CLP. An attempt to partially purify sGe@FP in a similar manner is described in

chapter 4,and did not result in the detection of CLPs.

Figure 3.6 Electron micrograps of plantproduced CLPs expressed using different constructhie caption
indicates the construct used to produtiee CLPs. Left: monomeric-BL, middletandem core {EL, right: tandem
core with SGFP inserted in thet€minal el loopArrows indica¢ T=3 particles, scale bars are 100 nm.
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IV - Discussion

The data presented here describe a contiioa of the work carried out byrhueneman
(2010). That work described the transfer of tandem core technology from a bacterial
expression system to a plaakpression system. It concluded that plants are a suitable host for
tandem core technology, and that a heterotandem construct is more suitable for antigen
display than a homotandem construct. The work described in this chapter built upon this
previous wok by attempting to make the constructs more compatible with thEAQHT
expression system, and the whole tandem core concept was compared to the more recent
SplitCore systenfWalker et al, 201). The results show that optimising the tandem core
construct for use iPEAQHTactually improves the yield girotein obtained. This could be due

to the polylinkers added in the el loops: these contain short glydaolesequences which may
improve the solubility (and therefore stability) of the whole complex, thereby increasing the
amount of material accumulatedh plant leaves. Interestingly, the monomericEh did not
accumulate as much asHL, which suggests that the modifications made to the sequence only
AYLINRPGS B@ASEtR Ay I GFyRSY O2yaidNHzOiod ¢KAaA
HBcAg sequee is probably the native sequence, which has evolved to be stable and
produced at high titres. Modifying the sequence to make a tandem core construct essentially
createsa new protein, which might not be optimal in terms of stability or capsid assembly
unless a few extra modifications are carried out. It is possible that such modifications are,
serendipitously, the ones that | implemented during optimisation for usepEAGHT.
Moreover, modifying the sequence of GFP to improve its solubility as wedl asitability for

split GFP experimentgabantouset al, 2005 Pedelacget al, 2006 Walker et al., 2011
clearly improved the yield of GHisplaying tandem core compared to the previously used
version of GFP. This demonstrates the importance of the insert sequence for yield and

solubility of the whot chimeric CLP. The new, modified constructs were not only expressed in

64



Chapter 3: Evaluation of tandem core and SplitCore technologies

plants, but also directed the production of chimeric CLPs which look indistinguishable from
wild-type HBcAg CLPs in TEM analysis. This proves that the modifications made to the origina
sequence did not abolish capsid assembly, thus demonstrating the incredible flexibility of

HBCcAg as a biotechnological and research tool.

These data leaveinanswered the question about the role &. colicodonoptimisation n

terms of recombinant protei yield in a plant expression system. It is possible that plant
codonoptimisation would result in higher yields of chimeric CLPs, but this was not attempted.
There are examples of codaptimisation actually reducing yields of recombinant protein
(Macleanet al, 2009, so it was considered safer to continue working wtltoli¢ optimised
sequences, since these yield enough material for the necessary work to be carried out.
However plant codomptimisation would be an interesting followp to the data presented in

this thesis.

The SplitCore system was tested in plants @l not seem to be as suited to the plant
expression system as it was Eo colilWalkeret al, 201J). Indeed, expression could only be
detected when split GFP was deployed, suggesting that CoreN and CoreC are rapidly degraded
in plants unless they are brought together to form a complete HBcAg, wipigbaas to be

very inefficient unless the split GFP acts like a chaperone to bring the two segments together.
This, in turn, means it is unlikely that inserting another protein would lead to higher yield than
sCoreEL. By contrast, inE. coli,the use of sfit GFP was not necessary to obtain high
expression of SplitCore CL{¥galkeret al., 2011). While it is true that the conclusion about
plant-produced SplitCore is based on a single set of experiments experiment, the result
obtaineddoes not bode well for display of other proteins of interest using Gepiit in plants,

since insert proteins cannot always be split and assethbkereadily as sGFR.is also true

that the results presented in figures 3.4 and 3.5, which show the comparison between tandem

core and SplitCore technologies, involve the GFPgbgitit in the SplitCore system but not in
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the tandem core system. Had time allowed, it would have been useful to carry out this

experimentwith whole (nonsplit) GFP in either CoreN or CoreC.

The important difference between the plant and bacterial Sulites is that inE. coli a
bicistronic operon was used, whereas in the ptaased system deployed here, the two halves

of the protein weretranslatedfrom different mRNA, albeit transcribed from the sameONA.

This difference may reduce the relativefielency with which the two halves interact in the
plant system. It may be possible to develop a bicistronic approach analogous to that Wsed in
coliby using an internal ribosome binding site (IRES) which is functional in plants, such as those
present n the genomes of the crucifénfecting tobamovirugDorokhovet al., 2002 or the
Rhopalosiphum padiirus (Groppelliet al., 2007. However, even if this could be donewibuld
probably be inefficient at producing equimolar amounts of the CoreN and CoreC moieties. An
alternative could be to use a picornavirus 2A-s#dfaving peptide, which could be used to link
CoreN and CoreC on the same ORF, and have them separate rapgtation through a

ribosome stutter mechanisriMinskaiaet al., 2013 Minskaia and Ryan, 2013

Moreover, it is conceivable that tandem core technology might be combined with SplitCore
technology, in an attempt to develop a system that combines the advantages ofleatich a
hypothetical system, a tandem core construct could include an insert (su€F®) in the-C
terminal el loop flanked on either its-fdrminal or Cterminal end by a 2A or 2kke
sequence. In this scenario, a singlanscriptwould direct the production of a polypeptide
chain which would be cleaved during translation at the 2A. $Dne terminus of the insert
(depending on the position of the 2A sequence) would be free and untethered to the rest of
the tandem core molecule, which may favour folding. However, it is also possible that splitting
the tandem in this way may simply peaut the structural dimer from folding properly. None of
these approaches were investigated because the demonstration that the tandem core

technology was suitable for plafiased expression of CLPs obviated the need to optimise
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SplitCore. However, the optisations described above would be a worthy follaw to the
experiments presented in this thesis conclusion, the experiments described in this chapter
showed that tEL was a suitable construct on which to base future work on the display of

protein insets.
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Chapter 4 : Two strategies for a generic protein presentation
system

| - Introduction

The work described in the previous chapter demonstrated that the new tandem core
construct, tEL, is a good candidate to act as a scaffold for antigen display on theesaffa

CLP. The ultimate goal of the work described in this thesis was to develop a generic antigen
scaffold system based on HBt.generic system would involve pdsanslational attachment

of the antigen to the CLP scaffold, so that the same scaffalddy similar ones) could be
produced regardless of the antigen to be fixed onto its surface. Such a system might already
exist, thanks to a systemdlowing noncovalent linking of proteins of interest to the el loop of
HBCcAGg: this is through the use opaptide tag, GSLLGRMKGA, which specifically binds the el
loop of HBcAg and can be fused to a protein of inte(@bkhinaet al, 2013. However,
binding ofa peptide of interest (Influenza M2e) to CLPs via this tag is undone during sucrose
cushion purification. This suggests that binding with this tagikely to be relatively weak,
which means that it is worth developing alternative systemso techniquespplicable to the

tandem core system fit these criteria: antibag@ntigen interaction, and chemical conjugation

In the first scenario, a version of HBc would be designed which would contain an antibody
fragment, such as a single chain variable fragmeoFY), in the el looH@. 4.18). Such an
antibody fragment would have specificity to an antigen of interest, and the antigen could then
be used to coathe particle posttranslationally. An advantage of such a system would be that
the antigen would be i@sented in the same orientatioat each positioraround the CLsince

the antibody would always bind to the same epitope. Moreover, the specificity of an antibody
antigen interaction means that the attachment of the antigen to the CLP could be cartied ou

after purification, during purification, or evan situin the expression system if both elements
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are coexpressed. The disadvantages are that the antigen would not be covalently linked to the
particle surface, and switching from one antigen to anotheuld require changing the
antibody fragment. This means that this system would only be generic insofar as we consider
all scFv to be identical in terms of surface properties for the purposes of expression, capsid
assembly, extraction and purification. $hpoint could be addressed by using a scFv against a
common tag that could be readily added to any antigen of interest, although this would

require modifying the antigen.

In the second scenario, a version of HBc would be designed which would readily allow
chemical conjugation of any antigen onto the el loops. This would be done by inserting a
lysinerich linker i the el loop which would alloantigensof interest to be covalently linked

to the loop through bioconjugation Hg. 4.1b). Lysine residues areommonly used for
bioconjugation because the primary amine is amenable to a wide variety of different
bioconjugation methodsFor examplePastoriet al. (2012 used the bifunctional crosinker
succinimidy6-0 imaleimidopropionamidohexanoate (SMPH) to crebsk Gterminal
cysteine residues of target epitopes to surface lysines of the carrier viral particlé(icase,
bacteriophage AP205)Moreover, bioonjugdion is not limited to proteins. Indeed,
carbohydrates can be bioconjugated onto lysine rasi&lvia reductive amination: the vicinal

diol of a sugar can be oxidised to two aldehydes which react with the primary amine of the
lysine residue, thus foring an imine group. This imine group, which covalently links the lysine
and the sugar, is unstable, but can then be stabilised by reduction to a secondary airéne.
advantages of thigisplay methocdare that conjugated antigens would be covalently bouad t

the CLP surface, and a single conjugatiady construct would be a suitable scaffold for
essentially any antigen with eastiddressable surface residyasaking it truly generic in this
sense. The potential disadvantages are that it would be difftoudfuarantee the homogeneity

of a sample of conjugated CLPs, both in terms of the number of antigens presented on a single
particle, and in terms of the conformation of each conjugated antigen molecule: indeed
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depending on the conjugation methothe antigenmay be attached to the CLP via one of
many possiblesurfaceexposed addressablehemical groupsso for most antigens there could

be a plethora of different ways in which the molecule could be presented on the surface of the
CLP. This could have néga effects on the antigenicity of the conjugated antigen: it is
thought that antigens displayed on nanoparticles or \dike particles (VLPs) have increased
antigenicity because they are presented in a regular, goastalline array. Moreover, a
pradical consideration is that chemical conjugation is a-spgacific process, which means that
the conjugation reaction would need to take place with extremely pure CLP and antigen in

order to avoid conjugating contaminants onto the surface of the particles.

Bioconjugation
reaction via
lysine-rich linker

Antibody-antigen
reaction via scFv

Figure4.1 Two strategies for a generic antigen presentation system).A singlechain antibody (scFv, in purple) is
fused to the @erminal el loop (black) of a tandem core construct. When the cogaatigen (green) is placed in
contact with the chimaeric core protein, the antigen binds the core throaghantibodyantigen reaction.b) A
lysinerich peptide (red) is fused to thet€rminal el loop (black) of a tandem core construct. When an antigen of
interest (green) with addressable surfassidues(blue line) is placed in contact with timeodified core protein, the
antigen can beavalently linkedo the core througha variety of bioconjugation techniques.
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Il - Design of constructs

In order to te$ both scenarios, two different constructs based c&lt were designedsée

below andchapter 3. The first, named-t -phOx, contains an insert in thet@minal el loop
composed of the arphOx scFv flanked on either side by a glyciak 15 amino acid long

linker. This scFv specifically binds to the small organic hapten pbeagblone, or phOx, and

has been used numerous times over many years. TheLdkth E & Opb@k) i$ desdedibed

by Markset al. (1992, and has since been displayed on the surface of bacteriopt{aiggsshi

et al, 1995; secreted by insect cells using a baculovirus expression sykretzschmaet al,,

1996); expressed in the bacterial periplag®chmiedkt al., 2000; displayed on the surface of

Bacillus thuringiensi@t) sporeqDuet al,, 2009; and displayed on the surface of mammalian
cells(Chesnutet al,, 1996. In fact, a cell transfection kit based on ph©xediated captureof

h-phOx¢ displaying cells called Captdfec pHook3 System was commercially produced by
Invitrogen (now Life Technologies). This included the use of wh@ed magnetic beads to

OF LJGi dzZNB  OSt t & R BOxXIMoRedvef, Jrotdedis/ existAfd WK E&f I GA2Y
LINPGSAYyas y2iGlofé 020AYyS &SNHzYy | f-ph@x¥uhotiond . { ! O
(Chesnutet al, 1996 Schmiedkt al, 200Q Duet al, 2009® / NHzOA | f f & Z-piDKS & S|
was submitted to GenBank byayashiet al. (1995, where it is publicly available (accession
YdzYoSNJ - yHMbpn dm0O @ | f-phOx2ah iddalikcdndidite B Iprovide pidof oy R S
concept for the display of scFv on the surface of HBc. The second construct, nKiDedas
designed to allow chemical conjugation and contains an insert in thern@nal el loop
O2YLR2aSR 2F &4AE fteaAayS NBaARdzsSSa Ftlyl1SR 2y
linker) in order to balance the overall charge. This should allow antigens to be linked directly to
the el loop by chemical conjugation. In order tetermine whether tandem core technology

was specifically useful for these two scenarios, monomeric equivalents of HefihO©x and-
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KD, named rt -phOx and KD respectively, were also produced based on thRELntonstruct
(seechapter 3. Diagrams of thdifferent constructs are shown figure 4.2, and details of the

cloning are given below.

t-a-phOx : 1956 bp, 652 aa, 69.5 kDa

-~ s cchoxsr Y- e - e

m-0-phOXx : 1407 bp, 469 aa, 50.1 kDa

o--jmmmn cehoxsrv L= r10 - ket

t-KD: 1155 bp, 385 aa, 42.6 kDa

o--jesm e o el r - e

m-KD: 606 bp, 202 aa, 23.3 kDa

-2~ © Y o - ke

. N-terminal HBcAg core (E. colicodon-optimised) Gly/Ser -rich linker x Nos terminator

. C-terminal HBcAg core (E. colicodon-optimised) Anti-phOx single-chain variable fragment antibody Bl CPMV-HTUTRs

. Full-length arginine-rich C-terminus of HBcAg Neomycin phosphotransferase » 35S promoter
P19 suppressor of gene silencing I Agrobacterium T-DNA right border and left border l pPEAQ-optimised c/e1loop
KD peptide: GDDDKKKKKKDDDG

Figure 4.2 Diagrams of constructMaps of the constructs-t-phOx (tandem core with arphOx scFv in the-C
terminal el loop), m -phOx (monomeric core with arihOx scFv in the el loop}KD (tandem core with a lysine
rich peptide in the @erminal el loop), and RKD (monomeric core with a lysineh peptide in the el loop)The
key is the same as in figure 3.3a.

A) Cloning

i) t-1 -phOx and t-4 -phOx-OPT sequences
In order to maximise the use of a single sequence ordered for synthesis from GeneArt (Life

Technologies), the-t-phOx construct (tandem core with afqgthOx scFv sequence in C
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terminal el loop) was degined with features enabling the easy cloning-&lt, mEL, and i -
phOx from this one sequence. The sequence of tandem HBcAg used in this work was based on
CoHe7e used byhuenemann(2010. This is itself based on the fidhgth 185 amino acid
sequence apsd protein sequence publishe®®no et al (1983, available on GenBank
(UniProtKB/SwisProt: P03149.1). Like CoHe74,-phOx is codofoptimised forE. coli the N
terminal core is truncated at position 149, a linker was used to link thand Gterminal
cores, and the @erminal core contais the fulllength argininerich Gterminus. To simplify
cloning and use in theEAQHT plasmid, and to derive the aforementioned constructs from
this one, a few modifications were implemented. In theexminal core el loop, the polylinker
XmalAlaGly-Gl-SerSerGly-Mfel was inserted between E77 and D78. In thee@ninal el
loop, amino acid E77 was replaced with the polylinBaltAlaGIy-Gly-Gly-AvrlFGly-Gly-Ser
Gly-Ase] with the antiphOx scFv sequendélayashiet al., 1995, with silent mutations to
remove unwanted restriction sites, inserted in the Avrll site. Between theriNinal and €
terminal cores, the peptide linker (GGS(S&GY) was used, which is very similar to that used
in CoHe7e, but it contains an Adie restriction site at the ®&rminus (ThiGly: ACTGGT),
which differs from an authentic Agel restriction site (ACCGGT) by a single nucleotide. This is
followed by the ACA codon (Thr) just before the starting methionine of tterrinal core. A
Kozak consensus sequence (AACAATG) web wastream of the start codon after the Agel
restriction site, and an Xhol site was added after the stop codon. This construct was ordered
for synthesis from GeneArt (Life Technologies) and cloned dB#@&QHT with the Agel and
Xhol restriction sites. Imater experiments, the anphOx scFv sequence was ordered for
synthesis again with codon use optimised fédicotiana benthamianaand cloned into L
using the Sall and Asel restriction sites: this construct was na#hgthOxOPT.

i) m-J -phOx sequence
The mh-phOx construct (monomeric core with ahOx scFv sequence in the el loop) was

made by amplifying the €@rminal core of th-phOx with an upstream primer containing the
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authentic Agel site instead of the Agide site, thus creating a monomeriorgstruct with an
upstream Agel site followed by a favourable Kozak context. This construct was inserted into
PEAQGHTusing Agel and Xhol.

iii) t-KD sequence
The sequence for-iKD (tandem core with GDDDKKKKKKDDDG peptide inser@darminal
el loop) wagprepared from t-EL(see dapter 3 and a set of oligonucleotidesontaining the
KD sequenceé t | NI A I £ f &hospbs/ted! olighdhigledtidep €bding for the above
LISLIGARS sAGK pQ {FfL FYR 0Q ! & SEAGNR-ELLWNENOG A 2 Y
had been digested with Sall and Asel.

iv) m-KD sequence
The mKD sequence (monomeric core withith GDDDKKKKKKDDDG peptide insertion in el

loop) was prepared from REL ¢eechapter 3 in the same way askD (see above).

lIl - Properties of t -4 -phOXx

To test expression oft-phOx and m'-phOx, the constructs were individually agroinfiltrated
into N. benthamiandeaves and small scale extractions were carried out in parallel with leaves
infiltrated with mEL, CoHe andEL (seehapter 3 in ader to compare the expression levels

of emptyloop and scFbearing constructs. The solublésupernatant) and insoluble

(resuspended pellefyractions were assayed by western liog (Hg. 4.3).
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Supernatantfraction Pellet fraction
A A
[ _a- P - )
wa MEL MY cope L ta m-EL M-a- CoHe  tEL ta
hOx hOx phOXx phOx

97

64

51

39

28

19

Figure 4.3 Western blots of sipernatant and pellet fractions of plant extracts after expression of different
construck. After a smaliscale extraction, the equal volumes of soluble fractions (left) eslispended pellet
fractions (right) were loaded onto SIPBGE gels for western blot analysis with the dticAg 10E11 monoclonal
antibody. Monomeric constructs are expected to be about 20 kDa (47 kDa with thetedi scFv inserted in the
el loop), while tandem core constructs are expected to be about 40 KD&§a with the antiphOx scFv inserted
in the Gterminal el loop). Exact sizes can be foumdigure 4.2 These are the same western blots as shown in
figure 3.5.

This western blot shows that there is expression of solublELN{22.5 kDa) aneBL (41.&Da,

this is in fact the same western blot as shown in Chapter 3), with CoHe (40 kDa) accumulating
at lower levels. However, there is no sign of expression from eithgohOx (with an expected

size of about 69 kDa) or-mphOx (with an expected size about 50 kDa). This disappointing
result seemed worthy of further investigation since tandem cores with progettied, 27 kDa

GFP displayed on the surface could be produsss ¢hapter 3. Another experiment was
therefore set up in which leaf tissue iltfated with t-n-phOx underwent a largscale
extraction with HBexB1 buffer (which yields cleaner extracts than P buffer) followed by a
sucrose step gradient with increasing concentrations of sucrose (20, 30, 40, 50, and 60 %

sucrose). Crucially, aliquotgere taken at every step in the process in order, and these were all

75



Chapter 4: Two strategies for a generic protein presentation system

analysed on the same aritiBCAg western blot in order to determine if any material was
produced, and how it behaved during the extraction process and sucrose step gréfigent (

4.4).Nofurther work was carried out on f-phOx.

Extraction Step gradient
A A
[ \f )
TP CF 1S 25 2P Sn 20 30 40 50 60
.
kDa - .-

97

' . o B8 W & t-a-phox
64

51

’0

; .

28

Figure4.4 Western blot of the fractions obtained at each step of extraction and purification éfphOx.TP: total
protein extract. CF: crude filtrate. 1S;pgunatant from the first clarification centrifugation step. 1P: pellet from the
first clarification centrifugation step. 2S: supernatant from the secondfidation centrifugation step. 2Ppellet

from the second clarification centrifugation stefthe fdlowing step gradient fractions were collected after
ultracentrifugation: Sn: supernatantof the sucrose step gradient. 20: 20% sucrose fraction. 30: 30% sucrose
fraction. 40: 40% sucrose fraction. 50: 50% sucrose fraction. 60: 60% sucrose frEedqrimary antibody used

was the antHBcAg 10E11 monocldrentibody, and 4 -phOx has a predicted mass of 69.5 kDa.

This result shows reveals that solubké -phOx is difficult to detect. Indeed, nothing was
detected in the total protein extract (TP, leaiast after blending in buffer), the crude filtrate
(CF, just after filtration of the total protein extract over miracloth), or the supernatant of the
first clarification spin (1S, just after centrifugation of the crude filtrate). There was, however,
signd in the fraction corresponding to the pellet of the first clarification spin (1P), indicating

that although th-phOx is expressed, it is mostly insoluble. There are also higher molecular
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weight bands, which, as mentioned ¢hapter 3 are dagnostic of dltandem coreg based
constructs. This could correspond to stable multimers of tandem cores, or (at least in some
cases), improperly folded aggregates. Moreover a band around 39 kDa in size was reproducibly
seen in insoluble-t -phOx (which is expected tme 69 kDa in size). While this could be a sign
of degradation of the protein, a band of similar size was sometimes seen in western blots of
plant extracts, even when these came from plants agroinfiltrated with an empty vector control
(see below andthapter 6). The soluble fraction of the extract (1S) was centrifuged a second
time and although 4 -phOx was not detected in either the supernatant or the pellet, this
second soluble fraction (2S) was used to load the sucrose step gradient. After
ultracentrifugaton, t-h-phOx could be detected in the sucrose fractions, particularly the 30%
sucrose fraction, this time with much less rgpecific antibody binding (or degdation) being
observed. Whatever that 39 kDa band is, it does not seem to be incorporateths&oluble
particulate matter formed by-t -phOx. It should be pointed out that the 30% sucrose fraction
(along with the 40% fraction) is typically wherE&lt particles were seen to sediment in similar
experiments. While it does show that soluble-phOxis forming particulate material, it is not
proof that this particulate material is definitely CLPs. Moreover, the fact tHaphOx is
detectable in the sucrose fractions but not the 2S fraction indicates thaptOx is only
readily detectable when thas been concentrated to a certain degree: the material detected in
the pellet is essentially a very concentrated form of the insoluble proteins present in the crude
filtrate, and the sucrose fractions are concentrated forms of the particulate matter ptese

the second soluble fraction (2S). This reveals tHaphOx is expressed at low levels in plants,
and that the vast majority of the material is insoluble. The fraction which is soluble migrates
down a sucrose step gradient, which indicates thas iparticulate, but it does not seem to
settle in one specific part of the gradient, indicating that the particulate matter is
heterogeneous. It is possible to deteet phOx in the more dilute fractions by significantly

increasing the exposure time durigCL detection (data not shown).
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These results suggested that it would be possible to further charactefigghOx if enough
material could be produced and purified. Thus, plant tissue agroinfiltrated WitphOx was
extracted in either HBexB1 or P hkerffand concentrated over sucrose cushions or step
gradiensand any particles present in the fractionemgthen visualised by TEM: in these cases
no CLPs were ever observed, despite multiple attempts. Another experiment was therefore set
up to try to prodice a purer, more concentrated sample ef-phOx. As controls, and for
comparison, rFEL, tEL, CoHe, f-phOx, and sCoreGFP (seehapter 3 were also used in

this experiment. Leaf material expressing the different constructs was used fordeadge
extractions éee chapter 2 followed by a sucrose step gradient. The sucrose fractions in which
particles were expected, or hoped, to be found (26286 for th -phOx and 30%60% for mh -

phOx) were pooled, diluted with water, and concentrated further on-¥» Microcon
OSY G NR FdAaI ¢ FTAEtGSN) RSOAOSa odaArftALRNBO | &
allowed the removal of sucrose from the samples while concentrating them. Importantly, the
molecular weight cubff (MWCO) of these filter units is 100&, so unassembled monomers

of any construct would be expected to be removed from the sample. The concentrates thus

obtained were analysed by artiBcAg western bloHQg. 4.5).
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m-a- sCore- t-a-
phOx sGFP phOx

m-EL t-EL CoHe

kDa
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64
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Figure4.5 Western blotof different protein extracts after concentrationLargescale extractions were carried out
followed by a sucrose gradient, and further concentration with a Microcon centrifugal filter device. WAile m
(22.5 kDa),-EL (41.8 KDa) and CGot#1 kDa) areeadily detectedm-h -phOx (50.1 kDa), CoredGFP110 (34 kDa,
the detectable moiety of sCoreGFP and th-phOx (69.5 kDa) are not. The primary antibody used was the anti
HBcAg 10E11 monoclonal antibody.

Again, the characteristic ladder pattern involving higher moleowkight structures was seen,

this time with the monomeric core as well as the tandem core constructs. In fact the ladder
pattern seen with rlEEL makes it very clear that this does correspond to multimers, as the well
defined bands are clearly one20 kDa)two (~40 kDa) and three~60 kDa) times the size of
m-EL. This is less clear with tandem core constructs: since they are so large to begin with,
multimers are always in the lesgll defined higher molecular weight area of the gel. The
presence of thesednds revealed that while f&L, tEL and CoHe could be concentrated using
the method described above, fphOx, th-phOx, and sCorsGFP were not detected. This
could be because these proteins do not assemble into structures larger than 100 kDa (and
were therefore lost during filtation), or because higher ordestructures like particles are
present in such small amounts to begin with that they were not sufficiently concentrated, and
any signal that there might be from these constructs is drowned out byntbeh stronger
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signal from the other, positive samples. It is also theoretically possible that particulate matter
pelleted through the gradient, but if that were the case one might expect to detect something
in the 60% sucrose fraction (the bottom fractipnyhich was included in the pooling and

concentration.

In any case, this is not conclusive proof thatphOx does not form CLPs, although it clearly
shows the struggle that might be necessary to obtain enough material to have a chance of
observing suclparticles if they do in fact exist. It would in theory be possible to conclusively
exclude the possibility that-t-phOx forms CLPs, if large amounts of soluBlephOx were
readily detected, but never penetrated Iegoncentration sucrose layers duringsaicrose
cushion or gradient. The problem here is that low yield of soluble protein makes detection in
any fraction difficult. Moreover, this low yield makes it unlikely that enough nieteould

ever be produced fofurther work.

Attempts at optimising exaction and concentration of-t -phOx were carried out with the
assistance of an undergraduate stud€Angelika JaroschgkAmong these experiments were
attempts at developing a polyethylene glycol (PEG) precipitation protocol (which had not been
attempted for other CLPs) for concentrating 4phOx from crude plant extract prior to sucrose
gradient analysis. An initial concentration step such as this could be used to increase the
amount of starting leaf material that could be used for purification. Theg®eriments never
resulted in any demonstrable improvement in obtaining concentrated soluBleptiOx.
Another approach was an attempt to produce mosaics in order to reduce the number of scFv
molecules on each assembled CLP: to this end, plants weirdilb@ted with t-h-phOx and
either t+EL or mEL in various ratios. The hope was that capsid formation might be rescued if
only some of the spikes contain the scFv insert. Thus, plants werdilb@ted with mixes of
Agrobacteriumsuspensions consisting bfi -phOx and either-EL or rEL in ratios of 10:1, 1:1,

or 1:10. After smalscale extractions in either AngeliTris buffer or AngeliBor buffer
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(respectively tris and borate based buffers which had been previously determined by
Angelika to be no worsenan HBexB1 for the extraction of'tphOx from plant tissue), the
soluble fractions were analysed by artBcAg western blotHg. 4.6). In theory, if particle
formation could be rescued by the mosaic method, mefepghOx should be seen here than in
previous experiments: it is likely that in previous experiment8-ghOx was not forming
particles and was therefore largely degraded in the plant, which explains why so little of it was
ever detectable. If mosaics are a success, however, thephOx shouldbe detectable in

amounts comparable to-EL.

t-EL : t-a-phOx m-EL : t-a-phOx t-EL : t-a-phOx m-EL : t-a-phOx

mE BV (101 11 110 | 101 11 1:10) tEL ;;gx mEL BV (101 11 1:10 | 101 11 1:10)

N3 d

T

AngeliTris buffer extraction AngeliBor buffer extraction

Figure4.6 Western blots of plant extract soluble fractions after expression of mosaic HBcAg constrlrctstder

to rescue particle formation with-t-phOx(69.5 kDa), Agrobacteria carrying eitheElt (41.8 kDa) or 4L (22.5
kDa) constructs were einfiltrated with Agrobacteria carryingt-phOx (right on each blot). The relative ratios of
the bacteria carrying the different constructs are shown: 1:10, @r110:1. The controls (left of each blot) are
similarlytreated soluble fractions of plants expressing onBlt, th -phOx, mEL or the empty vector control (EMA)I
lanes represent soluble fractions obtained after srsalile extractions carried out ugj either AngeliTris (left) or
AngeliBor (right) extraction buffers.

It is important to note the apparently negpecific bands which are present in all samples,

including the empty vector negative control (EV): a 39 kDa band is visible in all samples for
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both sets of extractions, and two larger bands above 64 kDa are also visible in all samples from
AngeliTris buffer extractions. Thiseans that the bands visible iA'tphOx extractions cannot
be considered to be specific. For both extraction buffers, and for boteLnand €L, there is

no visible influence from the presence &f phOx. The cainfiltrations witht-EL or rAEL show
bands of approximately 40 anddXDa, respectively, which correspond to these constructs and
not t-h -phOx. The amount of material in the-atfiltrations correlates to the amount ofEL or
m-EL used, and the presence Afrobacteriadirecting the expressionf t-h-phOx seems to
have no effect. For both extraction buffers, and for bothREmn and €L, there is no visible
influence from the presence offt-phOx: mosaics could not be formed with phOx. This
experiment was repeated with the same buffers useddgtraction as well as HBexB1, and the
ultimate result was identical. A final attempt at increasing the yield-ofphOx consisted of
using a codotoptimised sequence of the aAphOx scFv and using this new sequence to
create a new tandem core construafth the scFv in the el loop. This construct, naméd t
phOxOPT gee sectiorll.A.iabove), failed to improve accumulation of thé'tphOx protein in

plants, and failed to direct the production of detectable CLPs.

IV - Properties of t-KD

In order to test expression of-KD and KD, small scale extractions were carried out on plants
infiltrated with three differentAgrobacteriumclones (transformed with the same sequence
verified plasmid) for each construct. The extractions were carried out in bothdPH&®exB1
extraction buffers. A western blot of the soluble fraction was then carried out to assay
expression of the proteingig.4.7). The results clearly show that whil&kD (with an expected

size of about 42 kDa) is expressed in plants and can lvacted using either buffer, iKD

(with an expected size of about 22 kDa) either does not accumulate in leaf tissue or cannot be
extracted in either buffer. A possible explanation for this is that the lygotelinker abolishes
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HBcAg dimer formation if is present in both el loops of a dimer, possibly through repulsion
caused by the charged residues inserted in the el loop. If dimer formation is abolished, then

capsid assembly is impossible, so thé&<B monomers would likely be degraded.

P buffer fxtraction HBexB1 buﬁier extraction
[ | )
m-KD  m-KD m-KD t-KD  t-KD m-KD m-KD m-KD t-KD t-KD t-KD
kDa 1 2 3 1 3 1 2 3 1 2 3
.-
o o= n e |
- e
64 |
51

. 'Y -
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Figure 4.7 Detection of mKD or tKD in soluble plant extracts following agroinfiltration with different
Agrobacteriumclones.PCRpositive Agrobacteriumclones (identified by numbers) carrying monomerieki (23.3

kDg or tandem tKD (42.6 kDa) constructs were used to agroinfiltfdtdenthamianaSmalscale extractions were
performed in either P (left) or HBexB1 (right) extraction buffers, and the soluble fractions were analysed by western
blot using the antHBcAg10E11l monoclonal antibody. While soluble protein was detected for the tandem
construct, this was not the case for the monomeric construct.

Once expression of-KD had been established, it was necessary to demonstrate particle
formation. Because both P artdBexB1 buffers seemed suitable for extractiAgt, parallel
largescale extractions were set up in both buffers before partial purification over sucrose
cushions. The samples were then observed by TEM in order to confirm the presence of CLPs

(Hg. 4.8). Particles were indeed observed in samples from both extractions, but those
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originally extracted in P buffer seemed much more homogeneous and less aggregated than
those extracted in HBexB1. Further purification éd@ CLPs extracted in P buffer by size

exdusion chromatography (SEC) increased the quality of the images that could be obtained by

TEM.

s

HBexBl P ' P+ SEC

Figure4.8 Electron micrographs of-KD CLPs purified in different waykeft, tKD CLPs purified by sucrazeshion
after extraction in HBexB1 buffeMiddle, tKD CLPs purified by sucrose coslafter extraction in P buffeRight,
KD CLPs purified by sucrageshion and sizexclusion chromatography after extraction in P buff&H. scale bars,
100 nm.

This success allowed large amounts of leaf material to be used to expKRsQLPs, which
could then be purified and handed over to collaboratorghie Prof. Rob Field grou@ohn
Innes Centrg and Dr. Nicole SteinmetgCase Western University, USAor chemical
conjugation and immunogenicity studies. Dr. Matthew Donaldson, of the Prof. Field group,
conjugated fluorescein isothiocyanate (FITC) onto the surfac&bf CLPs, which revealed that
chemical conjugation on these particles could be done. Attampt use KD to display
antigens from a bacterial pathogen of tHeurkholderiagenus for vaccine development
purposes are ongoing. In order to ensure a supply of highly purified particles for future studies,
a protocol for the large scale purification oKD particles was developed. In this, particles
were initially partially purified from plant extract via sucrose cushion (lsogde extraction),

and the resulting extracts were dialysed against AmBic buffer, concentrated further via

vacuum evaporationsgeechapter 2),and then loaded onto a Nycodenz density gradient. After
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ultracentrifugation, the gradient was fractionated and the fractions were assayed by western
blot for presence of HBCAgiq. 4.99). The two fractions with the strongest signal (5 @oh

figure 49a) were pooled, dialysed against PBS, then diluted tenfold in distilled water and
visualised by TEMH@. 4.9b). The numerous particles were homogenous in morphology and
resembled native HBCcAg particles with visible surface spikes and aitgnajb T=4 CLPs,
although a few particles were seen to be misshapen and/or broken. The sample overall

seemed very clean, indicating that the Nycodenz gradient is a suitable purification technique

for t-KD.
Nycodenz concentration
————
kDa 1 2 3 8 9 10 11 12
97 "
64 - *
516 e d
L A

Figure 4.9 t-KD CLPs can be purified by Nycodenz gradidmtp: western blot of the different fractions of the
Nycodenz gradient on whichKD (42.6 kDa) was purified. The antibody used wasHBtAg 10E11 monoclonal
antibody. Bottom: electron microgph of tKD CLPs purified by Nycodenz gradient (fractions 5 and 6 on western
blot above). Arrows indicate T=3 particlSsale bar, 100 nm.
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V - Discussion

The results presented in this chapter reveal the possibilities, as well as the limitations, that
come with tandem core technology. Thée {phOx construct directed very low accumulation
levels of protein, most of which was insoluble, and none of which could be shown to form
CLPs. All attempts at improving solubility, concentration, and purity were uessftt. The
creation of mosaics is sometimes used to rescue particle formation with chimeric CLPs that
contain large or complex inserts. This has been carried out successfully with HBcAg CLPs,
although in those cases it was used to improve particle formmatf HBCAg with an insert
fused to the @erminus, and not the el looKoletzkiet al, 1999 Beteramset al., 200Q
Koletzkiet al., 2000Q. In this instance, this approach could not rescue accumulatios gFHOXx

or the formation of particles. It seems unlikely that the protein would be expressedratiow
levels: the HBcAg portion of'tphOx is identical in sequence teéEt, which accumulates at
much higher levels, and codaptimisation of the antphOx scFv failed to improve
accumulation of ' -phOx. This strongly suggests that the low levgbrotein accumulation is
caused byapid turn-over by the plant protein degradation machinery. This in turn suggests
that t-h-phOx misfolds, a hypothesis which is supported by the failure to imprévwphOx
accumulation through the creation of mosaicst-f-phOx were capable of folding properly,

but could not form particles due to steric constraints, theriwfiltration with t-EL or mEL
should have rescued particle formation, and therefore caused an increase"iph®x

accumulation.

Taken together, thse results indicate that't-phOx probably cannot fold properly, and most
of the material is degraded in the plant. Because of this, attempts at improving accumulation
are largely futile, because the amino acid sequence-ophOx is not conducive to pper

protein folding. This is unlikely to be because of the size of the scFv: it is almost identical in size
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to GFP, which can easily be incorporated in the tandem core construct. The more likely
explanation is the structure of the scFv. These proteinsaiaritvo domains, corresponding to

the Light (L) and Heavy (H) chain variable regions of IgG anti@dissdet al., 2012. This
means that the scFv would need fiold into two distinct domains when fused to the tandem
core construct despite having both the- l[dnd CGtermini anchored to the HBCAg moiety.
Moreover, these termini are actually at opposite ends to the scFv, which presents further
conformational issuesof the presentation of this protein on the surface of a tandem core
construct, despite the long linkers used. It seems likely, therefore, that the tandem core
system does not provide sufficient flexibility for the scFv to fold into two distinct domaiiss. Th
improper folding could lead to spurious interactions between scFv residues and HBCAg
residues, thus interfering with the correct folding of the rest of the tandem core molecule, a
phenomenon that has been hypothesised before with unfolded inggdassenst al., 2010.

The result would be a misfolded protein that might well be targeted for degradation.

There was considerably more success, however, wiB t This construct led to production of
CLPs with similar yields teEl. and sGFPdegechapter 3 about 200500 pg/g of fresh weight

leaf tissue). This is perhaps not surprising given the small size of the insert, and the fact that
the charge of the six lysine residues was balanced by six aspartate residues. What is perhaps
more surprising is that thkiinsert prevented accumulation of a monomeric HBcAg construct,
m-KD, since much larger inserts (both folded and unfolded) have been inserted in the el loop
of monomeric HBcAg. It could be that the charged residues in the el loop of one monomer
interfered with those on another, thus preventing dimer formation, and therefore particle
assembly. It could also be that the KD linker interacted with the rest of the HBcAg sequence
during secondary structure formation, leading to improper folding of the entire ginotlt

might be possible to determine which of these two hypotheses is correct by using the mosaic
system as was done witR'tphOx, though this was not attempted given the success obtained
with the tandem core construct. In any case, the logical cormtug be drawn is that the
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amino acid composition of the insert can play a key role in determining whether it will be
successfully displayed in monomeric HBcAg CLPs. Moreover, this experiment has provided
evidence that the tandem core system can allow protaccumulation and particle formation

when a monomeric core approach fails.

This chapter describes an example of a case (wib)twhere tandem core technologyearly

has an advantage over the use of monomeric core. Howetvaisd provides an exangplof

the limitations of tandem core technology (withhtphOx) for the presentation of proteins
with multiple domains. This has helped to guide subsequent work and will no doubt serve to

guide research into applications of tandem core technology in theréut
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Chapter 5 : Introducing the tandibody: a tandem core CLP
displaying a functional nanobody on its surface

| - Introduction

Due to the failure to obtain CLPs with a singhain antibody (scFv), an alternative strategy
was developed in which the scFv sequemneas replaced with that of a singtbbomain
antibody: a cameligdierived heavy chain variable fragment of a heavy chain antibody (VHH, or
nanobody). These synthetic antibody fragments are smallBL&Da), have high affinity for
their cognate antigens, cdunction inside the cell, and are composed of only a single domain
(Muyldermans and Lauwereys, 1999hey have been expressed heterologously in numerous
systems and used for research and biotechnological purposes for many (JRectmann and
Muyldermans, 1999Joblinget al, 2003 Dolk et al, 2005 Maasset al, 2007 Teh and
Kavanagh, 2090 The hypotlesis was that a nanobody, being composed of only one domain,
would be more likely to fold properly when fused into thee@minal el loop of tandem
HBcAg. However, just like an scFv, theahd Gtermini of VHH are exposed at opposite ends
of the protein, so it seemed that long linkers (15 amino acids on either end) would be
necessary to allow proper folding of the insert. Moreover, success with VHH insertion using
this strategy would give further insight into why insertion of an scFv was unsuccésgtre.

5.1, originally from Harmsen and De Ha&2007), shows how the structure of a nanothp

compares to that of an seF
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VHH (Nanobody®)

Conventional 1gG Heavy-chain IgG

Figure 5.1 The nanobody, a singldomain antibody fragment obtained from a camelid heawhain IgG.
Conventional singlehain scFv are twdomain constructs obtained frorthe fusion of the varialg regions of the
heavy and light chains fromtandard mammalian IgGs (a). Nanobodies, or VHH, are similar constructs obtained
from the variable region of thédneavychainfrom heavy chain IgGs of camelids (b). Nanobodresherefore not

only singlechain,but also singlelomain antibody fragments. Image reprinted with permission fidarmsen and

De Haard, 2007

Il - Presentation of a GFP-specific nanobody

The first nanobody used as proof of principle was the @&l I NI OG SNA&ASR wmMH {5
nanobody originally from dromedary(Kirchhofer et al, 2010Q. This nanobody has sub
nanomolar affinity for green fluorescent protein (GFP), and the amino acid sequence for it is
publicly available on GenBankOB: 3K1K)CThe DNA sequence rfahis nanobody was

ordered for synthesis from GeneArt, (Life Technologies) wftip codon removed, codon

usage optimised foN. benthamianaand long linkers (GGGG8h either side betweerthe

Sall and Asel restriction sites. Thé&juencewas insertednto pEAQHT-t-EL between the Sall

and Asel restriction siteso as to insert it into the €@rminal el loop of {EL (seehapter 3.

The new constructpEAGHT-_-GFP, is intended to direct the production of a tandem HBcAg
protein displaying the amGFPh y 2 0 2 R8Y GKA & TFdzA A 2PCLINBIGBRNO B F
6L 0ONBODICH PR ®AGK GKS 62NR il yRAOG2RE&E 0SAY:

RAALI I @Ay I(Fd52/ 1 y2062 R8¢
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t-GFP: 1554 bp, 518 aa, 55.8 kDa

o--jmmmmess mmm oy - eo - o

. N-terminal HBcAg core (E. colicodon-optimised) Gly/Ser -rich linker x Nos terminator
. C-terminal HBcAg core (E. coli codon-optimised) “Enhancer” anti-GFP single-domain nanobody @8 CPMV-HTUTRs
. Full-length arginine-rich C-terminus of HBcAg Neomycin phosphotransferase » 35S promoter
P19 suppressor of gene silencing I AgrobacteriumT-DNA right border and left border I pPEAQ-optimised c/e1loop

Figure5.2 Diagramof construct and protein structures¢ 2 LJY 02 y & (i N3E®) the tiriddmd ca@r@ dedistruct
with the anttGFP Enhancer nanobody inserted in thtexninal el loop.The key is the same as in figure 3.3a.
Bottom: structure predictions of-EL (left) and-DCt O NR IAKG 0 X O2 dzNheJe@nini2r€ inbldeld 9f f A
and the Gtermini in red. Arrows indicate the first and last amino acid of the-&KP VHH, which are represented in
stick form.Images were generated using PyMOL.

As a control, thesame VHH sequence was also inserted into the c/el loop of the monomeric
construct, pEA@N-EL(see hapter 3 to give pEAQ-GFP. The two constructs, together with a
PEAGHT empty vector control were separately infiltrated intd. benthamiandeaves.Small
scale extractions in P buffer were prepared 7 days {a@fitration (dpi) and the soluble
fractions weresubjected to western blot analysis using adBcAg monoclonal antibody 10E11
(Fg. 5.3a). The results showed the accumulation of HBsfgcific mateial of the expected
size (55 kDa) in leaves infiltrated with pEAGFR3™ lane), while no protein corresponding to

the expected size (37 kDa) could be detected in extracts from leaves infiltrated withpEAQ

GFP(4" lane) All samples, including thosiom leaves infiltrated with the empty vector,

pPEAQGHT, showed a crosseactive band of unknown origin at approximately Da as was

91



Chapter 5: Aandem core CLP displaying a functional nanobody on its surface

seen in some of the other western blots in which this antibody was ussstiiapter 4. These
results demonstrated thah tandem construct, as opposed to a monomeric one, is required for
the efficient display of VHH sequencésshould be noted, however, that when produced on

Ala 2py3s -BRPAslinsduBle. i K S

As a preliminary assay of whether the express&FPretained the ability of the nanobody to

bind GFP, a emfiltration experiment was carried out, in whicAgrokacterium cultures
carryingpEAGHTO2 Yy i F Ay Ay 3 (GKS &S| 26w cifitratdd.STheeK S NJ D
leaves were treated as above but the insoluble protein fraction (pellet) was also analysed by
western blot (Fig. 5.3b). This revealed that when grRdzOS R 2y -GRAIia mahlgy =  _
Ayazft dzo t S GFRoateiGFB &S0/ TA £ G NI G S RGFP 04 Befourdl h thd K S

soluble fraction. This suggests that the presence of iBRantaincreases the solubility of

GFP This strongly hints thatGFFhinds to GFP, and the entire complex is more soluble than

GFPRon its own.
a) b) _ .
Supernata}nt fraction Pellet fraction
L i I\
kDa  200ng kba [ e TGFP |
64  HBeAg & LOFF JOEP =<l +GFP —C . +GFP
: -
39 R o4

28
19 -

Figure5.3 _-GFP is expressed in plants, and its solubility is enhanced by thexpoession of GFR) Western blot

of sduble (supernatantLJt | y i SEGNI Od&d SELINB&A&AAYI RATTSBEPYtEnde®2 y & (i NI
core construct with antGFP nanobody inserted in thet@minal el loop(55.8 kDa) u-GFP: monomeric core

construct with antiGFP nanobody inserteid the el loop(36.5 kDa)b) Western blot ofsupernatant(left) and
resuspended pelled NA 3Ki0 FTNI OGA2ya SFP adieloycéxpréssed with GRP. SELINB A& Ay 3

92



Chapter 5: Aandem core CLP displaying a functional nanobody on its surface

Sucrose cushion and transmission electron microscopy (TEM) was used to detetmethen
_-GFPforms particles when expressed in plants and to confirm whether the presence of GFP
affects the method of purification. Largeale extractionssge chapter 2)were carried out

with leaves infiltrated with pEAQGFPalone or cainfiltrated with pEAQHT-GFP were
homogenised and the clarified lysates were loaded on to sucrose cushions consisting of two
layers of sucrose (2% and 7®%b). Particulatenatter of the size of assemblddBcAg particles

was expected to produce a band at the interfacevieen the two sucrose layers: intense
fluorescence was seen at this interface for the tubes containing thexpoessed material of

0 2 i K D GGFP. ThisRnterface was collected (for both sets of samples) and any particles
within it further purified by size exclusi chromatography. The fractions from this were
analysed by western blot and positive fractions were pooled, concentrated by vacuum
evaporation ¢ee tapter 2),and examined by TEM. This revealed CLPs in both samples (with
and without GFP), which look egmely similar to wildype or tandem HBCcAg, but with an
apparent thin layer on the surface in addition to, and partially obscuring, the characteristic
spikes(Ag.54).¢ KAa 3IAGSa GKSY | Y2NLXK2f 238 gKAOK L
GelLlSedanrRNILIK2t238d LG A& Y2NB RAFFAOdA G G2
when the CLPs are knobbly, but there do appear to be a small minority of T=3 patrticles visible
in the second image (arrows), which is typical of HBcAg. As the imagesrshmvparticles

were obtained fromthe cd Y FTAET G NI GA2Y GKI Yy -GFIN& Yis awi, $husA y T A
further reinforcing the previous data which suggested that the presence of GFP increases the
solubility of the particles, leading to higher recovengdld. It is estated that about 520 ug

2 F-GFP can be obtained per gram of fresh weight leaf tissue [FWT] without GFP, and about

100500 pg/g FWT with GFP.
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Without GFP GFP co-infiltration

Figure549f SOGNR Y Y A GNICHPNIoHtditéd frén expression alone or with GFPS ¥-GFP CLPs
200FAYSR FTNBY fSI 2Dt I NRNYSIHP (QURDOKIERW fronk [éakes that were co

AY FAL G NIGFS &hd @FPiiHigher yields of CLPs were obtained fraxpussion. Both sets of particles
LINBaSyil alyz2o0o0feééd Y2NLK2f 23853 dyikeSHRBAD ELPS dteSlesOcteariNdlefiddS NA 4 |
and apparently obscured. This seems to be particularly true of the particles obtained framfiltcation. The

arrows indicate T=3 particles, both scale bars are 100 nm.

To further examine the ability of-GFPparticles to bind GFP, a similar sucrose cushion
experiment was carried out, this time with more controls and nerditrations. Rant tissue
S E LINB & &-GRP@Er t-ELp&ticles was mixed with plant tissue expressing @FRmpty:
vector contol), and the leaves were homogenised together before the rest of the lscgke

extraction and sucrose cushion were carried out as describeldaipter 2 ee figures.5).
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Mixed extracts are filtered, clarified, then ultracentrifugated on
sucrose cushions

Figure5.5 Experimental setup 2 SE | YA Y S -GFPyoRGFIL.&hved Were separately agroinfiltrated with
oF OQGSNAL O2yilAyAy3d 02y &EGARVADT dptheQeaves wele miked Mihd $dmibdedisdd D Ct
together as part of a largecale extraction followed by a sus®cushion.

After ultracentrifugationof material containing both GFP andGFR; expressing plant extragct

the fluorescencewas found to havemigrated at the bottom of the sucrose cushion, -co

f 20 t A & A yGHP parlicle@®g. 316K) SWhen GFRontaining plant extractvas run on an
identical sucrose cushion on its own or witkltcontaining plant extragtthe fluorescencevas
found to remain in the supernatanindicating that it is not largenough to migrate into the
sucrose layersThe celocalisation of GFP with-GFPin the sucrose layers was demonstrated
by western blot analysis of the different fractions of the sucrose gradients using either anti
HBcAg or anmtGFPantibodies Fg. 5.6b). This showedhat while tandem HBcAg (with or
without the antitGFP nanobodyalways migrates to the bottom of the cushion GFP mostly
stays in the supernatant unless it is in the presence-6FP¢ KA & A Y RA OIGEES & (K
particles interact with GFP in such a way as to cathieproperties of a virudike particle. This

strongly suggestthat GFP binds to the nanobody moietyassembled -GFRparticles
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t-EL+ T-GFP+
GFP GFP

t-EL T-GFP GFP

Clarified__J
extract

25%
sucrose

70%
sucrose

b) GFP alone

t-EL + GFP l T-GFP + GFP

S Top Mid Bott S Top i 200 ng

S Top
64 HBcAg

. < TGFP
51

Anti-
39 € tEL — HBcAg

western

28 blot
19| © b‘ HBcAgV
64
51
R
39 Anti-GFP
‘Western
blot

28 .
19 ~t @?,‘@GFP

Figure5.6 _-GFP CLPs bind to GiFFa sucrose cushiarPlant leaves expressing different constructs were mixed as
shownin figure 5.5. Aftefarge-scale extraction, sucrose cushions were loaded with the different plant extracts, and

these cushions were photographed under UV light after ultracentrifugation (a). While plant extract containing only

t-9 [ -BMRdo not showubrescence, plant extracts containing GFP alone or with show fluorescence in the
AdzZLISNY Gl yidiz 62088 GKS &adzONR&AS fL&8SNEO® 2KSy LIBRPYd SEI
the fluorescence itocated at the bottom of the sucrog8dzd KA 2 y I A YGRR QLPdihavg dragdel GRP down
through the sucrose. (b) Duplicate ahtBcAg (top) and anGFP (bottom) western blots of the different fractions of

the sucrose cushions above. GFP (27 kDa) is mostly confined to the supernagardlane or mixed with-EL (41.8

kDa), butitce 2 O f A 3GFR (5568&Dal at the bottom of the sucrose cushion. S: supernatant, Top: top of the
sucrose cushion, Mid: interface between the 25% and 70% sucrose fractions, Bott: bottom of the sustisa.
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The importance of the extraction buffer was tested in an attempt to increase recovered yield
of particles. Leaf tissue @ofiltrated with pEAGQHT-_-GFPand pEAQHT-GFP were split into

four groups and each group was homogenised in one of tHewiolg buffers: P buffer (0.1 M
sodium phosphate, pH 7); P+ (20 mM sodium phosphate, pH 7, 1 mM EDTA, 5 mM DTT, 0.1%
w/v Triton X100); IQUR (20 mM T#4Cl, pH 8, 1 mM EDTA, 5% isopropanol, 5 mM DTT, 0.1%
w/v Triton %100); or HBexB1 (10 mM TFHKClI pH 8120 mM NaCl, 1mM EDTA,1 mM DTT,
0.75% wi/v sodium deoxycholate). All buffers were also supplemented with protease inhibitor
(Roche). The lysates were clarified and filtered over 0.45 um syringe filters before being loaded
onto sucrose cushions. Observatioof the ultracentrifuge tubes under UV light after
ultracentrifugation revealedhat in all four cases, GFP sedimentedtlie sucrose layers
although the standard extraction buffer and P+ caused the GFP (and therefore presumably the
_-GFP to be in a radtively distinct band at the interface between the two sucrose layers, as
opposed to HBexB1 and IQUR buff@g. 5.7a). It wasalso clear that the standard extraction
buffer and HBexB1 had clean interfaces, unlike P+ and IQUR buffers, which gavehicle to
green contamination at the interface region. The fluorescent interfaces were collected and,
after dialysis and further concentration and clarification, visualised by [HgV5.7b). While

no structurally sound particles were seen in the |@Racted sample, numerous particles
were seen from standard and P+ extractions, and fewer particles were seen in the HBexB1
extracted sample. This is particularly interesting given that extractiongafPalone (without

GFP) in HBexB1 was also attempted bupadicles were seen with TEM. It could be that the
increased solubility of the patrticles in the presence of GFP means that there are simply more
particles which are more likely to be seen as compared@®¥-Pon its own. However, it could

also indicate tht the presence of GFP makes the particles more resistant to the HBexB1 buffer

by altering the surface properties of the particles.
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a) b)

P P+ HBexB IQUR

IQUR extraction HBexB1 extraction

Figure5.7t 0 dzZFFSNJ A& (KS -GEPA0LPsdhdrhavédetodxpressed Wit 5RPE) UVimaged

sucrose cushions of plant extracts from leavesicg T A £ (i NJ-GFB Bnd GRP{i &tracted in four different
extraction buffers. The extract obtained with buffer P yields the least diffuse fluorescent band witbvtiest

amount of dark greerontaminating plant materiab) The fluorescent fractions from the cushions were visualised

by TEM. CLPs with knobbly phenotype were seen in fractions obtained from material extracted in P, P+, and HBexB1
buffers, but not IQURuUffer. Scale bars, 100 nm.

More detailed analysis of the binding of GFRP-t8FRequired purified preparations of the two
components: GFP was obtained commercially (Millipore), whild-Pwas produced in plant
tissue on its own via a lareggeale extraction followed by sucrose cushion purification. Because
of solubility issues ssociated with producing-GFPwithout GFP, it was timeonsuming to
obtain sufficient_-GFPto carry out the next experiment: analysing the binding _eBFP
particles to GFP through a modified sandwiElHSAFg. 5.8a). Briefly wells of a 9éwell plate

6 SNBE 021 (S BFPparicksgpuiifi€éSby sucrose cushion and syridfijtration as
described inchapter 2), anddifferent amounts of GFP were added to these wells after
blocking, before GFP was detected by a commercially availabl&aRtipolycloal antibody
conjugated to horseradish peroxidase (HRP). As a negative control, wells were coated with the
same amount of a differenfbut identically purified)tandibody particle, which displays a
nanobody againsHI\*1 surface glycoprotein gp120-gp12Q see Chapter 6 The positive

control was a commercially available a@FP polyclonal antibody different to that used for

98



Chapter 5: Aandem core CLP displaying a functional nanobody on its surface

detectionand already conjugated to horseradish peroxidase (HRf negative and positive
controls were treated identically to thexperimental wells, with the sole exception of the
protein used to coat the wells. Upon detection of HRP #gtivt was found that the signal
FTNRY ¢St f a -GBR Wwas &R simifariitdthe_signal from wells coated withGRR
IgG with signal decreasing concomitantly with the decreasing amount ofus&tHg. 5.8b).

In contrastto this, the negative aatrol showed no signal above background, indicating that

G§KS AyidSNI OiGKR ghd 6FPligs Qe specifically by theG#Ri nanobody

moiety
a)
B | YTY
bat ae | [ LVYTY
b)
ELISA detection of GFP
0.340
0.290
0.240
. 0.190
8' —+—T-GFP + GFP
0.140 —B—1gp120 + GFP
—de—GFP sandwich
0.090
0.040
[ .- — |

-0.010
500 250 125 62.5
GFP per well (pg)

Figure5.8 _-GFP CLPs bind to GiRan ELISARartidly-LJdzNJ -ERPSORRsircular particles on the lefiyere used

to coat the wells of a 98vell plate in order to act like anteFP antibodies in a sandwich EL{&APure GFRred
diamonds)wasaddedat a range of concentratiorts the wells and the GFwas detected with a polyclonal a:@FP

IgG conjugated to HR@Brange) As a positive controf commercially obtained polyclonal arfBFP Ig@ifferent to

that used for detectiorwas usedgreen, on the right) as part of a standard sandwich ELISAnégative control, a
similarly-purified tandibody bearing a nanobody agst HIVVm 3 LIMgp120, see ltapter 6) was useth the same

I Y 2 dzy (-GFPb)#bsarbance measurements indicated the amount of GFP present in each well. Treatments
were carried out in quadruplicates and average readings were subtracted from backgmgivé net signal. While
GKS&GLvun [ [ta RARGFB @LPs bouhd GFP I Gtsimilar_fashion to theSERilgG. Error bars
represent standard error.

99



Chapter 5: Aandem core CLP displaying a functional nanobody on its surface

In an attempt to quantify the strength of binding ofGFPto GFP, Surface Plasmon Resonance
(SPR) was used. In this case, commercially purchasadddesd GFP (Millipore, the same as

was used in the ELISA experiment) was fixed ontoMTIi SPR chip, and purified tandibody
particles (either_-GFPor _-gp120 control) at identical concentrationgere flowed over the

GFP, and the interaction between the two was measured using a Biacore T200. The first SPR
SELISNAYSY(H 61 & | &AYLXS O0AYRAYy3 -DS&aGgMI2Z2 OK!
and GFRHFg.5.9a). It revealedhat while _-gp120 dd not interact with GFP,-GFPFinteracted
strongly. It further indicated that there was very little dissociation @FPfrom GFP, or that

this dissociation is very slow: this is reflected in a slow decrease in response units (RU) over
time after the endof tandibody injection, which is normally indicative of dissociation between

the two molecules. However, this apparent dissociation is paralleled by the decrease in RU of
_-gp120, which decreases to negative values (with 0 being the start of the floandibbdy),
indicating that this apparent dissociation in both cases is in fact dissociation-@igigisd GFP

from the chip, as opposed to dissociation of the tandibody from the GFP. In this light, it is very

clear that_-GFRdoes not significantly dissate from GFP during the period measured.

The second SPR experiment was a singite kinetics experiment, in which increasing
amounts of_-GFPwere flowed over the GFP in order to reach saturation, thus allowing the
quantification of affinity of -GFPfor GFP(Hg. 5.9b). Theresult was a calculatedpkof 0.175

nM, which is, in fact, lower than the publisheg ¢f the Enhancer nanobody, which is given as
0.59 nM(Kirchhoferet al,, 2010Q. However, it should be noted that dissociatiohGFP from

the chip would skew the calculation of the dissociation constant in the SPR experiment.
Moreover, this calculation is dependent on the concentrations of GFP and of the tandibodies,
so the g is only as reliable as the quantification of the t@muaties used in the experiment.

Because the tandibodies were quantified using western blots, and because the tandibodies
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always show a diffuse ladder pattern on SEXSGE gels, the quantification of tandibodies is
more of an estimate than an exact measuratheHowever, the relative quantification
between the two tandibodies should be fairly accurate. So while the exaid #ifficult to

measure accurately, the difference seen betweddFPand_-gp120 should be representative.

a) Adjusted sensogram of tandibodies binding to GFP
120
100
80
§ 60
é 0 ——T-gp120
é 20 ——T-GFP
0
-20 M
-40
4] 100 200 300 400 500 600
Time (sec)
b) Single-cycle kinetics sensogram of increasing concentrations of t-GFP interacting
with GFP

80

70

60

50

40

30 —T1-GFP

Response Units

20

800 1000 1200 1400 1600
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Figure5.9 _-GFP CLPs bind to G##&ring surface plasmon resonanc€ommercially obtained Hisgged GFP was

bound to the surface of &li-NTA SPR chigndpari A | f f & -GRRIZCIPF viefe Rowed over the GFP. Binding
resulted h detection of Response Units.0 LYy | & A Y LIGEP (giekryliRe) wad seérSta lind to GFP

during tandibody injection (time between red lines) and to stay bound afterwabd&, A g/5120_(orange line)

injected at the same comantration did not bind to GFFb) A singlecycle kinetics binding experiment involved
Ft2gAy3a AYyONBlIaiyd 02y 0OSgrRPNei the? stirfadeotirid yGRRA @htil GaduRatio was NS R 0
reachedd ¢ KA a | ff2¢SR -GRPSffinjtydidr GRPAWNiIEhAVagical@ilgted2o0Te Q.175 nM.
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The _-GFPtandibody bound to GFP was also used for preliminary-efgotron microscopy
(cryoEM). Plant material cexpressing -GFPand GFP was purifiedylbsucrose cushion and
sizeexclusion chromatography, and the purified particles were ffashen in vitreous ice on a
TEM grid for image collection. Visualisation of the particles confirmed the results seen with
negativestain TEM: the -GFPparticles areintact, proving that the insertion of a nanobody
sequenced has not abolished capsid assembly. The data obtained frorENryimnage
collection was analysed in collaboratiasith Dr. Robert Gilbert (University of Oxforand class
averages were obtained tgenerate a 25 A reconstruction of the particlgy. 5.10). Atthis

resolution, the map is more of a schematic of average electron density within the particles.

The patrticle reconstruction clearly contains spikes reminiscent of those of a standard HBcAg
CLP, but long projections of extra density are formed on the outside of these particles. These
projections are too few to each correspond to a nanob@RP complex on a single spike,
since there should be one per spike, and therefore as many projectiotisees are spikes.
What is most likely is that these projections are average positions of averaged densities of
numerous nanobodysFP complexes from a few different spikes. This is logical when one
considers the length of the linkers used to fuse the &P nanobody to the spikes of the
tandem core. The long linkers were intended to provide the nanobody with flexibility, and this
flexibility probably means that the nanobo@FP complex is not in a fixed orientation on the
surface of the particle with reggt to its tandem core partner. This makes structure
reconstruction complicated, since it relies on average electron densities to determine
molecular conformation and positioning. When the GHBFPreconstruction is overlain on

the preliminary map obtained for CoHe (hetelandem core with no insert in the el loop), the
spikes from both maps overlay, indicating that the basic tandem core particles are similar in
structure, but the GFP-GFPprojections are not present on the CoHe map, which indicates
that these are extra density on the exterior of the CLP which is not present in CoHe, thus
reinforcing the likelihood that these projections correspond to the nanobG&P complex.
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Figure5.10CryoSt SO NR Y Y AGPRELPBUntEto @RS/ [ t &-GFPHound to GFP were imaged
and analysed with the assistance of Dr. Robert GilbartClass averagesf these CLP<h) This allowed the
generation of a3D reconstruction (resolutiomstimated at 25 A) coloured by distance from the centre of the
particle (red to blue). The map is shown viewed down -Bol& axis with the bacteriallyproduced Céle
reconstruction on which the construct was based fitted within (grey surface). Theqting spikes represent
electron density corresponding to tHeound nanobody and GFBut thesedo not occupy every position expected,
instead appearing as an average of the density preseitih the highest intensity at the-fold and 5fold axes. The
locationof these masses may be due to titesahedrasymmetry imposed on the reconstruction. This may indicate
that these projections are flexible and are not displayed in a fixed orientation on each spike.

[l - Discussion

Nanobodies (or VHH) have been segsed in several expression systems including bacteria for
phage displayDolk et al., 2005 Maasset al., 2007 Beekwilderet al, 2008, and plants for
VHH overexpressiofismailiet al., 2007 Winichayakukt al, 2009 Teh and Kavanagh, 2010
They have found uses in fundamental antibody reseéreh der Linderet al, 1999 Desmyter

et al, 200% Muyldermanset al, 200]) as well as agped biotechnologyJoblinget al., 2003.
When attempts to display a scFv on the surface of a tandem core CLP proved unsu(smssful

the previous chapter)presentation of a nanobody was tried as an alternative, in the hope that
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the simpler structure would allow proper protein folding andPGissembly. This proved to be
highly successfulwhere scFv failed, VHH prevailed! The ®iFding Enhancer nanobody
(Kirchhoferet al, 2010 proved to be an excellent tool for demonstrating that nanobodies
displayedon the surface oHBCAg retain their binding activity. It was demonstrated th&FP

can be expressed in plants both with and without GFP, althougbxpoession with GFP
increased the solubility of the particles, resulting in much higher yields of recovered protein.
Theparticulate nature of -GFPwith and without GFP was demonstrated with TEM as well as
cryo-EM, making this the first report of an antibody fragment successfully displayed on HBcAg
CLPs in any expression system, and the first time an antibody fragmeny &irehhas been
displayed on a spherical virus capsid in a plant expression system. The only other example of
antibody fragments being displayed on the surface of a virus particle in plants is the display of

scFv on the surface of the filamentoBYX(Smolenskat al.,, 1999.

The binding of GFP toGFPcould be readily demonstrated using a simple sucrose cushion
experiment, and further analysed by ELISA and SPR. All of these techniques gave concordant
results which indicate that-GFPCLPs Iid GFP with very high affinity. This demonstrates that
the fusion of a nanobody to tandem HBcAg does not have an adverse effect on the affinity of
the nanobody for its target antigen. Moreover, these results show that a protein with the N
and Ctermini onopposite ends can be successfully inserted in the el loop of HBCcAg provided
that a tandem construct is used: the fact that the monomerGkEP construct failed to yield

any detectable material demonstrates that tandem core technology can overcome the timi
insertions in the HBcAg el loop found with monomeric constructs. Furthermore, the data
presented here offer some insight into why the attempted display of the-pin@®X scFv failed

(see chapter 4)The antiGFP nanobody also hasahd CGtermini expsed on opposite ends of

the protein, and yet 15 amino acwllong linkers on either side were sufficient to allow proper
folding of the insert and the HBcAg scaffold, so it seems unlikely that this was the limiting
factor in display of the anphOx scFvThe only other differences between the scFv and the
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VHH are the size and the number of domains. Because the scFv is the same size as GFP, which
could be displayed on the surface of a tandem core (8&€thapter 3, the mostikely limiting

factor for paricle formation with th-phOx is the number of domains on the insert. This seems

to be the crucial difference between a nanobody and an scFv which determines whether the

insert will allow particle formation in a tandem core construct.

The successful tandibly proof of concept paved the way for the next set of experiments:
using the same methodology to create tandibodies with binding affinity for medically relevant
antigens. Using GenBank as a source of available nanobody sequences, two nanobodies were
chosenfor the next sets of experiments: one against HIsurface glycoprotein gp120, and the

other against HIAL capsid protein p24. The results of these experiments aregmied in the

following chapter
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Chapter 6 : Adapting tandibody technology to display antigens o f
medical relevance

| - Introduction

Success with the anGFP tandibody opened up the possibility of displaying nanobodies on the
surface of tandem HBcAg which recognise medically relevant antigens. A search on GenBank

revealed the sequences for two nalmodies which recognisdlVproteins.

The first, known as A12, is descriliad~orsmaret al. (2008 and Strokappeet al. (2012. Itis a
llamaderived nanobody specific to HIVIIIB surface glycoprotein extracellular region gp120.
HIV gpl20 is part of the gpl60 protein (coded for by the ENV gene), which during post
translational processing is split into gil (the surfaceexposed glycoprotein) and gp41, which
contains the transmembrane and cytoplasmic domains, along with the fusion peptide and
heptad repeats which are involved in trimerisation of the gp160 complex on the surface of the
viral envelope(Chakrabartiet al., 2009. The A12 nanobody has been determined to bind to
gp120 with a Kof 0.1 nM. There were two reasons for choosing this nanobody to test th
tandibody system: the sequence of the A12 nanobody is available on GenBank (PBD: 3ROM_A),
and this nanobody was discovered by panning llama serum against an easily available antigen,
recombinant gp120 from HV 11IB, obtained from CFAR, NIBSC (catalogugber EVA607).

This meant that | could test binding of this nanobody with an antigen that is known to interact
strongly, without introducing extraneous variables such as sequence variability in gp120
between different HIVL subtypes. Along with these tegical considerations, | considered that

it would be interesting to test the tandibody concept with a glycoprotein antigen. Indeed, the
tandibody technique, because it is based on fwowalent binding of a scaffold to an antigen of
interest, would, in theoy, be very useful for displaying surface antigens of enveloped viruses.

For these proteins to fold properly, they normally need to be trafficked through the eukaryotic
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secretory pathway, which could make it difficult for them to fold properly if fusedatly to
the el loop of HBcAg or tandem HBCcAg. R@stslational norcovalent linking of the antigen
to the CLP scaffold has the advantage of allowing the production of each component

separately in their respective optimal cellular compartment.

The secod nanobody that was chosen was an alpdeaived nanobody which binds to HIV

capsid protein p24 (GenBamDB: 2XT1)BUnlike the antGFP and anfjp120 nanobodies,

this nanobody is not described in the literature, but there is evidence that it bing24o the

RCSB Protein Data Bank file linked to the GenBank sequence is, in fact, the crystal structure of
this nanobody (produced i&. colj in complex with the @rminus of HIVL p24 (also produced

in E. col). It seems unlikely that such a structureuéd have been obtained if the nanobody did

not bind to this antigen. An advantage of using this nanobody in the tandibody system is that,
like gpl120, the p24 protein is available to purchase as a reagent from the NIBSC (CFAR
repository reference ARP678)loreover, there was evidence that recombinant p24 could be
produced in plants: HNY p24 was produced transiently ik benthamianaising a TM\based

vector, and the resulting p24 proved to be antigenic in animal stu@ésezFilgueiraet al.,

2004). This antp24 nanobody was thefore selected for study in the tandibody system

alongside the antgp120 nanobody.

Il - Design of constructs

A) z-gp120
The antigp120 nanobody sequence known as AE@rsmanet al., 20089 was obtainedfrom
GenBank (BD: 3ROM_A) and synthesisby GeneArt (Life Technologies) witte stop codon
removed, codon usage optimised fidr benthamianaand long linkers (GGGG&) either side
between Sall and Asel restriction sites. Between the nanobody sequence and ths, laker
Avrll site (on the Nerminal side, corresponding to amino acids ) and a Sbfl restriction

site (on the @erminus, corresponding to amino acids PXta) were added. This construct was
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inserted intopEAGHT-t-EL between the Sall ardsel restigtion sites to givpEAQHT-_-gp120

(Fig. 6.1).

B) gp120
A gp120 construct was prepared for-8oE LINB & & A 2 ygp1RX Bhe seduanieSor gp120

(from HIVL 1IIB) was acquired from NIBSC, and it was found to be identical to a GenBank
sequence (UniPr&tB/SwisdProt: P03377.1). For expression in plants, a 6XHis tag was added at
the Gterminus, and the Merminal 30 amino acids were replaced with tAeabidopsishasic
chitinase signal peptidéSamacet al, 1990, which had previously been used Bginsbunyet

al. (2008 as a strong secretion signal for recombinant protein production in plants. The native
secreton signal was not used because it has been reported that it does not yield optimal
secretion of gpl20 in heterologous syster(tSoldenet al, 1998. This modiid gpl20
sequence was codon optimised fidt benthamianaand ordered for synthesis. The sequence
(including the 6XHis tag) was cloned ipAQHT using the Agel and Xhol restriction sites to

givepEAGQHT-gp120.

C)z-p24
The antip24 nanobody sequence weaobtained from GenBank (GenBank PDB: 2XT1 B) and

ordered for synthesis with stop codon removed, codon usage optimisedl.ftaenthamiana
YR NBaUOUNAOUOAZ2Y aAdGSa ! @NLL |yR {o0FL 2y (K
inserted intopEAGHT- _-gp120 between the ¥l and Sbfl restriction sites to gipEAQHT-_-

p24 FHg. 6.1).
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D) p24
A p24 construct was also prepared for8& LINS & & A 2 yp24: The séquénteR@S HIY

p24 was obtained from GenBank en¥T1_Awhich is part of the sameyeli NEB-p24: this _
SYyiNE RSaONR o Sp24 hinkiSy todlee Bedhiiig of @24, so the sequences of
both are given. However, because this entry only provides the sequence fortdrenitius of

p24, the Nterminal part of p24 was obtained from @Bank entry AAB50258.1, which is the
sequence of the entire gag polyprotein of HIVSo the p24 sequence to be used was taken
from accession number AAB50258.1 (from position P149 to Y277) and completed with the
sequence from accession numb&XT1_A(from position S1 to L86). This complete p24
sequence was codeoptimised for expression ifN. benthamianaand ordered for synthesis.
This sequence was cloned into thEAQHTvector using the Agel and Xhol restriction sites to
give pEAQHT-p24, and with the Adeand Xhol sites to give thet&minally 6XHidagged

version of p24pEAQHT-p24His.
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a)

1-gp120: 1599 bp, 533 aa, 57.3 kDa

o-{men o FEmzovEE pemml-d— e - e

t-p24: 1560 bp, 520 aa, 55.7 kDa

- e svieaven = ro - e

. N-terminal HBcAg core (E. colicodon-optimised) Gly/Ser -rich linker x Nos terminator
. C-terminal HBcAg core (E. colicodon-optimised) . “Anti-p24 single-domain nanobody B CPMV-HTUTRs
- Fulllength arginine-rich C-terminus of HBcAg Neomycin phosphotransferase » 35S promoter
P19 suppressor of gene silencing I AgrobacteriumT-DNA right border and left border I PEAQ-optimised c/e1loop
- “A12" anti-gp120 single-domain nanobody

Figure6.1 Diagram of construct and protein structures a) Construct mays for the _-gp120 and -p24 tandibodies
The key is the same is in figure 3.8 Sructure predictions of L fopf S ¥ i ¢GFRtap Rght), _-gp120(bottom
left)z | -g2R(bottom right), O 2 dzNJi Sa & 2 F THe Ntrmifi &iré ia Bue, th@ @eBnintark in red. Arrows
indicate thefirst and last amino acid of the VHH moieties, which are represented in stick forages were
generated using PyMOL

110



Chapter 6 Adapting tandibodydchnology to display antigens of medical relevance

N -%ZDOAOOET T Al A AE-SODAGANTOAOCET T 1T £ 2

The pEAQHT-_-gp120 construct was expressed M benthamianaalongside tw controls,
PEAQHT-EV (empty vector), andEAQHT-_-GFP; and smadicale extractions were subjected

to western blot analysis using the 10E11 d#iBcAg monoclonal antibody in order to assay the
accumulation of recombinant protein in the solubflactions (Fg. 6.2a).A band of about 57

kDa was seen in the plant extract expressptAQHT-_-gp120, which corresponds to the
expected size of-gp120. A band of a slightly smaller size (and stronger intensity) was seen in
the extract expressingEAQHT-_-GFP, with corresponds to-GFP (with arexpected size of

55.8 kD& see figure 5.2). No specific band was seen in the lane corresponding to the empty
vector control, although the noespecific 39 kDa band described in previous chapters was seen
in all three lanegsee hapters 4 and 5). This western bS5 @S | f SR120iKekpiessed,

Ff 0K2dZAK y 234 |j dzA (i SGFB. Thisiiskcéhsisient Widh alf eSp@rinerds cdrried _
2dzi 6AGK LI NI -0 Gtf  FSyEHR NI ® G NBY2 SR alvdySdt R4 2

f SFad R2dzegp180. GK2asS 27

¢CKS NBadzZ 6a aKz2gy Ay GKS LINBE @GRPdrhich @ EXpredsed NJ A
in N. benthamianas insoluble unless GFP is-expressed alongside it. To test whether this

£ &2 K 2-gpRa, pEA@HNp120, was created and its expression was testedN.in
benthamianawith both a smalscale extraction and an apoplastic wash followed by an anti
HBcAg western bloHg. 6.2b). As iteame suggests, gp120 is expected to run on anFREE

gel at araund 120 kDa, although this is mostly due to its glycosylation: the protein itself is only

57.5 kDa. Western blot analysis revealed a very diffuse pattern of-ptadiuced gp120, with

diffuse major bands running at 70 and 140 kDa, which suggests thatdheirpis glycosylated,
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albeit not in the same manner as native gpl20 produced in human cells. However,
recombinant gp120 could not be extracted from an apoplastic wash, suggesting that it is either
blocked at some stage of the secretory pathway, or th& bound to the plant cell surface in

some way.

As the gp120 construct was designed to includetar@inal 6XHis tag, extracts from leaves
agroinfiltrated with pEAQHT-gp120 were prepared 7 dpi and used for -téig affinity
chromatography. The fractiancollected from the chromatography were analysed by an-anti
His western blot Kig. 6.2c). A similar pattern of bands was seen as with the previous
experiment FHg. 6.2b), but most of the signal came from the fldwough fraction (i.e. the
extract that dd not bind to the columhand the wash fraction (i.e. the extract that bound
poorly to the column): relatively little gp120 was recovered in the elution fractions. Thus, the
recombinant gp120 seemed to interact poorly with the nickel column, despite tteHat the
Histag was still present on the protein (the western blot was carried out with anHisti

antibody). This suggests that the Hhg is not properly exposed on the surface of the protein.

Finally, a caexpression experiment was carried outwk 3 LIm rypil 20 afoRgside the eo
SELINB & & A 2 y-GRPEee Bapter 5). Aft& smalkcale extractions, antiBcAg western
blots of the solublésupernatantiand insolublgresuspended pellefyactions were carried out
(Hg. 6.2dc¢ this is in &ct the same western blot as shown in figure 5.3). In both cases, bands of
the appropriatesizes were seen in the insoluble fractions. However, only the+tGFBPFP co
expression resulted in detectable amounts of tandibody in the soluble fractions. The
corclusion from this experimentisthat @ E LINB & & A 2 y  fF203vadwnet found tb (i K

2, oA AL A

AYONBIF &S &a2ftdzoAfAdGaLINRNI NBY2PESB R -Gl 2 PCt

. A

chapter 5% C dzNJi K SNJ S E LIS NR& Y S ygp2R0 réakteabodt® pgigewi. & A St R

QX
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b Apoplas‘[ic wash  Total solu?le protein
a) ) [ wgp120 eVl [ tgp120 ev) 2008
kDa 8p120
tgp120  EV TGFP
97 ’
kDa
64
64
51
51
39
39
Supernatant Pellet
c Elution fractions d) [ TGFP + ! wgp120+/ T GFP+X tgp120+
flow- | g - g - y X 3 x
through Pind wash™ 1 2 3 2 5 6 COFP gep  TEPI20 o150 TOFP Gpp TBPI20 gpng
kDa re kDa
o
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97
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51 o— . -— -
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Figure 6.2 _-gp120 and gp120 can be expressed in plarday.AnttHBcAg western blot of plant extract soluble

FNI OQiA2ya-IBMUINEAEKEISYLIi & @BORD)iANNplOIRAWSieMBlbt of aplasticivasd NJ _
0fSTUO IyR G2GLt a2ftdzotS LIpReSE theemptNdedok cotrol TENR The Z0Grg @ S a
of gp120 used as an internal control is commercially obtained gp120 produced in insect cells, wisiicts ¢ie size
difference due to glycosylatiort) AntiHis western blot of the different fractions of Hiag affinity purifiation of
plant-produced gp120d) Western blot obupernatant(left) andresuspended pellefright) fractions of plant extract
exXLlINB & $GKRE Blgpl20 alone or cexpressed with its cognate antigeTihis is the same blot as showrfigure

5.3.

¢2 AYy©@SaidA IplizBwassdbls to KoBINTLPs, a lasgale extract of leaf material

was partially purified on a sucrose cughiand the interface fraction (between the 25% and

T/HE: &dzONRasS tF&@SNRO gFa | yl-gpa2d Siees indeed forna @ ¢
particles, and that these particles can be produced and extracted from plant material in much
0KS &l YS-GHP(F§. 6.3 & | a-GRPICURS (sekapter 5), the surface spikes of
HBcAg are not clearly defined, and a minority of these particles adopt T=3 conformation
(arrows). Moreover, it was found that these particles are stable in PBS for at least 6 months at

4°C Hg. 6.3).
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Figure6.3 plant-LINE R dzgp32R forms stable CLPE.SFANMMH A /[t & LINRPRdzOSR-gphZ02y S Ay
CLPs after storage for 6 months at 4°C. Arrows indicate T=3 particles, scaleldE06 nm.

The observation that 6§ E LINB & &gjp120/witi2gp120 does not improve solubility or yield
2F3ILIMHAN Aa y20G O2yOf dzaAdS SOGARSYy OSgp22Bcah I O]
bind gp120in vitro, further tests were carried oufThefirst test was a sucrose gradient, in
GKAOK mMon x3 27F 02y 0SLivNiIAGEPRWdicbryfdd) Avais niReéd withS A (i K
8 ug of commercially obtained recombinant gp120 (CFAR, NIBSC). This mixture was then run
on a continuous sucrose gradient,dathe fractions were analysed by duplicate western blots
probed with either antigp120 or antHBcAgantibodies Hg. 6.4). Becausthe recombinant

gp120 is produced in a baculovirus expression system, it runs at about 90 kDa instead of the
native 120. Foboth coinfiltrations, signal corresponding to gp120 was seen to be present in

low- to mid-concentration sucrose fractions, with signal corresponding to the tandibodies
being present in migoncentration sucrose fractions. The results were largely incsive

because gpl120 was found to migrate into the sucrose and partialpoatise with both
tandibodies. However, theeb 2 OF f A&k GA2y gl a y204 O02YLX SG4S3 |
gp120 bound strongly to gp120. So this result suggests that if thete A Yy G SNI Q4 A 2y

gp120 and gp120, it is probably very weak.
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T-gp120 + gp120
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Figure 6.4 Sucrose gradient pullown of gp120 by tandibodiesCommerciallyobtained gp120 was mixed with

partially purified planipprodud S RO Ct 6 f SgpiR0 (rightydefore being loaded onto sucrose cushions. After
ultracentrifugation, the gradients were fractionated and the fractions were analysed by duplicate western blots
probed with antigp120 (top) or antHBcAg (bottom) antibdies. The gp120 is heavy enough to penetrate the
sucrose, anditcdl 2 O t Ad8a gAGK 020K 0GFyRAO2RASAY a2 ygpr20z2y Of dza

K2R dza SR -gfil20 to\gp@Giad anELISAS The profooh y 3

w»

Ed

w»
w»

¢KS vy

YSi
R &I BSNE &AYALf I N (2 -GFRIGFP @k fghre 5i@xce® S G S NI

Q)¢
w»
QX

dz

that the positive control was commercially obtained gpl120 coating the wells directly, as
opposed to a sandwich ELISA. The wells were coated with 200 ngadesgashiorg, purified
tandibody or commercially obtained argp120 polyclonal antibody; and the amount of gp120
added per well ranged from 1.5612.5 ng. The goal was to have an excess of
tandibody/antibody compared to gp120. Average signals for eaghtrinent was subtracted
from the background signal as determined by control wells where no gpla0 added.
bSAGREMH Y@ARIontfoIShowed signal above background, whereas the positive
control showed signal which decreased in proportion to the decreasing gp120 concentration,
although this signal was quite low general(Fg. 6.5). The rgult of this experiment indicated

0 K I-gp120 does not interact with gp120.
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ELISA detection of gp120

0.110
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0.050 —+—1-GFP + gp120

OD4ey

=8~ 1-gpl20 +gpl20

0.030 =dr—pgp120 coat

0.010

0.010
12.5 6.25 3.125 1.56

gpl20(ng)

Figure6.5 _-gp120CLPslo not bind to gp120 in an ELISRartiallyLJdzNR D $ R kgglR0 CLPs were used to
coat the wels of a 96well plate in order to act like antjpl20antibodies in a sandwich ELISA. Ryp&20(obtained
commercially was added at a range of concentrations to the wells andgih®20was detected with a polyclonal
anti-gp1201gG conjugated to HRP. Agasitive contro] gp120 was used to coat the wells directhbsorbance
measurements indicated the amount gb120present in each well. Treatments were carried out in quadruplicates
and average readings were subtracted from background to give net siydlle wells coated with gp120 gave
signal in proportion to the amount of gp120 used, those coated with tandibodies didErobr bars represent
standard error.

This negative result suggested that the edtLIMH 1 Y | YV 2 6-gpbR8 is BoyTunctiénsl.
There are two reasons why this might be the case: either the plant expression system is not
conducive to proper folding of this nanobody, or the fusion of this nanobody to the tandem
HBcAg affects its ability to bind its cognate antigen in some way. ®hbld be through
improper folding, or because it the presence of the CLP does not allow the nanobody to dock
properly with its binding site on gp120, which is predicted to be the inside of the cavity under
the bridging sheets ofp120(Strokappeet al., 2019. Toinvestigate this, the anjp120 Al2
nanobody sequence was cloned imiBAQHTusing the Agel and Smal restriction sites in order

to produce a 6XHitagged version of the A12 nanobody. The resuliBQHT-A12His vector

was expressed in plants. A small seat@&raction followed by Higag affinity chromatography

was carried out, and the fractions from the chromatography were analysed on a western blot

probed with an antiHis antibody(Fg. 6.6). This revealdoiands of the expected size (15 kDa)

116



Chapter 6 Adapting tandibodydchnology to display antigens of medical relevance

for the nanobody in the total soluble protein extract, as well as in the two elution fractions.
Very little signal was seen in the fleétwough or the wash frawns, indicating that most of

the A12His protein binds to the nickel column, indicating that the-tets is exposed. A faint
band at about 30 kDa was seen in the first elution fraction, indicating possible dimerisation of

the A12His protein.

His-Trap FF crude column

[ Flow-
kDa TSP throush wash Elute 1 Elute 2

39

28

19

10— e

Figure6.6 The Histagged A12 nanobody is expressed in plant$ie A12 nanobody was produced in plants using
the pEAQHT vector with a @erminal Histag. The total soluble protein (TSP) containing recombinantiAi$2vas
used for nickel column affinity purification. The different fractions were analysed byH@tivestern blot, which
revealed that the Al:His protein can be purified in this manner, indicating that thetkiisis exposed.

As an initial test to chek binding of planproduced AlZHis to gp120, cobaktoated magnetic
beads (Dynabeads, Life Technologies) were used in alguit assay. The Hiagged Al12
nanobody was fixed onto the beads, and these beads were used to pull down 10 pg of
commercially obained gp120 (NIBSC). As a control, unbound beads were mixed with the same
amount (10 pg) of gpl20, to make sure that any apparent binding of gp120 was to the
nanobody, and not directly to the beagfg. 6.7). The differenfractions were analysed by

duplicate antigp120 and antHis western blots. This revealed that gp120 (90 kDa) could be
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pulled down by the beads coated with the nanobody, but not by the uncoated beads. This

indicates that planproduced AlZHis does indeed bind gp120.

A12-His + gp120 pull-down gp120 alone control
r A . A
A12 A12 A12 A2+ A12+ A12 A2 gb120  gp120 gp120  gp120
crude unbound  wash gp120  gp120 +gp120 +gp120 ynphound  wash elute beads
kDa extract unbound  wash elute beads
97
64
51
19

14 & - -. € — AL

Figure 6.7 The plantproduced A12His nanobody binds gpl120 in a Dynabead pidwn assay.Cobaltcoated
magnetic beads (Dynabeads) were coated with-AMi®and used to pull down gp120. The gpl28coalised with

the A12His nanobody in the elution fractiofelute), and on the beads after elutiofibeads) As a negative control,
unbound beads were usk and these did not bind significantly to gp120 (unbound fraction). Fractions were
analysed by duplicate western blots probeith anti-gp120 (top) and antHis (bottom) antibodies.

To investigate this binding inaere detail, an ELISA was set up to compare binding oftid 2

Iy Ryp120 to gp120, using a standard sandwich ELISA with commercially obtained polyclonal
antibodies as a control. This experiment differs from that shamfigure 6.4 inthree ways.
Firstly,the positive control in this experiment was a sandwich ELISA in which gp120 was added
to wells already coated with commercially obtained agpil20 polyclonal antibodies (as was
donein figure 5.8). Secondlynuch more protein was used to coat the welfstlee plate: 500

y'3 LIS NJ-gh120, Al2HsFor antigp120 polyclonal antibody instead of 200 ng. Thirdly,
much more gp120 was added to the wells after blocking:48® ng instead of 1.56.2.5 ng.

The results revealed net signal that decreases conimtly with the decrease in gpl120
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concentration Fig. 6.8). All nesignals are relatively low, and the signal frarells coated with
_-gp120 is lower than the signal from wells coated with Ali2 which is itself lower than the
signal corresponding tthe commercially obtained antjp120 antibody. This is consistent with
some lowlevel binding of both A12 A & -hpf AR, although ALBis seemed to bind more

a 0 N2 y 3 tgpl20iakhiglyer concentrations of gp120. It should be noted however that the
amounts of protein used to detect this lo¥evel binding are logs higher than what one might
normally expect to use in an ELIG#%e figure 5.8). This madubtaining the appropriate

FY2dzyd 2F YIFIGSNAFE RAFFAOMA § BHWSYy (KS 26

ELISA detection of gp120
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0.120 |
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,
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a 0.080
(=]
——-1-gp120+gp120

|

0.060

—i&—gp120 sandwich
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0.000
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Figure6.8 gp120binds to A12His more strongly than to-gp120CLPsbut not as strongly as to a commercially
available antigp120 antibody.PartiallyLJdzNJA FHLERELPs (orange) and Adid nambodies (red) were used to

coat the wells of a 98vell plate in order to act like artip120 antibodies in a sandwich ELISA. As a positive control,
a polyclonal antgp120 IgG was used. Pure gp120 (obtained commercially) was added at a range of conoentrati

to the wells and the gp120 was detected with a polyclonal-gpfi20 IgG conjugated to HRP different to that used

to coat the positive control wells. Absorbance measurements indicated the amount of gp120 present in each well.
Treatments were carried dun quadruplicates and average readings were subtracted from background to give net
signal. All net signal was low, despite using large quantities of proteirHA&1&howed stronger binding to gp120

i K I-gp120 did, but this was weaker than gp120 binding to the-gpi20 IgG. Error bars represent standard
error.
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IV-%@DOAOOEIT AT A AEARAWEAOEOAOETT | £ 2

A smalscale extraction was carried out on plant leaves separately expresiimgy pEAGHT

_-p24 or pEAQHT-p24. The soluble protein fractions were then analysed on western blots
using antiHBcAg or anp24 antibodies(Hg. 6.9a). This analysievealed that both proteins

were expressed: 0 I YR 02 NNP24 (52 7 KRAWwisTseen &longside a napecific

band that was also present in the empty vector contcoinfiltrated leaf tissue. A band
corresponding to p24 (24 kDa) was seen in plant tissue expressing this protein, along with
another band (about 48 kDa), which was silered to be a sign of dimerisation. Because co
SELINBaaDAZY [2ylR DCt KI R NBadzZ 6§SR ANCtAFAONES | &4 SR
coSELINB&EASR 6AG-BCLHRY R B Ak Bpd 2. Smathle extractions
followed by westernblot analysis of the wgpernatant (soluble) and resuspended pellet
(insoluble)fractions were carried oufHg. 6.9b- this is in fact the same western blot as shown

in figures 5.3 and 6.2d). Thisrevealed 6 I Y R 02 NN@g2& (5RYKkR4) presentiilde

QX

AyaztdotS FTNIXrOGA2Y odzi y20 ©OArAairotsS Ay 4KS
gp120. Moreover, the 6& E LING & 3pR42wjth p24F(last lane on both blots) did not visibly

increasethe & 2 f dzd Ai24 Guithendre, itiscléd) (G KI S E LINBpaddafehof SO ¢
4 KABGt oACdNIKSNJ SELISNA NS LSt RE WS FghlBARAE i K NI d

ug/g FWT.
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wp24 BV p24 EV
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“GFP ©gp120 T-p24+ » T-GFP + -gpl20
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-p24
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51
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Figure6.9 _-p24 and p24 can be expressed in plantg) AnttHBcAg western blot of plant extract soluble fractions
S E LINS 3244 p24 or the empty vector control (EW). Western blos of supernatant (left) and resuspended
pelletd6 NA IKG0 FNI OGAZ2Yya 2GFR_Lgp1RGY (i 2pBUaIGNNDr CoexpréskedIvi dtsicbgyidle
antigen. This is the same blot sisown in figure5.3and 6.2d

¢2 RSY2yaddni S 20Navpad witH andawithout ceexpressed p24 was partially
purified on a sucrose cushion with layers of 25% and 70% seiciiche interface between
these two regions was collected and inspected by electnoicroscopy fig. 6.1Q. This

NB @S| t Sp24 dodslindleed form particles in plants, and that these particles can be
produced, partially purified, and detected by usifg$ & YS LINDECH 2 OgyiR0. | &
a2NB2dBME /[t & FNB Ay RAGti AgyNNgLAsSKIhderfstandaFdNTEM
conditions, including a similar preference for T=4 conformation over T=3 (arrows). There may

be some evidence of a differenceb& S Sp?4 CLPs produced alone or-@&xpressed with
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p24: it seems that the CLPs produced fromegpression have a more pronounced knobbly
morphology with less clearly defined spikes and apparent material projecting from the surface
of the CLPs, as com@aR 22 CLPs producedone (see figures 5.4 and $.3his could be

Fy AYRAOIFIGAZ2Y 27F LM4p24CUEPY, Bt itisdoy tozneainKcBneldsiieNF | O S

Figure6.10 PlantLINE R dz(28 RFrmsparticles in plants when expressed alone or with p24.S F-i2¥ CLPs
LINE RdzOSR | f 2y S -p2\CLPkJIbbtaiyiail drabn expke3siori with p24. Arrow indicates T=3 particles,
scale bars are 100 nm.

Once particle formation had been establisheéle functionality of the antp24 nanobody
Y 2 A S (i-g24 @a3 studied. A sucrose cushion experiment similar to that descritwthpier
5 was carried out. Briefly, plant leaf extracts from-xo/ ¥ A f (i NLX k 2 yYOBPNB B _
control) and p24 were mi on sucrose cushions, and after ultracentrifugation, four fractions

were collected: the supernatant (s), the top of the 25% sucrose layer (T), the interface
between the 25% and 70% layers (M), and the bottom of the 70% sucrose layer (B). These
fractions were analysed by duplicate western blots with either an &fBicAg antibody or an

anti-p24 antibody used for detectiorfFg. 6.11). Theresults revealed that p24 (24 kDa
Y2Yy2YSN) 6FyR 2NJ ny {5 RAYSN) ol BROpartlgs (& G &4 3
ySALGAGS O2yGNBE Ay GKAA OFasSuv &aSLINFiGSa A\

NEYIAya Ay GKS adzZJISNYFGlyd 2N Fd GKS G2L 27
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migrates to the bottom of the gradien¥ery lttle p24 was detectedn the interface fraction.

This suggests that the p24 forms two discrete species, as opposed to a continuum of forms of
increasing size. The p24 capsid protein is known to be capable of oligomerisation under the
right conditions(Momanyet al., 1996 BerthetColominast al,, 1999, and the presence of 48

kDa dimer bands in all fractions indicatesitlthe sizes are due to more than dimerisation. In
Fye O &9 isdpri€senf in the plant extract, the amount of the light species of p24 is
substantially reduced, and the p24 €02 O f A &4, mdstlyiiaK the_bottom of the
cushion. This strongl & dz3 3 S &pd4i intetaétd Wiith at least the light form of p24,

presumably by binding to it and causing it to sediment at the bottom of the sucrose cushion.

p24 Tlone T-GFP +p24 T-P24la|0ne T-Pzi +p24
A

kDa{S T M B \'{S T M B \ {S T M B\{S T M B‘

64 .
Anti-

HBcAg

.
51 — H blots
51 ' v
— —— -— o= 5 .

39 Anti-
p24
blots
28

19

Figure6.11 PlantLINE R dz(P8 &fects p2 in a sucrose gradient putlown.[ S §Sa LINR RdzGGFPI L n
'y R EdunnE |_f 2p94%BEd p24Ndere preparedExtracts were subjected to sucrose cushions, amlicate

anti-HBcAg (top) and anpi24 (bottom) western blots of the different dctions were prepared When p24 is

LINE RdzOS R | {-GFP,$here &d twordiStiict speciesp®4 (24 kDa) which localise in the supernatant (S),

FYR Fd GKS o62dGd2Y 6.0 2F GKS Odza KA-p2,She NghtispoSenithed St & @
AdzZLISNYF Gl yid Ffyzad O0O2YLE S22 CEPs iweZaussdtIbid dedintent atdhd BoSainlbfh y 3 (
the cushion. S: supernatant; fbp of the sucrose cushion, Nhterface between the 25%nd 70% sucrose fractions,

B: bottom of the suapse cushion.

¢ 2 TFdzNI KSNJ & dzpRa to p2d,S sandwitik BLYSA, sighifr to that described in
figure 5.8, wagperformed. The wells were coated with25 ng of tandibodyo-LJH n -GFRAs_

a control) or commercially obtained anfp24 polyclonalantibody, and the amount of p24
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addedper well ranged from 1510 ng, the goal being to have excess of tandibody/antibody
compared top24. The presence of p24 was then detected using an-p2di antibody
conjugated to HRP (different to that used to cobetsurface of the positive control wells).
Average signals for each treatment was subtracted from background signal as determined by
control wells where n@24 was added. The results show that there is stronger net signal
LINBaSyd Ay ¢ 8dnina (&2 Iyl SR @/SHAK alihoudrthisisigrial isdolver K

than that obtained from wells coated with the commercially obtained -a24 antibody Fg.

COMHO D ¢ KA &-p24 dumds3 ® PHpPdaalthough the overall net signal was relatively
weak, and background was relativalongO2 YLJ NBR (2 GKS SELISNRAYSY

GFP and GFP (seaifig5.8).

ELISA detection of p24

0.070

0.060

N }\

0.040 \

0.030 —4—T1-GFP + p24
\\ _ —l—1-p24 + p24

0.020 T =fe=p24 sandwich

0.000 * & %

ODys,

-0.010

p24 per well (ng)

Figure6.12 _-p24 CLPs bind to p24 in an ELIBArtiallyLJdzZNA DL E R pARCLPs were used to coat the wells

of a 96well plate in order to act like arp24 antibodies in a sandwich ELISA. Pure p24 (commercially obtained) was
added at a ange of concentrations to the wells and this was detected with a polyclonapaatigG conjugated to

HRP. As a positive control, a commercially obtained polyclonapaatigG different to that used for detection was
used as part of a standard sandwiEhISA. Absorbance measurements indicated the amount of GFP present in each
well. Treatments were carried out in quadruplicates and average readings were subtracted fromobadkir give

ySi ardayl €tz KAtSH RRRp2 QLEs bouhd/dRl, altieuytEnot as clearly as theGiFf 1gG.

Error bars represent standard error.
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To further investigate binding, Surface Plasmon Resonance was used. In order ts, doGhi
terminal Histagged p24 construct was prepared in thEAQHT vector. ThepEAQHT-p24His
plasmid was expressed M. benthamiana and a largescale extraction followed by Hiag
affinity chromatography was used to determine whether the protein veapressed and
whether its Gterminal Histag was exposed. The different fractions were analysedaby
western blot probed with an anfp24 antibody fFg. 6.13). A band dhe correct size (24 kDa)
was seen in the soluble fraction of the crude extract, alafith a 48 kDa dimer band, as was
seen with non Hisagged p24. Moreover, p24His was detected in the ftavough from the
affinity chromatography as well as the wash fraction, but the strongest signal was seen in the
elution fraction. This indicates thai24His is expressed and the g is exposed, and the

protein can be purified by affinity chromatography.

EV Crugs FT wash elute
kDa extract

51
— e

39

28

Figure6.13 Plantproduced Gterminally Histagged p24 is expressed in plantEhe pEAQHT vedor was used to
produce p24 with a @rminal Histag. Soluble protein extract from leaves expressing this construct were subjected
to affinity chromatography, and th&actions were analysed on a western blot probed with an-p@d antibody.
While some 6the p24 did not bind to the column (FT, flétwough), and some bound but was washed off during

19
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the washing step (wash), most of the p24 bound tightly and was recovered during elution. This indicates that the
Histag is exposed.

This Higagged p24 coul be used for SPR by using aNYiA Biacore chip, the same as was

dzZa SR F2NJ a0 dzZRFRWGHFP @eefigBrd ¥H.a2FA 0K GKS {tw OF NJ
GFP, Dr. Clare Stevenson (John Innes Centre) prosigentguidance and help with the data
calection and analysis. The Hegged p24 (at a concentration of 3 uM) was bound to the chip
YR K Sy A-@RFnddative control) at concentrations of 4 nM were flowed over

the chip at 2, 5, or 10 pl/min, with a contact time on the chip ofieit60, 120, or 180 seconds.

The resulting sensograms were zeroed at injection of the tandibody, and these adjusted
sensograms are shown figure 6.14. These K2 ¢ | NBalLl2yasS GKIFdG- Aa O
LJH N 02 NI y 3 SGFP @rged &inés), gaiiesy of flow rate or contact time. However,

this response is only present during the injection of the tandibody: if tandibodies are binding
p24, the binding is only transient. It should be noted that all responses appear to decrease
over time, even dung injection. This reflects p24is washing off the chip spontaneously,

even as the tandibodies are being flowed over the chip. A similar phenomenon was seen with
GFP (see figure 5.9). In aogse, the binding of the tandibody to its cognate antigen is th

Ol &a$s

O

2 y i NI a G-@FP WihdNg t&Pf(se figuke(b R). te current case, binding

i 65+ 1 |-GFR cléaldbouadiGER Ve tigath. SNaRt: the only

(@]}
(7))
Q)¢

Aa ki
NB | & 2 y-p24 éah Be said to bind to p24 from this expeent is that there is a very
O2yaAraitsSyld RATFTFSNBy-08n 6By RS &Y I yGRAGOIFDRAFNE K S _
however, possible that there were slight differences in the concentrations of the tandibody
solutions, or their respective purity, andetdifference in response could in fact be bulk non
ALISOATAO aradyltto hGSNItfX (GKA&A SELSNIpZSY (G 6|

does bind p24, this binding is weak and transient.
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Figure6.14 -p24 CLPglo not bind to p24 during surface plasmon resonanédantproduced Higagged p24 was

bound to the surface of &l-NTA SPRctip I ¥y R

LI NI-BECf f & 3 NBBgorimngsd BIPs were flowed

at varying flow rates (2, 5, andJul/min) over the p24. Binding resulted in detection of Response Units. At three
different contact times (corresponding to the amount of time given to the tandibodies to flow over the p24) of 60 s

0 YA RR{-240 EsponsgR: am yghS N& & @%({Eh 21 YIOoTS A GGFP 2 y a A & (
response. Any weak and transient binding occurring during tandibody injection ended immediately after injection.

0G2LI =

¢ KS

MH

a

NE & dzf

a

GF 1 SyYHm2 REEASNI2AK DA yREFP®IndeH n |

GFP (seehapter 5), and-gp120 does not bind to gp120. However, because the overall goal of

the project is to develop a system for candidate vaccine production, it seemed worthwhile to

make extra effort to display an antigen of medical relevance tan durface of a tandibody

LJI

NI A Of So

¢ 2

0§KAA& Sy-BBP aidkhie médical iRlavyinge of {i2Z wde NI A

combined: a fusion protein was created whereby solub#ithanced GFREGFP, see Chapter

3) was fused to the ferminus of p24 via a fieble 8 amino acid long glycinerich linker
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(GGSVDGGS). This fusion construct was clone@lA®@HTvia the Agel and Smal restriction

sites to add a 6XHis tag added at thee@ninus of p24.

Coinfiltrations were set up in which the fusion protein, B@p24His, was agroinfiltrated with
-DCt-ILIvH n-p24.ANdontrols, sGEBH n | A& 61 & |t a2 Ay TGP G NI (¢
was coinfiltrated with GFPas in figure 5.6. At 6 dplargescale extractions were carried out

and the clarified extracts we loaded onto sucrose cushions and ultracentrifuged as described

in chapter 5. Theubes were then visualised under Ught (Hg. 6.15a). Thirevealed that the
fluorescence associated with SGFR4His infiltrated on its own oreb Yy FA £ (G NIgpl®B R 4 A
is visible only in the supernatant (clarified extract). But when itis g6F A f § NDECS R2 BA i K
p24, the fluorescence is visible at the bottom of the sucrose cushions. This result is entirely
O2YLI GAGES GAGK (KBCIHKEpBEarISnd oaGFRIMKh (A a2 d &dzi
gp120 cannot. Duplicate western blots of the various fractions (bottom, middle, and top of the
sucrose layers along with supernatant) were carried out with -BIBBCAg and an{p24

antibodies FHg. 6.15b). This showdtat signal associated with sGBP4His (with an expected

size of 52.4 ka) is present in all extracts in which it was expressed, and that it is subject to a
certain amount of degradation. Moreover, the majority of the signal associated with-sGFP
p24His is fand in the supernatant when it is expressed on its own 68d6 LINBE & 8 SR 4 A |
gp120. However, when sGR4His is ¢ E LINB 3 & DIt 6-pdy&he majority of the

signal associated with the fusion protein is found in the bottom fractith % sucrosexo

localising with the tandibody. The data from the UV fluorescence and from the western blot

are concordant: the fluorescence is associated with sgFMis, and this fusion protein €o
YAINF §S®HCtoA GLgHR1 Y. 06 dzll -gPI2Qi whenAtlie Kusiorprotein and the

tandibodies are cexpressed.
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Figure6.15. 2 (-RiCt

kpg4hbind the fusion protein sGFp24His.a) Leaves were efiltrated with different
constructs as indicated above each tubedatie extracts were subjected to ultracentrifugation over sucrose

cushions. These tubes were then photographed under UV light. This revealed thap2@GHP fluorescence is
located in the supernatant (clarified extracts) when it this protein is produde@ &/ S  2-§}i1l 26. Biit ihen the
fusion protein is cé5 E LINB & & DR t g4yl Kuorescence sediments to thettom of the sucrose cushioin)
The different fractions from the sucrose cushions above were analysed by duplicate western blots pithbeakivv
HBcAg (top) or an24 (bottom) antibodies. This confirmed that s@RHis cet 2 O f A DA ApBARBUL_ _

y2i apLaoK
¢tKSaS NBadzZ# 6a akKz2e¢ GKFG |
which is strong evide® GKIF G0 AG o0AyRa G2

conforming to expectations, does not interact with the fusion protein. This confirms the

020K

TdziA2yDC2 T FEARC L

Ggp12I% &
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conclusions drawn from the pedlown experiment showin figure 6.11,which suggested that

_-p24 binds to p24; but it conflicts with the results from SPR showifigure 6.14, which
adzZ33Sad SR UK O | y$24and @Smidaly bistagged p24id) @& BeStyveak

and transient.Moreover figire 6.15b shows that cenfiltration of sGFR24Hisis associated

gAGK 'y AYONBI a$s -Lwn 3 20 2dz00 KSS I Sr2(d8Mdizn (AM@ER Y ( K S
in the clarified extracts after emfiltration. This is noteworthy becausasfigure 6.9b shows,

IANBI G§SNI & A S-GHPaare HyFicallg 8 fi Hza f SR _ O2 Y LI-pRUS&RenlivBen & 2 f dz
botharecoA Y FAEf GNIF SR 6AGK GKSANI 023y GS Fy4d4A3Sy«
p24 has higher affinity for sGEBH n | A & -GRPKdbeg. If the increase in solubility in all
experiments is causeby GFP or sGFP, then it is possible that in the experiment shown in
FAIdzNBp24cdmpSTAGA FTNRBY-DEKA D S P24NHs ighier: affinity for

SGFp24His.

The bottom fractions of the e Y F A £ (i NJ-D @ 2 y Epg4iglabéli&d B_otthe western

blots in figure 6.15b) were dialysed against PBS and visualised by HEM6(16).A high
O2yOSYGNI GA2Y 2F LI NOAOEt Sa oI 3p24addtye partitleso 2 G K
aK2¢g GKS GBLAOIT (y200f &GFA daNifilds Odbind VGEMNEd 2 t 2 3
chapter 5), with the surface spikes being far less clearly defined than those on HBcAg CLPs with
no protein insert in the el loop. As expected, T=4 conformation dominates, with a small
minority of T=3 CLPs (arrows). Thizasnpletely coherent with the results shown figure

6.10, and with the conclusion that these patrticles are bound to g6z@Flis.

130



Chapter 6 Adapting tandibodydchnology to display antigens of medical relevance

Figure6.16 -DCt  kpg4RCLPs eexpressed with sGFP24His exhibitéknobblyé morphology. ¢ K SGFP (left)

Iy Ro24 (right) particles obtained from the bottom fractions of the sucrose cushions shodigure 6.15 were
visualised by TEM. These are bound to the s@HPis fusion protein and exhibit the knobbly morpholaggn

with tandibody particles, particularly when they are bound to an antigen. Arrows indicate T=3 particles, and scale
bars are 100 nm.

V - Discussion

As well as the production of a further two tandibodies, the results presented in this chapter
showed that HI\/1 gp120, p24, and a camelid nanobody (A12His) on its own, can be transiently
expressed in plants using the pEAQ vector system. This is not thénfiesthat that these
proteins have been expressed in plant tissue. The gp140 protein, which ithat&yoonstruct
containing gp120 along with the gp41 fusion peptide and heptad repeats, has been produced
in plants (Rosenberget al, 2013. Similarly, HM p24 has been produced transiently in
tobacco(PérezFilgueiraet al, 2009, and purified functional nanobodies have been obtained

from plants as welllsmailiet al., 2007 Winichayakukt al., 2009 Teh and Kavanagh, 2010

The results presented in this chapter have interesting similarities and differences compared to
those pesentedin chapter 5. The maid A Y A f I NA3{Law nAn&p24iii€lie found to form
CLPsvhen expressed in plants, indicating that tandem HBcAg seems to be a reliable scaffold
for nanobodies. However, the anajp120 nanobody did not appear to be fully functional when
displayed on tk surface of the tandem core particles. This nanobody, when expressed on its

own, unconstrained by the HBcAg particle, was shown to bind gp120, although not as well or
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as reliably as might have been expected given its publishedf K.1 nM. Indeed, it tok
extremely high concentrations of tandibody/nanobody and gp120 to detect any binding, which
indicates that this binding was perhaps somewhat forced. But this raises the issue of
comparison between the tandibody, the nanobody, and the commercially obtgiongatlonal
antibody used in the ELISA experiments. All have different sizes, spatial conformations, and
valencies, making comparisons by mass or molar amounts somewhat difficult. In order to
minimise the impact of these differences as much as possildensacious effort was made to

coat the wells with excess of tandibody/nanobody/antibody compared to the amount of gp120
added subsequently. A similar effort was made in the sucrose gradient experiment, in which

there wasan excess of fused nanobody comparedyp120.

Because the commercially obtained gp120 used for these experiments came from the same
source as the gp120 which was first used to identify the A12 nanobody, differences in gp120
sequence or glycosylation pattern are not likely to be a factdhénloss of function of the A12
nanobody. This suggests that this loss of function shown in these experiments is most likely
due to both the plant expression system, and its fusion onto the tandem HBcAg particle. One
potential factor to explain this is #t the A12 produced in these experiments (both alone and

as a fision to HBcAQ) has not been traffickdgtough the cell secretory pathway. This could
affect the folding of the nanobody, since the ER and Golgi body environments are different to
the cytosolt environment. That having been said, A12 was functional when expresEedati
(Strokappeet al,, 2012, thoughwhile bacteria do not have ER and Golgdy, the bacterial

environment is again different from that of the plant cytosol.

Another potential factor is the flexibility of the nanobody when fused to the HBcAg scaffold,
allowing it to bind an inner pocket of gp120. However, in this case it is #¢ebat the
nanobody fused to the surface of the HBCAg patrticles via long flexible linkers would have more

freedom of movement than the nanobody on its own in an ELISA, since the latter would be
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adsorbed onto the surface of the wells and be essentialwvg@nted from moving. Moreover,

the Al2 nanobody was shown tbe functional when displayed on the surface of
bacteriophage as part of a phage display libr@grsmaret al, 20089, and when coated onto

the well of a micotiter plate for ELISAStrokappeet al, 2012. The evidenceherefore
suggests that the lack of function of A12 here is mainly due to its expressigridantasystem,

with fusion to the tandem core scaffold also playing a role. These problems were not
encountered with the antGFP Enhancer nanobody descriliedhe previous chaptenn any

case, the conclusion to be drawn from this set of experimentslisi#gp120 can indeed form

LI NI A Ot Sa Ay LI I yia-GeP), bubtlattiiey do inot int@ractSiahgly Sf@&tS £ a

all, with gp120.

The situation with-LJA LIMH 1 O2 y (i NI & (0 & -g4, ivkich in Kdveial t#s& dmgsR 6 A
foundtobindpn= | fo0oSA( YGR wads ghowd todDindNIFE. Hdwdver, the results

NB f I (i $34 Bindihgto p24 were somewhat contradictory. While the sucrose cushion pull

down experiments indicated binding, the ELISA painted a slightly less convinting, mad

the SPR data are underwhelming when compared to theda®Rin figure 5.9In this sense it

seems that as the sophistication of the analytical technique used increases, the apparent
0AYRAY 3 -p26dedrdases Hav@ver, there are a fevaqgtical considerations to bear in

mind. In the SPR experime(fig. 6.m n Bp24 was expectetb bind to Histagged p24 bound

on the surface of the chip via this Ha&g. However, the Hitag is on the @erminus, and it is

known that the antip24 nanobodybinds to p24 at the @erminus. Thus, it is possible that the
physical conformation of the p24 during the SPR experiment could have had a negative impact
2y LINBaSyidldrazy 2F GKS FydArAasSyo ¢KS Fdw@mizy
p24 can kid to Gterminally Histagged p24 in solution, so failure to bind during SPR would

likely be due to the @erminus of p24 facing the wrong way rather than occlusion by the His

tag. That having been said, all of the experiments done with glamdluced p24including the

sucrose cushion putlowns and the SPR) showed that oligomerisation occurs, and there is
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literature which suggests that p24 dimerises in different conformations, including-teetl

N-to G dimerisation(BerthetColominaset al,, 1999. This means that we should not treat p24
used in the SPR experiment as a homogeneous solution of monomers, and it is possible that
the p24 is being pieented in a variety of conformational states in both liquid and solid phases.
Moreover, due to lack of availability of material, the concentration of tandibody used in this
{tw SELSNAYSyild 6Fa n yaz 6KAOK Aa -OFEzOdingt 2 6 SN
to GFP. A low concentration of tandibody would be expected to result in low signal, but it
should still allow a difference to be seen between the test tandibody and the control, and it
should still allow the characteristics of the interaction beemetandibody and antigen to be

GA &adz £ A aS R dp4lidip24oHway tighit, yha respdnse _curve would not be expected to
drop completely after the end of tandibody injection, regardless of concentration. This adds to
the overall conclusion to be drawinom the SPR experiment, which is that in that particular

Ol aSI 0 /H3amiadfthere was any at all, was weak and transient.

In contrast to the SPR results, other assays present a far more optimistic picture of interaction
0 S i 6 Sp84/and p2. In thefirst sucrose cushion experimerfig. 6.11), the distribution of
LHn OGKNRdzAK2dzi GKS RAFFSNBYUG FNI OGA2yp24 1 FGSN
is present compared to when it is not. In the second sucrose cushion experimémtthei
sGFMp24His fusion proteinHg. 6.15b), the interaction is even clearer. The most parsimonious
SELX Iyl GA2y -p2biddsidpRéandicauses K to Gediment to the bottom of the
sucrose cushion. In the ELISA experiméigt 6.12), thesignal seen is as would be expected
for a tandibody that binds relatively weakly: consistent net signal which is higher than that
seen in the negative control, and which decreases with the decreasing concentration of p24.
However, the caveat with the ELISAperiment is in the strength of the net signal: the
background noise was high, leading to very low net signal after subtraction of background for
each treatment. While the end result should still be reliable, the data is not of the same quality
as the EISA described in figure 5.8.
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The apparent difference between the results of the different binding assays could reflect the
differences in how the p24 is presented to the tandibody. In the sucrose cushion experiments,

the two moieties are present togethen the leaf tissue after canfiltration, and in the leaf
SEGNI OG I FGUGSNI KI NBS&aldd ¢KAA& YSp2fiaa ligid-phaseLn n 7
in vivofor days at 25°C prharvest and hours podtarvest at a range of temperatures (mostly

at 4-8°C from grinding of the leaves to ultracentrifugation). In addition, there is no steric
O2yaldNI Ayl 2y K2 g -pRdralthough-ityalsoAmeéans tNaill 6f fhe gRA ridafy

y2iG 0SS LINBaSyiSR Ay GKS 2LIAYL f-p2@2nyHe EINSA) (A 2y
commerciallyobtained, p24 is presented to the tandibodies in solution, with complete
flexibility in terms of how it can bind to the nanobodies. The tandibody is then in contact with

p24 for two hours at 37 °C. In the SPR experimentp2¥had a @erminal Histag, was fixed

onto a solid phase (the chip surface), and was not necessarily in a single conformation due to
oligomerisation. Moreover the tandibody had, at most, 3 minutes of contact time at 25°C with

p24. These differences iKtS & I &-p24i i made to interact with p24 in these different
experiments may explain the variability of the results. It is still possible, however, to conclude

0 K -4 does interact with p24, but this interaction is not as strong as the interaction
0SU6SSy {FER MdreyvBr, the dashownin figure 6.15provide proof of concept for
presenting a protein on the surface of a tandibody via a fusion partner which acts like a tag to

link the protein of interest to a tandibody which displays a namybthat does not recognise

the protein of interest. This could be of crucial importance for displaying a protein for which

there is no stronghbinding nanobodies available.

Ultimately the data presented here show that tandibody technology is generibeirsénse

that any nanobody is likely to allow particle formation when fused in ther@inal loop of a

tandem core construct. However, the yield of recovered tandibody particles will not always be
identical from one tandibody to anotherfigure 6.9b cleaf & aK2ga G4aEP G Y 2
I OO0dzydz F GSa Ay LI -3/0v Hf npLa@ihéught-fijre 6r15brRlggestdisk |- Y
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this may depend on what proteins are bound to the tandibodies. Moreover, the capacity for
the tandibody to bind to its cognate antigésinot a given, but this may be overcome by using
a common peptide tag which could be added to antigens of interest, and against which a

functional nanobody could be used.
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Chapter 7 : And now for something completely different
Producing a human enzyme in stable t ransgenic plants

| - Introduction

This chapter will describe the use afderivative ofthe pEAGHT vector systemto produce
stable transgenidN. benthamianawhich constitutively produce a human enzyme of medical
relevance: human gastric lipase (hGL)d&gese of the difference between the work presented
here and thework on HBcAg presented previous chaptes, and in the interest of clarity, this

chapter will contain its owsection onmaterials and methods.

Human gastric lipase is a human stomach ereywhich catabolises lipids in food by
hydrolysing triglyceridegVille et al,, 2002. There is potential for this enzyme to find uses in
biotechnology, forin vitro digestion studies, as well as in medicine, such fas enzyme
replacement therapy in patients suffering from pancreatic inisighcy. Indeed, patients
suffering from this condition (which is often part of a broader condition such as cystic fibrosis
or pancreatitis) have a more acidic smaller intestine, which decreases the efficiency of
pancreatic lipase. Gastric lipase, with & pptimum of 4, is still functional under these
conditions, and can partially compensate for loss of pancreatic lipase a¢fNitgmset al.,

1987 Carriereet al., 2009. This enzyme has previously been transiently expressed to high
levels inN. benthamianausingthe pEAQvector systemVardakou et al., 2012 The objective

of the work presented hergvas to develop twatabletransgenic lines di. benthamianapne

of which was to express h@it (unmodified hGL)while the other was to express h@iHis

(hGL with a @erminal 6XHis tags an aid to purification The ultimate goal was to produce
transgenic lines that can be easily propagated and @sedsteady supply of recombinant hGL
for research purposed.he original plasmids that had beenedsfor transient expression were

unsuitable for the production of such stable transgenic lines because they contain the wild
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type P19 suppressor of gene silencing, which is developmentally toxic to Gmiet al,

2000. The approach adopted was the use of the pEAQ vectors containing a modified version
of the P19 (mP19) suppressor of silenc{Bgxenaet al, 2011, which retains the ability to
suppress silencing but is not developmentally toxigenetcally stable, true-breeding
transgenic lines were obtained for both constructs, and these transgenic lines were shown to

produce active hGL.

Il - Materials and Methods
A) Cloning

The plasmidsencoding mP19 and either native ort€minally Histagged hGLpEAQHTM-

hGLwt and pEAQHTM-hGL-GHis respectivelywere derivedfrom pre-existingpEAQHThGL:

wt and pPEAQHT-hGLGHis plasmid¢Vardakouet al., 2012. The modification equiredonly a

singlenucleotide change in the P19 suppressdrsilencing geneto changearginine 43 to
tryptophan to create mP19. Thisliminates the developmental toxicitylbeit at the cost of
reduced yield of recombant protein (Saxeneet al,, 2011. This mutagenesisas carried out
with the XLSiteDirected Mutagenesis kit (Stratageni)r both plasmidsThe introduction of

the correct mutation was confirmed by sequence analysis.

B) Making transgenic plants
Plasmids pEAHTM-hGLl-wt and pEAGHTM-hGL-GHis were transformed intd\.. tumefaciens

LBA4404 andested in an agroinfiltration transient expssion assay to confirm that they
retained the ability to direct the expression of &t and hGEGHis. Smalscale extractions
were carried out on agroinfiltrated leaves and the soluble protein extracts weatysed by
SDSPAGE. Once the constructs were confirmed to be functiddabenthamianaeaf-discs
were transformedusing the method described iHorsch and Kle€l986) in order to create

stable transgenic linesBriefly, N. benthamianaleaves were washed in 5 % (v/v) bleach
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followed by70 % (v/v) ethanbbefore leaf discs were cut out using a cork bamze number

7). These were then incubated for 24 h in constant light at 25 °C oxglhesing agar plates.
These were composed of Murashige and Skoog (MS) @6 (w/v agar, MS salts, 3% sucrose

in 3mM MES buffer, pH 5)&upplemented withl pg/ml BAP (benzyl aminopurine); 0.1 pg/mi
NAA (naphthalene acetic acid) and organic supplements (0.5 pug/ml nicotinic acid, 0.5 pg/ml
pyridoxine, 0.5 pg/ml thiamine, 0.5 pug/ml glycinghe leaf discs were then ¢igd in a liquid
culture of A. tumefaciensfreshly grown without antibiotics but containing the appropriate
plasmid. The leaf discs were then placed on freshgaldising plates. After 48 h, the leaf discs
were transferred to fresh preallusing plates wbh contained500 pg/ml carbenicillin(to
avoid contamination of the platesnd to eliminate the agrobactefjand 100 pg/ml kanamycin

(for selection of transformed tissue). AfterS3weeks, shoots begaw appear on the growing
calli These were exciseahd transferred tosterile plastic rooting potsontaining precallusing
medium with only 0.6 %w/v) agar andacking the BAP and NAA hormon&$otographs of

the different stages of transformation are shownfigure 7.1. All material on precallusing
medium or in rooting pots wagrown ina controlledenvironment cabinet with 24 h light at 25

°C. Once roots had developed, the plantlets were transferred to soil and grown in the

glasshousesge hapter 2).
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Figure7.1 The different stages of transformationN. benthamiandeaves (top leftwere used to obtain leaf discs,
which were incubated on precallusing medium. These devetapinto calli, until small shoots appesd (bottom
right plate). These shootsere excised and transferred to a rooting pot (bottom left), where roots devetbpnd
the plantlet grewuntil it waslarge enough to be transferred to soil.

C) Obtaining homozygous lines from primary transformants
In order to obtain homozygous lines andregenerate these for analysis, all transgenic plants

were selffertilised. Flowers were taped shut before they opened and only seed from taped
flowers was used tgrow the next generationHg. 7.2a). Transgenic seeds were grown in the
controlledenvironment cabinet on MS agar with 100 pg/ml kanamycin for selection of
transgenic seedsHQ. 7.2b). After 3-4 weeksthese were transferred to soil in the glasshouse.
Homozygous lines were identified by analysing the kananrgsiistance of progeny seedlings:
kanamycin is toxic to seedlings, and causes the cotyledons to bleach. The pEAQ vector used to
transform the plants contained a kanamycin resistance gene in tB&A, so transformed

plants are resistant to kanamycin. Simple Mendelian genetics thereforesaittemtification of
homozygous T1 plants by analysing the percentage of bleached T2 seedlings obtained from

seltfertilisation of a T1 plant.
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Figure7.2 Using antibiotic selection to determine seedling zysjty. a) Developing flowers of transgenic plants are
taped shut before they opeto ensure selfertilisation.b) The seeds obtained from sédfrtilised flowers are sown

on agar plates containing kanamycin. Transgenic seedlings carry the kanamyst@noesiselection marker and
develop normally, whereas nemansgenic seedlings undergo bleaching and die. T2 seedlings from a homozygous
T1 parent plant will all carry the kanamycin resistance gene, so 100 % of the seedlings will survive. However, only 75
% of T2 seedlings from a heterozygous T1 parent plant will carry the resistance, so the remaining 25 % will bleach.

D) Verifying hGL expression and activity
In order to test the different lines for hGL expression, apoplastic washes were carri¢skeut

chapter 2)usinghGL extraction buffer: 90 % buffer A (50 mM NaOAc pH 4; 200 mM NaCl; 1 %
(v/v) Triton X100) and 10 %v/v) isopropanol. The apoplastic fluid was then heabcked at

40°C for 10 minutes in order to denature plant proteins present in trepkgst, centrifuged to
pellet insolublematerial, and the supernatant was then used to analyse protein content by
SDSPAGE analysis (seshapter 2, or by a simple lipase activity assay, by measuring
fluorescence released by hGL digestion of the reportdrsgate methylumbeliferyloleate
substrate (MWoleate, see Vardakowt al., 2012. The activity of two hGWt lines was tested
quantitatively by grinding transgenic leavesi@Lextraction buffer(described above¥iltering
through muslin cloth, claging the extract by centrifugation at 9,000 x g for 10 min, then
analysing the extract on a p#fat Titrino (718 STAT, Metrohm, UK) using the short chain

triacylglycerol substrate tributyrin as describedvardakouet al. (2012).
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[l - Results

It has previously beeshown that hGL can be producedNh benthamianahrough transient
expression usinghe pEAQ vector systerfVardakouet al, 2013). This previous work had
involved the creation opEAQHT-hGL-wt, which does notncode aHistag, andpEAQHT-hGIL:

GHis, whichincludesa Cterminal His-tag. Vectors for stable transgenics could therefore be
easily produced by simply mutating the P19 suppressor of silencing on these extant plasmids
(Saxenaet al, 201]). Sitedirected mutagenesis was carried out on bt l-bearing plasmids

and sequencing of the mutated region of tR49 geneconfirmed that they contaied mP19

The ability ofpEAGHTM-hGLwt and pEAQGHTM-hGLCHis to direct the synthesis of hGL was
tested alongside their parent vecto@EAQHThGLwt and pEAGHT-hGLGHis, respectively)

by transient expressionAfter 7 dpi,soluble fractions obtainedrém smaliscale extractions
were analysed by SEFBAGE (Fig.3). While thepolypeptide chain of hGL is expected to have

a size of 45.2 kDa, the protein is secreted ghatosylated, making it appear closer to 55 kDa
on an SD®AGE gel. The extracts froeaves infiltrated with the mP19 forms of the plasmids
showed expression of a protein of the expected size which was not present in the empty
vector control plant extract. The amounts of hGL wkneer thanthose seen in plant extract
from leaves infiltratel with forms of the plasmids containing witgoe P19. This is consistent
with the expected decrease in yield of recombinant protein which is known to occur when

switching from wildtype P19 tanP19(Saxenaet al., 201J).
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Figure7.3 hGL can be transiently expressed in plants with both wijge and mutant P19Smaliscale extractions

were carried out on leaves that were agroinfiltrated with pEAQ vectors containingvh@hd hGEGHis constructs

with either mutant HTm) or wildtype HT) P19 suppressor of silencing. The soluble fractiongwealysed by SBS
PAGE alongside purifigant-producedhGL(1 and 0.2 pg, kindly provided by Dr. Maria Vardakmg extract from

plants infiltrated with the emptyvector control. A band of the appropriate size (about 55 kDa) was seen in extracts
from plants expressing hGL, but not in extracts from plants expressing the empty vector control. Clearly, yields of
hGL are higher in plants infiltrated with a plasmid bearing 4yifte P19 than in plants infiltrated with a plasmid
bearing mutant P19.

Once theplasmids were shown to be functionakaf discs (32 for each construct) were
transformed with eithepEAQHTM-hGLwt or pPEAQHTM-hGL-GHis Because hGL is expected

to be secreted and stable in the apoplast, apoplastic washes were carried out on leaves of
regenerated plants in order to test for expression of hGL. These washes were analysed by SDS
PAGE (Fig.4). This revealed that a protein of the expected size was visible in the apoplasts of
all of the TO lines tested (with the possible exception of-WEline 9), with no protein of a
similar size detected in the apoplast of a Amansgenic control planfThe results also indicate

that relatively pure hGL can be obtained from apoplastic washes, as compared to soluble

protein extracts shown in figure 7.3.
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Figure 7.4 Apoplastic washes reveal hGL expression in TO transformaAfplastic washes were carried out on
leaves from 6 hGlt primary transformants and 4 h@LHis primary transformants, along with nontransgenic
negative control plant. These washes were analysed byP#E, and hGL was detected in all lines excepthiGL
line 9. It should be noted that the plants (and the sampled leaves) were not all the same age when sampled.

Apoplastic washefrom the hGkwt TO plants were then used for a nguantitative lipase
activity assay based on a synthetic fluorescent lipid analog {Mé&Hte). The positive control
was an apoplastic wash from a leaf transiently expressingwtGand the negative contd

was an apoplastic wash from a ntmansgenic leaf. This revealed that all lines tested produced
active lipase, including line 9, for which the actual amount of hGL produced had been

undetectable by SDBAGE analysis aboffg. 7.5)

144



Chapter 7Producing a human enzyme in stable transgenic plants

Figure7.5 MUF-oleate digestion assay reveals that apoplastic washes from all W&O0 plants contain active
lipase.Apoplastic washes from primary transformants expressingwlkere used in dluorescencebasedlipase
activity assayvhich relieson digesion of the synthetidipid analog MUfoleate. Because the MUsleate could not

be added to all apoplastic washes at the same tiare] because fluorescence could not be measured immediately
after injection, the evolutia of fluorescence through time is not comparable between lines. Numbers indicate the
number of the transgenic plant, +ve ctrl is apoplastic wash from a transieatigformed leaf, andive ctrl is
apoplastic wash from a nemansformed leaf.

The hGiwt and hGEHis TO lines were séfértilised and plants from the T1 generation were
also selffertilised so that the seeds could be used to determine which ofTthelants were
homozygous: the segregation pattern of T2 seedlings is visible on kanaooytaning agar
plates, where nosiransgenic plantlets die rapidly after germinatiaseé figure7.2b). For hGL

wt TO, lines 2, 4, 6, and 10 were tested for homozygous T1 offspring in this way, and
homozygous offspring from both plants 2 and 10 were identifiddmozygous T1 plants 2.06
and 10.03 were selected for transgenerational gene stability studies. FGHIGIIO lines 6,

11, and 14 were tested for homozygous T1 offspring, &odhozygous offspring were
identified from plants 11 and 14domozygous T1 plag®.06 and 10.03 (for h@Gut), along

with 11.08 and 14.0%or hGLGHis)were selected for transgenerational gene stability studies.
These consisted of sd#rtilising the plants and analysing the offspring for presence of hGL by

SDSPAGE analysis of tlepoplastic fluid. The two h@At lines were propagated for a total of
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