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ABSTRACT

The HIV-1 envelope glycoprotein (Env) is the primary focus of prophylactic HIV vaccine
development. However, the unusually low density of Env spikes on the virion (=14
spikes/virion) is unfavourable for eliciting high titre, long-lasting antibody responses. It is
possible that increasing the Env spike density of particulate vaccine candidates generated by
protein body formation or via the display of Env on nanopatrticles could improve the induction
of long-lasting neutralising antibodies (NAbs). For this thesis, two different nanoparticle
approaches were therefore investigated. The HIV-1 Env sequence used for both approaches
was derived from the superinfecting subtype C CAP256 virus. This was truncated to remove
the transmembrane domain, and engineered to contain a flexible linker (FL) in place of the
furin cleavage site and an I559P mutation to generate soluble, stable and cleavage-
independent gp140 proteins.

The first approach investigated the impact of genetically fusing a 27 kDa proline-cysteine-rich
domain of the y-zein maize seed storage protein - Zera® - to either the N- or C-terminus of
CAP256 gpl140. Fusion of Zera® to a protein of interest can promote the self-assembly of
large protein bodies (PBs) containing the protein of interest, thereby improving yields of the
recombinant protein and enabling easy isolation using gradient ultracentrifugation. The
purification of Zera-induced Env PBs from infiltrated Nicotiana benthamiana plants was not
optimal. Consequently, the generation of Zera®-induced gp140 protein bodies was evaluated
in a mammalian expression system. Stable HEK293 cell lines expressing Zera®-gp140 or
gpl40-Zera® were generated. A mixture of small PB-like structures was observed in cells
expressing gpl40-Zera®. However, no PB-like structures were seen in cells expressing
Zera®-gpl140. The immunogenicity of Zera®-gpl140 and gpl40-Zera® was evaluated by in
rabbits. Binding and Tier 1A neutralising serum titres were higher for gp140-Zera® than for
Zera®-gpl140. Neither gpl40-Zera® nor Zera®-gpl40-specific sera neutralised a Tier 1B
pseudovirus or the autologous Tier 2 CAP256SU pseudovirus, suggesting that Zera® might
have compromised the structure of the Zera®-tagged gp140 proteins.

The second approach investigated the two-component SpyCatcher/SpyTag technology. The
stable HEK293 cell line expressing CAP256 gp140-SpyTag (gpl140-ST) was generated, and
trimers were purified to homogeneity using gel filtration. SpyCatcher (SC)-AP205 VLPs were
produced in E. coli and purified by ultracentrifugation. The gp140-ST trimers and the SC-
AP205 VLPs were mixed in varying molar ratios to generate VLPs displaying the glycoprotein
(AP205-gp140-ST particles). SDS-PAGE, dynamic light scattering and negative stain electron
microscopy indicated that gp140-ST was successfully bound to the VLPs, although not all
potential binding sites were occupied. The immunogenicity of the coupled VLPs was evaluated
in a pilot study in rabbits. One group was injected four times with coupled VLPs. The second
group was primed with DNA vaccines expressing Env and a mosaic Gag, followed by modified
vaccinia Ankara expressing the same antigens and then boosted twice with coupled VLPs.
Encouragingly, gpl140-ST displayed on SC-AP205 VLPs was an effective boost to
heterologously primed rabbits, leading to induction of autologous Tier 2 neutralising antibodies
in 2/5 rabbits. These results demonstrate that careful selection of a geometrically-suitable
nanoparticle scaffold to achieve a high-density display of HIV-1 envelope trimers is an
important consideration and that this could improve the effect of nanoparticle-displayed gp140.
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1.15 Project rationale and objectives



1.1 Introduction

Since the identification of human immunodeficiency virus type 1 (HIV-1) as a causative agent
of the acquired immunodeficiency syndrome (AIDS) epidemic (Gottlieb et al. 1981; Barré-
Sinoussi et al. 1983), 75.7 million infections and 32.7 million deaths due to AIDS-related
illnesses (UNAIDS 2020. The global roll-out of antiretroviral therapy (ART) tremendously
reduced HIV transmissions and HIV/AIDS-related mortalities (Cohen et al. 2011; Fauci &
Marston. 2014). However, owing to limitations such as the emergence of drug-resistant strains
and poor adherence to ART, an effective vaccine remains essential to end the HIV pandemic
(Fauci. 2017). To this end, only seven phase 2b/3 efficacy trials have tested candidate HIV-1
vaccines with the hope of eliciting either humoral or cellular immune responses. These are
VAX004, VAX003, Step, Phambili, RV144, HVTN505 (Lema et al. 2014; Sheets et al. 2016)
and a recently terminated HVTN702 trial that was conducted in South Africa (Cohen. 2020;
Slomski. 2020). Of these trials, the RV144 Thailand trial based on a heterologous prime-boost
regimen is the only HIV-1 vaccine trial ever to demonstrate moderate (31%) but significant
efficacy in preventing HIV-1 acquisition (Vaccari et al. 2010). This overall lack of efficacy

motivates the continued efforts in the search for an effective vaccine.
1.2 HIV origin, distributions and classification

Two independent zoonotic transmissions of simian immunodeficiency viruses (SIVs) from non-
human primates to humans generated two HIV lineages: these are HIV-1 and HIV-2. Sooty
mangabey monkeys (Cercocebys atys) are natural reservoirs of lentiviruses that are related
to HIV-2 (Hirsch et al. 1989; Gao et al. 1992) while chimpanzees (subspecies Pan troglodyte
troglodytes) and gorillas (Gorilla gorilla) are natural reservoirs of HIV-1-type viruses (Gao et
al. 1999; D’arc et al. 2015). While HIV-2 is confined to West African nations, it is less
transmissible thus leading to slower progression to AIDS. HIV-1 is prevalent worldwide, readily
transmissible and progresses at a faster rate to AIDS (Nyamweya et al. 2013). HIV-1 is
classified into four groups according to different zoonotic transmission events: these are M
(major), O (outlier), N (non-M and non-O) and P (Simon et al. 1998; Sharp. 2002; Plantier et
al. 2009; Sharp & Hahn. 2011; Vallari et al. 2011; Hemelaar. 2012). Group M is the most
common circulating HIV-1 group. Phylogenetic analysis of Group M sequences led to further
classification into nine subtypes or clades: A, B, C, D, F, G, H, J and K, as well as unique and
circulating recombinant forms (URFs or CRFs) as a result of recombination events having
taken place in dually infected individuals (Figure 1.1) (Hemelaar et al. 2006). HIV-1 group M
subtypes are distributed unevenly across the globe. For instance, subtype C is the most
prevalent, accounting for more than 50% of the global AIDS pandemic, and accounts for the

majority of HIV-1 infections in Southern Africa (Hemelaar. 2012; Bbosa et al. 2019).
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Figure 1.1: Global distribution of HIV-1 group M subtypes and recombinant forms. Pie charts
were superimposed on different regions to illustrate the proportion of subtypes in each region as well
as the global proportion of the subtypes. The diagram was taken from Hemelaar (2012) with permission
provided by Elsevier.

1.3 HIV-1 genome and an overview of the functions of structural proteins encoded by

nine genes of HIV

HIV-1 and HIV-2 belong to the Lentivirus genus of the Retroviridae family. The HIV-1 genome
contains two copies of single-stranded RNA packaged within the spherical, enveloped viral
particle (=100 nm) (Ganser-Pornillos et al. 2012)(Figure 2 A and B). After binding and fusion
of the virion with the host cell, reverse transcription in the core particle converts the single-
stranded RNA to a double-stranded viral DNA, which can integrate into the host genome
(Rajarapu. 2013). The HIV-1 genome contains nine genes; namely, gag, pol, env, tat, rev, nef,
vif, vpr and vpu (Figure 1.2) (Mushahwar. 2006; Watts et al. 2009). These genes encode 19
proteins, which play specific roles during the HIV-1 assembly and replication. Integrated HIV-
1 genomes are flanked by long terminal repeat (LTR) sequences at both ends (5 LTR and 3’
LTR). The gag, pol and env genes encode the structural proteins of the virus (Engelman &
Cherepanov. 2012; Freed. 2015). The gag gene is translated into the Gag polyprotein
precursor (Pr55Gag) by cytosolic ribosomes, and is then trafficked to the plasma membrane
(Géttlinger. 2001; Murakami. 2012; Mailler et al. 2016).
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(B) Synthesis, trafficking, assembly, budding and maturation of HIV-1 virion. (C) Structure of the mature
HIV-1 virus showing different proteins expressed. Figure 2 (A) & (C) were both adapted from Musumeci



et al. (2015), while Figure 2 (B) was taken from Murakami (2012) following the guidelines of the Creative
Commons copyright License.

The Gag precursor contains the core structural proteins: these include the matrix (MA or p17),
capsid (CA or p24), nucleocapsid (NC or p7), as well as a smaller stabilising protein (p6) and
two “spacer” regions (p1 and p2). Co-translational modification of the Gag precursor adds an
N-terminal myristoyl group to the MA, which, together with the highly basic N-terminal residues
of the matrix domain, promotes the association of the precursor with the phospholipid
components of the host plasma membranes (Saad et al. 2006; Dalton et al. 2007). The
accumulation and multimerisation of Gag precursors in the vicinity of a plasma membrane
result in the formation of a semi-spherical viral particle that fuses or anchors with a host
membrane (Saad et al. 2006). The p6 domain interacts with cellular machinery called
endosomal complexes required for transport (ESCRT) to promote budding of immature viral
particles (Votteler & Sundquist. 2013; Lippincott-Schwartz et al. 2017). The immature viral
particle eventually buds off, acquiring its membrane from the cellular plasma membrane, and
is deposited into the extracellular space. The viral protease (part of the RT-Pro polyprotein)
then processes the immature virus to generate mature, infectious virions (Mattei et al. 2014,
Kleinpeter & Freed. 2020). The Gag capsid domain promotes the interaction between Gag
molecules and forms an outer shell of the mature viral core. The nucleocapsid is responsible
for the packaging of two copies of single-stranded RNAs into assembling viral particles
(Gottlinger et al. 1989; Gottlinger. 2001; Checkley et al. 2011; Freed. 2015).

The pol gene encodes the protease (viral protease (p11PR)), reverse transcriptase (p51RT),
RNase H (p15) and integrase (p32)) enzymes that together with single-stranded RNAs are
encapsulated into a mature virion to mediate viral replication, synthesis and integration into a
host genome (Sundquist & Krausslich. 2012; Konvalinka et al. 2015; Pornillos & Ganser-
Pornillos. 2019). The env gene encodes gpl160 Env precursor (prGpl60) that is synthesized
in the ER, glycosylated and proteolytically cleaved in the Golgi aparatus to generate non-
covalently associated surface gp120 (SU) and transmembrane gp41 (TM) glycoproteins. The
membrane-bound gpl120-gp4l complex is translocated to the plasma membrane,
incorporated into a virion particle by MA-mediated mechanisms, and mediates viral
attachment and fusion into a target cell (Checkley et al. 2011; Freed. 2015; Murphy & Saad.
2020). The HIV-1 genome also contains genes that encode four accessory proteins: nef
(negative effector), vif (viral infectivity factor), vpr (viral protein r) and vpu (viral protein u) and
two regulatory proteins: tat (transcriptional transactivator) and rev (regulator of viral gene

expression) (Seelamgari et al. 2004; Mushahwar. 2006; Zotova et al. 2019).



1.4 Synthesis and trafficking of Env

The HIV-1 envelope (Env) glycoprotein is synthesised in the rough endoplasmic reticulum
(RER) as a polyprotein precursor, gp160 (Figure 2B above) (Checkley et al. 2011, Beitari et
al. 2019). This precursor is directed to the RER by the ER signal peptide present upstream of
the gp160 precursor coding sequence. The signal peptide is co-translationally cleaved by
cellular proteases in the ER. The N- and O-glycans are also co-translationally added during
gpl160 synthesis in the ER. The gpl160 precursor subunits oligomerise into predominantly
trimeric Env species that translocate into the cis-Golgi network, and the high-mannose glycans
acquire complex modifications in the trans-Golgi network (TGN) (Murphy & Saad. 2020). In
the Golgi, the gp160 precursor is proteolytically cleaved at a conserved motif (K/R-X-K/R) by
cellular furin protease to produce non-covalently associated surface (SU) gpl120 and the
transmembrane (TM) gp41 mature glycoproteins (Checkley et al. 2011; Pornillos & Ganser-
Pornillos. 2019). Furin proteolysis is critical for Env to assume the quaternary configuration
capable of mediating viral fusion to the cell membranes during HIV-1 infecting events (Chen.
2019). The gp120-gp41 complexes produce heterotrimeric Env spikes that traffic to the plasma
membrane where approximately 14 Env spikes incorporate into each budding virion (Yuste et
al. 2004; Zhu et al. 2006; Checkley et al. 2011; Schiller & Chackerian. 2014).

1.5 Structural organisation and functions of domains of gp120 and gp41 glycoproteins

Gp120 is a receptor (CD4)-binding domain that is made up of five hypervariable loops (V1-
V5) that alternate with five relatively conserved domains (C1-C5) (Starcich et al. 1986) (Figure
1.3 A). While the conserved domains are directly involved in the CD4 binding, the variable
loops are not essential for CD4 binding (Olshevsky et al. 1990; Pollard et al. 1992; Wyatt et
al. 1993). V1V2 loops, which appears at the tip of the trimer, show considerable heterogeneity
in length, sequences and number of glycosylation sites between different strains, and this is
implicated in the viral escape from neutralising antibodies (Curlin et al. 2010; Zolla-Pazner &
Cardozo. 2010). The V3 loop is hidden under the V1V2 loops, and this position is almost the
centre of the trimer. Following CD4-binding induced conformational changes, the V3 loop is
then exposed to interact with the chemokine receptors CCR4 or CXCR4 (Speck et al. 1997,
Tamamis & Floudas. 2014; Shaik et al. 2019; Murphy & Saad. 2020). The V4-V5 loops project
outward of the trimer. The deletion of any of the V1-V5 loops hinders viral entry (Wyatt et al.
1993; Yuan et al. 2013).

The gp41 transmembrane glycoprotein is more highly conserved than gp120 and plays a key
role in the fusion of the virus with host membranes (Checkley et al. 2011). Gp41 comprises
three domains: these are an N-terminal ectodomain, a transmembrane domain (TMD) and a

C-terminal cytoplasmic tail (CT) (Figure 1.3 A). The ectodomain, which is critical for Env



trimerisation, is organised into a hydrophobic fusion peptide (FP), disulphide-linked N- and C-
terminal heptad-repeats (HR1 and HR2, respectively), and a membrane-proximal external
region (MPER). Pre-viral fusion, the ectodomain is buried within the gpl120-gp41l trimer
complex and is only exposed as a result of CD4-binding induced conformational changes. The
exposed fusion peptide interacts with the cell membranes and forms a pre-hairpin
conformation with the MPER domain to bridge the viral and cell membranes (Figure 1.3 B)
(Gallo et al. 2003; Cai et al. 2011). Three molecules of HR1 and three molecules of HR2 fold
over to form a coiled-coiled six-helix bundle that enhances the affinity of viral and cell
membranes for fusion to occur (Weissenhorn et al. 1997; Melikyan et al. 2000; Chen. 2019).
The TMD is highly conserved, anchors Env into the lipid bilayer and plays essential roles in
viral conformational changes and fusion (Shang et al. 2008; Kondo et al. 2010; Chen. 2019).
The CT domain contains lentivirus lytic peptides which are implicated in Env fusion,
incorporation into a virus, as well as the stability and oligomerisation of Env (Lee et al. 2000;
Piller et al. 2000; Bultmann et al. 2001; Lee et al. 2002; Kalia et al. 2003; Tedbury & Freed.
2015; Chen. 2019).

Furthermore, the Env glycoprotein contains 18 conserved cysteine residues and is also heavily
glycosylated (there are 20-35 N-glycosylation sites in gp120 and 3-5 N-glycosylation sites in
gp41 subunits) (Allan et al. 1985; Leonard et al. 1990). Cysteine residues form approximately
nine disulphide bonds that stabilise the Env tertiary structure (Leonard et al. 1990). Glycans
determine Env conformation, viral entry and infectivity (Li et al. 2008; Raska & Novak. 2010).
HIV-1 uses these glycans as an immune evasion mechanism to mask epitopes capable of
eliciting antibody-mediated neutralisation (Montefiori et al. 1988; Leonard et al. 1990; Wei et
al. 2003; Kumar et al. 2011; Huang et al. 2012).
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Figure 1.3: Linear organisation of HIV-1 Env and its fusion with the host cell membranes. (A)
Gp160 precursor contains the signal peptide (SP) that is cleaved by proteases in the endoplasmic
reticulum. In the Golgi complex, the precursor is proteolytically cleaved to generate non-covalently
linked gp120 and gp41 subunits. Gp120 contains five conserved domains (C1-C5) interspersed
with five hypervariable loops (V1-V5). Gp41 contains an ectodomain comprising the fusion peptide
(FP), heptad-repeats (HR1 and HR2) and the membrane-proximal external region (MPER), a
transmembrane domain (TMD), and a cytoplasmic tail (CT). (B) The binding of gp120 to CD4 and
coreceptor results in conformational changes that allow the fusion peptide of the gp41 to interact
with cellular membranes and form a pre-hairpin structure. The second conformational changes
involving HR1 (NHR) and HR2 (CHR) form a six-helix bundle that facilitates the fusion of viral and
cell membranes. In the post-fusion state, the viral and cell membranes are merged. Figure 3 (A)
was adapted from Checkley et al. (2011) with permission provided by Elsevier while Figure 3 (B)
was retrieved (29/03/20) from peterkimlab.stanford.edu/home and edited accordingly.
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1.6 Conformational flexibility and Tier classification of HIV-1 Env spikes

HIV-1 Env spikes exist in various conformations (Figure 1.4). On a membrane of a functional
HIV-1 virion, mature Env predominantly exists in a “closed” pre-fusion conformation that
conceals conserved functional epitopes to evade neutralising antibody responses (Cai et al.
2011; Munro et al. 2014; Guttman et al. 2015). The pre-fusion state rearranges to an
intermediate open conformation to allow the binding of Env to the host CD4 and CCR5/CXCR4
coreceptor (Munro et al. 2014; Herschhorn et al. 2016). Upon the fusion of the viral membrane
with the host plasma membrane, Env adopts an “open” post-fusion conformation which

exposes non-functional Env epitopes (Munro et al. 2014; Guttman et al. 2015). In contrast to



an “open” conformation where epitopes are exposed, the V1/V2 loops are intact, and the V3

is hidden in a “closed” conformation (Guttman et al. 2015).

Based on the conformation that a trimer frequently adopts and the sensitivity to neutralisation,
HIV-1 isolates (standardised panel of molecularly cloned Env-pseudotyped viruses, (Mascola
et al. 2005)) are classified into Tier 1A (open conformation, most sensitive), Tier 1B
(intermediate conformation, next most sensitive) and Tier 2 and 3 (closed conformation,
moderate and least sensitive, respectively) phenotypes (Seaman et al. 2010; Montefiori et al.
2018). Tier 2 viruses represent most of the circulating viruses, suggesting that an effective
vaccine should elicit antibody responses against Env that largely adopts the “closed”

conformation.

Tier 2+ Tier 1
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Figure 1.4: Conformational states adopted by HIV-1 Env trimers. The trimer oscillates between
closed, intermediate and open conformations. The conserved epitopes, such as V3, are exposed
as the trimer opens up. Based on susceptibility to the neutralisation, HIV-1 isolates are classified
into Tier 1 (most sensitive) and Tier 2 (moderate sensitivity) viruses. The diagram was adapted
from Guttman et al. (2015) with permission provided by Springer Nature.

1.7 Development of neutralising antibodies during natural infection and other antibody

functions

Upon infection with HIV-1, an immune response is generated against different viral antigens.
However, only antibodies directed to Env glycoprotein spikes can neutralise the virion. Within
two months post-infection, most HIV-1-infected people develop potent yet limited autologous
(strain-specific) neutralising antibody responses that target the variable regions of Env (Figure
1.5) (Richman et al. 2003; Wei et al. 2003; Li et al. 2006; Gray et al. 2007; Landais & Moore.

2018). The virus readily escapes the immune pressure exerted by strain-specific antibodies;



thus, most circulating escape viruses are resistant to pre-existing neutralising antibodies
directed to a precedent virus (Arendrup et al. 1992; Wei et al. 2003; Frost et al. 2005).
Following the emergence of limited cross-neutralising antibodies 1-year post-infection, 10-
25% of chronically infected individuals develop heterologous neutralising antibodies over 2-3
years post-infection (Doria-Rose et al. 2009; Stamatatos et al. 2009; Gray et al. 2011b; Hraber
et al. 2014). A small subset, 1%, of HIV-infected individuals are elite neutralisers, which refers
to individuals that elicit broadly neutralising antibodies (bNAbs) that can potently neutralise
viruses within a clade group and across at least four clades (Simek et al. 2009). Vaccine
development strategies focus on designing immunogens that can elicit bNAbs to prevent viral
entry or kill HIV-1 infected cells (Landais & Moore. 2018; Liu et al. 2020).

In addition to virus neutralisation, different isotypes of HIV-specific antibodies in elite
controllers often exhibit strong polyfunctional effector functions, which are mediated by the
binding of their fragment crystallisable region (Fc) to the receptors on target cells (e.g. natural
killer cells) to induce Killing of infected cells (Chung et al. 2011; Ackerman et al. 2016; Tay et
al. 2016; Madhavi et al. 2017). These antibody effector functions include antibody-dependent
cellular cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and
complement-dependent cytotoxicity (CDC), and contribute to the control of HIV-1 during
natural infection (Ackerman et al. 2016; Chen et al. 2018; Moris et al. 2019).

Antibody response

Infection

Figure 1.5: Development of antibody types over time to HIV during infection. The diagram was
taken from Geif3 and Dietrich (2015).



1.8 Regions targeted by bNAbs

The identification of the elite neutralisers offered an opportunity to map HIV-1 Env epitopes
targeted by bNADbs and enabled the isolation of human monoclonal antibodies (mAbs), which
recapitulate the neutralisation breadth observed in donor’s sera. Significant enthusiasm is
focusing on evaluating the protective efficacy of these bNAbs. Varying degrees of protection
following passive immunisation with bNAbs have been demonstrated in non-human primates
challenged with chimaeric SHIV viruses (viruses that express HIV-1 Env in the backbone of
the simian immunodeficiency virus (SIV) (Moldt et al. 2012; Pegu et al. 2014; Gautam et al.
2016; Moldt et al. 2016; Gruell & Klein. 2018; Garber et al. 2020; Liu et al. 2020). Screening
techniques involving single B-cell sorting and next-generation sequencing, among others,
identified a great deal of new potent and highly glycan dependent mAbs that target sites of
vulnerability on the native Env spike. These sites include the V2 site, N332 supersite, the CD4-
binding site, the gp120-gp41 interface, and the MPER (Wibmer et al. 2015; McCoy. 2018).
The common characteristics among these bNAbs, which renders them hard to elicit by
vaccination due to the complicated maturation processes required, are their propensity to
undergo extensive somatic mutations and that a large proportion of these antibodies bear an
extraordinary long heavy chain complementary determining region loop three (CDR-H3)
(Wibmer et al. 2015; McCoy. 2018). Potent and broadly neutralising mAbs isolated against
these vulnerability sites are shown in Figure 1.6, and some are discussed in Sections 1.8.1-
1.8.5.
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Figure 1.6: The sites of bNAb vulnerability outlined in the crystal structure of the native-like HIV-
1 Env trimer. Neutralising mAbs recognising the glycan-dependent epitopes in the V1V2 loops
(orange), V3 loop (purple), gp120-gp41l interface (blue and red) and CD4-binding site (pink) in gp120,
as well as the MPER (yellow)-specific mAbs, are indicated in boxes near each site of vulnerability. The

diagram was taken from Mouquet (2014) with permission provided by Elsevier.
1.8.1 V2 site/V1V2 apex

The prototypes of V2 apex-specific mAbs include PG9/PG16, PGT145, CHOl1l and
CAP256.VRC26.09. The shared characteristics between these mAbs include recognition of
the N160 glycan and a four-residue, lysine-rich strand C (KKQR) of the V2 domain (Walker et
al. 2009; McLellan et al. 2011; Walker et al. 2011; Pancera et al. 2013; Doria-Rose et al. 2014;
Andrabi et al. 2015; Lee et al. 2017). These antibodies contain long (> 24 amino acid), anionic,
and tyrosine-sulphated CDR-H3 loops that either adopt a hammerhead or R-hairpin
conformation to penetrate the glycan shield and access epitopes on the trimer (McLellan et al.
2011; Julien et al. 2013; Andrabi et al. 2015). PG9 and PG16 mAbs are two somatic variants
that were isolated from a clade A-infected African donor and demonstrated differences in
neutralisation potency and breadth against the viruses that were assessed (Walker et al.
2009). In addition to interaction with N160 glycan, the N156 and N173 glycans are important
for the specificity of PG9 and PG16 (Walker et al. 2009; McLellan et al. 2011). PGT145 mAb
shares binding specificity with PG9 and PG16 (Walker et al. 2011; Lee et al. 2017). The



longitudinal study (59-206 weeks post-infection) to determine virus and bNAb co-evolution in
HIV-1 subtype C superinfected CAP256 donor, resulted in a CAP256-VRC26.25 lineage
comprising 33 (CAP256.01-CAP256.33) somatically related V2-specific mAbs (Doria-Rose et
al. 2014; Bhiman et al. 2015; Doria-Rose et al. 2016). These mAbs differ in neutralisation
potency and breadth, and CAP256-VRC26.25 mAb demonstrated 10-fold higher potency and
broadest neutralisation breadth than the rest of the members of this lineage (Doria-Rose et al.
2014). The CAP256-VRC26 antibodies are characterised by very long (35-37 amino acid)
CDR-H3 loops and partial dependency to N160 glycan (Doria-Rose et al. 2014; Andrabi et al.
2015; Doria-Rose et al. 2016). Some of the members of CAP256-VRC26.25 lineage evolved
an ability to engage the sialic acid-bearing glycans on the Env trimer (Andrabi et al. 2017).
The sialic acid-binding serves as an anchor that enhances bNAb maturation by minimising
virus escape (Andrabi et al. 2017; McCoy. 2018). BGL1 is a novel apex-specific bNAb that
differs from PG9, PG16 and PGT145 in that instead of one antigen-binding fragment (Fab)
per trimer stoichiometry, two BG1 Fabs engages with the V1V2 epitope of each Env trimer
and it does not contain a long protruding CDR-H3 (Wang et al. 2017). The N90-VRC38 lineage
is another V1V2-directed mAbs that does not feature a long protruding loop (Cale et al. 2017).

1.8.2 CD4 binding site (CD4bs)

CD4 binding site (CD4bs) play a crucial role in viral entry by binding to the host cell CD4
receptor, and the majority of its features are functionally conserved across multiple HIV
isolates; thus, it is classified as one of the supersites of vulnerability for vaccine design (Kwong
et al. 1998). Studies have reported that CD4bs bNAbs take longer than other bNAbs to
develop and have the highest level of somatic mutation, indicating a barrier to elicit these
responses (Kwong & Mascola. 2012; Lynch et al. 2012; Wu et al. 2015). Antibody b12 was
the first CD4bs-specific mAb that was derived from a Clade B-infected donor (Burton et al.
1994). VRCO1 and its somatic variant VRCO02 were the second CD4bs-directed mAb found on
functional Env trimers and neutralised 90% of circulating HIV-1 strains as compared to 40%
neutralised by b12 (Wu et al. 2010). Based on B cell ontogenies (class) and the structural
mode of antibody recognition (type), a series of CD4bs mAbs from different donors have been
isolated and are classified into VRCO1-class and non-VRCO1 loop-dependent CD4bs mAb
(Kwong & Mascola. 2012; Zhou et al. 2015). The distinguishing features of VRCO1-like mAbs
include the use of VH1-2 genes and the light chain genes encoding a relatively small 5-residue
CDR-L3 (Scheid et al. 2011; West et al. 2012; Zhou et al. 2015). Another VRCO01-class mADb,
PCING3, with relatively less somatic mutation and rapid affinity maturation compared to the
prototype VRCOL1, has been isolated recently from a subtype C-infected donor, an observation

that may guide vaccine design (Umotoy et al. 2019). N6 and N49P7 are examples of VRCO1-



class mAbs with the remarkable breadth that potently neutralised more than 89-100% of the

tested global panel of HIV-1 pseudoviruses (Huang et al. 2016; Sajadi et al. 2018).
1.8.3 Asn332 (N332) glycan-dependent supersite

The N332 supersite is found between the overlapping glycan-dependent epitopes such as the
V3 and V2 epitopes that exist near each other at a trimer apex (Julien et al. 2013; Kong et al.
2013). PGT21 and PGT128 potently neutralise the majority of circulating viruses from all
clades, including clade C viruses (Walker et al. 2011). They are both V3-specific mAb that
highly depends on glycans at positions N301 and N332 to recognise their 8-residue epitope
through a glycan-penetrating long CDR-H3 loop (Pejchal et al. 2011). PGT135 is another
N332-dependent mAb that uses a long 18-residue CDR-H3 and an extended CDR-H1 loop to
penetrate the glycan shield and access the V4 loop in contrast to the V3 loop targeted by
PGT21 and PGT128. In addition to the recognition of N332 glycan, PGT135 interacts with
three glycans at positions N295, N368 and N392 (Kong et al. 2013). A clade B-neutralising
mAb 2G12 represents the N332 supersite antibody which does not penetrate the glycan
shield. Instead, 2G12 utilises a unique variable heavy (VH) chain domain swap structure to
recognise the outermost mannose sugars of the four glycans at positions N295, N332, N339
and N392 of gp120 (Calarese et al. 2003).

1.8.4 gp120-gp41 epitope

Human mAb 8ANC195, PGT151, and 35022 are prototypes representing the mAbs with
epitopes that span both the gp120 and gp41 regions on the Env spike (Wibmer et al. 2015).
8ANC195 requires the glycans at positions N234 and N276 of gp120 and the presence of a
non-glycan penetrating 22-residue long CDR-H3 to induce neutralisation. The CDR-H3 of this
antibody rearranges to interact with the light chain, thus forming a paratope that comes into
contact with an inner region of gp120 that interacts with gp41 (Scharf et al. 2014). The 35022
mADb interacts with an epitope near the N234 glycan recognised by 8ANC195 mAb (Huang et
al. 2014; Pancera et al. 2014). PGT151 is another mAb that interacts with a gp120-gp41
epitope lying between the 8ANC195 and 35022 epitopes, and 2 Fabs of this antibody bind
specifically to cleaved trimers (Blattner et al. 2014; Falkowska et al. 2014). Thus, PGT151 is
often used in antigenicity assays to evaluate the conformation of soluble native-like trimers.
Both 35022 and PGT151 monoclonal antibodies recognise the glycan-dependent antigenic
sites. 35022 neutralisation depends on the glycans at position N88, N230 and N241 of gp120
while PGT151 depends on the glycans at position N611 and N637 of gp41 (Falkowska et al.
2014; Huang et al. 2014).



1.8.5 MPER supersite

The highly conserved membrane-proximal external region (MPER) in gp4l is a relevant
epitope for bNAb responses to HIV-1 (Caillat et al. 2020). Three mAbs (2F5, Z13el and 4E10)
were first isolated targeting the linear epitopes in the MPER (Muster et al. 1993; Zwick et al.
2001; Nelson et al. 2007). Even though these antibodies were identified as broad neutralisers,
they had limited potency and were highly autoreactive. The latter is due to the proximity of
MPER to the viral membrane, which promotes the interaction of their long CDR-H3 loops with
viral lipid membranes (Haynes et al. 2005; Alam et al. 2009; Irimia et al. 2016). The 10E8 mAb
is a relatively more potent and broad MPER-specific mAb that lacks the limiting characteristics
observed for 2F5 and 4E10 (Huang et al. 2012). The crystal structure indicated that the
potency and breadth of 10E8 are derived from a unique conformation that this antibody adopts
when interacting with conserved epitopes within the MPER (Huang et al. 2012; Irimia et al.
2016). The recently isolated MPER-specific antibody DH511 (Williams et al. 2017), VRC42
(Krebs et al. 2019), LNO1 (Pinto et al. 2019) and PGZL1 (Zhang et al. 2019) target the linear

helical epitopes adjacent to the transmembrane domain (Caillat et al. 2020).

1.9 Features of HIV-1 Env spikes that challenge the design of immunogens for eliciting
bNADbs

The conformational flexibility of Env trimers attributes to features that the HIV-1 Env evolved
to evade neutralising antibodies and causes Env to be a complex antigen that challenges
vaccine design (Klasse et al. 2020). The presence of open, non-functional Env trimers on the
surface of an infecting virion or immunisation with Env immunogens adopting an “open” rather
than a “closed” conformation, elicit antibodies that are unable to neutralise the circulating
viruses because they cannot access their epitopes on a native spike (Munro et al. 2014;
Guttman et al. 2015). Other features of HIV-1 Env that contribute to immune evasion strategies
are illustrated (Figure 1.7). These features include rapid escape mutation resulting in the high
diversity of the circulating viruses (Richman et al. 2003; Wei et al. 2003), glycan shield (Binley
et al. 2010; Watanabe et al. 2020), conformational masking of the CD4 binding site (Kwong et
al. 2002), steric hindrance which limits the access of antibodies to gp120 epitopes (Labrijn et
al. 2003), transient exposure of gp4l MPER epitopes (Frey et al. 2008), non-functional
immunological Env decoys such as gp120/gp41 monomers, gp4l stumps and unprocessed
gp160 (Poignard et al. 2003; Moore et al. 2006) and unusual incorporation of sparse, widely
spaced Env spikes (= 14 spikes per virion) (Zhu et al. 2006; Klein & Bjorkman. 2010; Schiller
& Chackerian. 2014). The implications of the low spike density on the immunogenicity of HIV-

1 Env immunogens are further explained in Section 1.13.
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Figure 1.7: Schematic showing the antigenic features that HIV-1 Env evolved to evade
neutralising antibody responses. The diagram was taken from Mouquet (2014) with permission
provided by Elsevier.

1.10 Overview of vaccine efficacy trials

This section provides an outline of the seven efficacy trials that have tested candidate HIV-1
vaccine regimens in phase 2b/3. Of the seven candidate vaccine regimens, the RV144
regimen remains the only one that demonstrated modest yet controversial efficacy against
HIV-1 acquisition (Rerks-Ngarm et al. 2009; Desrosiers. 2017; Tomaras & Plotkin. 2017). The
candidate vaccine regimens that progressed to a phase 2b/3 efficacy trial in humans have had
been tested in non-human primate challenge models during preclinical evaluations (Sheets et
al. 2016). The inconsistencies in efficacy observed in NHP challenge models vs efficacy trials
in humans using similar candidate vaccine regimens demonstrated that the immunogenicity
in NHP does not always translate/ predict vaccine responses in humans, suggesting that the
preclinical animal models can be limiting (Morgan et al. 2008; Watkins et al. 2008; McChesney
& Miller. 2013; Rahman & Robert-Guroff. 2019).

1.10.1 VAX004 and VAX003: Recombinant gp120 subunit vaccine

Two early phase 3 trials, VAX004 and VAX003, enrolled different risk populations and tested

a protein-only vaccine regimen consisting of bivalent gp120 glycoproteins (AIDSVAX B/B or



AIDSVAX B/E) (Flynn et al. 2005; Pitisuttithum et al. 2006). Even though non-neutralising
gp120 antibodies and antibody-dependent cell-mediated virus inhibition (ADCVI) responses
were observed in vaccinees, no efficacy was observed since these vaccines did not prevent
HIV-1 infection or slow HIV-1 disease progression (Flynn et al. 2005; Pitisuttithum et al. 2006;
Forthal et al. 2007). The lack of efficacy was attributed to the inability of sera from vaccinees
to neutralise diverse HIV-1 isolates (Gilbert et al. 2005; Montefiori et al. 2012). Despite the
lack of efficacy in VAX004 and VAX003, these trials indicated for the first time that conducting
a phase 3 HIV-1 efficacy trial was feasible (Flynn et al. 2005; Sheets et al. 2016).

1.10.2 STEP and Phambili: Adenovirus serotype 5-vectored vaccine

Two subsequent phased 2b ‘test-of-concept’ trials, the STEP and Phambili, were initiated in
the USA and South Africa, respectively. These trials tested a replication-incompetent
adenovirus serotype 5 (Ad5) trivalent vaccine (MRKAdS5/HIV-1 Gag/Pol/Nef) designed to
induce CD8+ cellular responses instead of humoral responses (Buchbinder et al. 2008;
McElrath et al. 2008; Priddy et al. 2008; Gray et al. 2011b). Despite eliciting HIV-1-specific
interferon-gamma (INF-y)-secreting CD8+ T cells in vaccinees, these vaccines showed no
efficacy since they failed to lower the rate of HIV-1 acquisition (Buchbinder et al. 2008;
McElrath et al. 2008; Gray et al. 2011b). In fact, the exploratory multivariate analysis of the
STEP data indicated an increased risk of HIV-1 acquisition in vaccinees with pre-existing Ad5
antibodies and/or uncircumcised compared to placebo recipients (Buchbinder et al. 2008;
Duerr et al. 2012). The Phambili trial was discontinued and unblinded (reveal to participants
whether they had received the vaccine or the placebo) due to the interim STEP trial analysis
(Gray et al. 2011b; Gray et al. 2014). From these two trials, it was evident that the candidate
vaccines that only elicit T cell responses are not likely to prevent HIV-1 acquisition (Sheets et
al. 2016). This observation suggested that an effective vaccine regimen would need to elicit

both cellular and humoral responses (Haynes & Shattock. 2008).
1.10.3 RV144: Canarypox vector prime-Env (subtype B/E) protein boost

The fifth trial, RV144 (Thailand), tested a prime-boost vaccine regimen that was designed to
elicit both cellular and humoral responses to the HIV-1 envelope (Rerks-Ngarm et al. 2009).
This regimen consisted of a replication-defective defective canarypox vector (ALVAC-HIV;
encoding HIV-1 Gag and protease proteins of subtype B as well as CRF01-AE gp120 linked
to the transmembrane domain of subtype B gp41) prime and a bivalent gp120 (AIDSVAX®
clade B/E) boost (Rerks-Ngarm et al. 2009). Encouragingly, for the first time, a moderate but
significant 31% efficacy against HIV-1 infection was reported in this trial; and this
demonstrated that a vaccine regimen could elicit protective cellular and humoral immune

responses against HIV-1 (Rerks-Ngarm et al. 2009; Haynes et al. 2012; Corey et al. 2015).



This efficacy was unexpected as neither the ALVAC-HIV nor AIDSVAX B/E was effective when
used alone (Nitayaphan et al. 2004; Pitisuttithum et al. 2006; Forthal et al. 2007).

Multiple (six) immune responses that correlated with moderate protection in the RV144 trials
were identified using seventeen different humoral and cellular immune assays (Haynes et al.
2012). These vaccine-induced immune responses included binding antibodies (plasma Env
IgA, Env IgG avidity, V1V2 1gG), neutralising antibodies and cellular immunity (Env-specific
CD4+ T cells) as reviewed by Tomaras and Plotkin (2017) and Pitisuttithum and Marovich
(2020). Non-neutralising 1gG binding antibodies directed to the V1V2 region of Env primarily
corresponded with a reduced risk of HIV-1 infection while the plasma IgA binding to Env
directly correlated with an increase in HIV-1 acquisition (Haynes et al. 2012; Tomaras et al.
2013; Yates et al. 2014). In addition, the secondary immune correlates analysis showed that
a combination of low Env IgA titres and high titres of ADCC-mediating antibodies (targeting
the conformational C1 epitope of HIV-1 Env) inversely correlated with HIV-1 acquisition
(Bonsignori et al. 2012; Haynes et al. 2012). The genetic sieve analysis also demonstrated
that the vaccine efficacy was improved against viruses that matched the vaccine strain at
residue 169 (lysine) of the V2 region of Env (Rolland et al. 2012; Liao et al. 2013). The V2
residue K169-specific monoclonal antibodies (CH58 and CH59) isolated from the vaccinees
demonstrated the antibody effector function that mediated the killing of HIV-1-infected CD4+
cells (Liao et al. 2013). However, the RV144 regimen failed to elicit Tier 2 bNAbs (Montefiori
et al. 2012). The identification of the functional Fc-mediated polyfunctional antibodies in the
RV144 vaccinees suggested that vaccine regimens that fail to elicit sufficient neutralising
antibodies could potentially offer protective immune responses through polyfunctional
responses (Rerks-Ngarm et al. 2009; Haynes et al. 2012; Barouch et al. 2015; Alter &
Barouch. 2018). The RV144 trial provided valuable insights for the subsequent vaccine
regimens that were/are tested in phase 1 or 2 clinical trials in continued efforts to develop the

improved HIV-1 vaccination regimens (Easterhoff et al. 2020; Pitisuttithum & Marovich. 2020).
1.10.4 HVTN505: Multigene-multiclade DNA vectored prime- Adenoviral vectored boost

The sixth efficacy trial, HVTN (HIV Vaccine Trials Network) 505, tested a multigene, multiclade
DNA-prime-recombinant adenovirus serotype 5 boost (DNA/rAd5) vaccine regimen in
participants (Ad5 seronegative and circumcised) at high risk of HIV-1 infection in the United
States (Hammer et al. 2013). This prime-boost regimen was designed to elicit both humoral
and cellular responses. However, this vaccine regimen was not efficacious in reducing HIV-1
acquisition or viral load in vaccinees that eventually got infected. Low titres of V1V2 binding
antibodies were observed in the HVTN505 vaccinees compared to RV144 vaccinees, giving
a possible indication of the lack of efficacy in the HVTN505 trial (Hammer et al. 2013). This



regimen also induced CD8+ T cell responses with a limited breadth of HIV-1 inhibition (Hayes
et al. 2016). A follow-up study indicated that the vaccine recipients that had low levels of Env-
specific CD8+ T cells and high titres of binding IgG Env antibodies showed a reduced risk of
HIV-1 acquisition, suggesting high titres of binding antibodies could correlate with reduced risk
of HIV acquisition in the absence of cellular responses (Fong et al. 2018). However, the
presence of high Env-specific CD8+ T cells correlated with reduced risk regardless of the

levels of binding Env responses (Fong et al. 2018).
1.10.5 HVTN702/Uhambo: Canarypox vector prime-Env (subtype C) protein boost

Building on the knowledge from the RV144 trial that reported moderate protection against HIV-
1 acquisition, the HVTN 702 trial was established in South Africa and used the RV144 regimen
that was adjusted to express HIV-1 antigens that matched the circulating subtype C strains in
South Africa (Bekker et al. 2018). This vaccine regimen consisted of the ALVAC-HIV
(vCP2438) prime followed by boosting with bivalent subtype C gp120 formulated in an oil-in-
water MF59 adjuvant. The safety and immunogenicity profile of this regimen was first
evaluated in a phase 1/2 clinical trial (HVTN 100) that recruited South African participants
(Bekker et al. 2018; Laher et al. 2020a; Laher et al. 2020b) before the HVTN 702 2b/3 vaccine
efficacy trial was initiated (Bekker et al. 2018). In comparison to the RV144 trial, the HYTN702
vaccinees received a 12-month booster immunisation in an effort to improve the longevity of
the immune responses (Bekker et al. 2018; Easterhoff et al. 2020; Laher et al. 2020a). The
HVTN 702 trial was stopped due to the lack of efficacy that was indicated by 129 vaccinees
that became HIV infected compared to 123 placebo recipients (Cohen. 2020; Slomski. 2020).

Studies are underway to determine the immunological responses elicited by this regimen.



Table 1: Overview of the candidate HIV-1 vaccine regimens that have been tested in phase 2b/3 efficacy trials. This table was modified
from Tomaras and Plotkin (2017) and Pitisuttithum and Marovich (2020).

Trial name, participants age, Phase vaccine regimen Observed Major Immune immune Overall
trial HIV status/ risk immune immune correlates  correlate vaccine
duration, status, other responses correlates that S that efficacy
period, trial of reduced reduced
site decreased vaccine viral load
HIV efficacy after
acquisition infection
Vax004 18-62 years old, 3 AIDSVAX B/B: Non- anti-gp120 No n.d no efficacy
1998-2003 HIV-1 negative Contained bivalent neutralising binding
North MSM and high-risk subtype B/B (MN and anti-gp120 antibodies,
America, heterosexual GNES8 isolates) gpl120 binding tier 1 nAbs,
Netherlands women antigens in alum antibodies, ADCVI
adjuvant. ADCVI, tier 1
nAbs
VAX003 20-59 years old, 3 AIDSVAX B/E: non-neutralising No No No no efficacy
1999-2000 HIV-1 negative Contained recombinant anti-gp120
Thailand injection drug gpl120 from subtype B antibodies
users (IDUs) (MN) and  subtype
RFO1-AE (A244)
formulated in  alum
adjuvant.
STEP (HVTN 18-45 years old, 2b MRKAD5 HIV-1: IFN-¥ ELISPOT No n.d CD8+ T No efficacy,
502, Merck HIV-1 negative trivalent replication- responses, cell increased risk
023) people at high risk incompetent Adenovirus Gag-specific T breadth of HIV-1
2004-2007 of HIV-1 serotype 5 (Ad5) vectors cells infection in
North acquisition, encoding HIV-1 subtype uncircumcised
America, including MSM B gag or pol or nef vaccinees
South genes. and/or
America, vaccinees with
Caribean Ad5 pre-




Phambili

(HVTN  503)

2007-2007
South Africa

RV144
2003-2005
Thailand

HVTN 505

2009-2017
United
States

18-35 years old,
HIV-1 negative
heterosexual men
and women with
pre-existing Ad5
responses

18-30 years old,

HIV-1 negative
heterosexual
adults

18-50 years old,
HIV-1 negative
men or men who
have sex with
transgender
women,
circumcised and
with no pre-
existing Ad5
neutralizing
antibodies

2b

2b

MRKAD5HIV-1
gag/pol/nef (subtype B)
vaccine used in STEP
trial.

Primed with a
replication-defective

canarypox vector
vaccine  (ALVAC-HIV
[vCP1521]) expressing
Gag, Pol and Env

antigens and boosted
with  AIDSVAX B/E
bivalent gp120 vaccine
used in VAXO003 trial.

Multiclade DNA/rAd5
vaccine: Participants
were primed with 6
plasmids DNA encoding
Clade B Gag, Pol and
Nef and Env proteins
from Clades A, B and C.
This was followed by
boosting with four rAd5
vectors expressing
Clade B Gag-Pol fusion

IFN-v secreting
T cell responses
tocladeBand C
antigens

Env-V1V2 IgG
binding
antibodies,
ADCC-
mediating
antibodies, 1G3
Fc-mediated
effector
functions,
1A, Env IgA
HIV-1-specific
CD4+ and
CD8+ T cells;
poor tier 1
neutralising
antibodies

Tier

n.d

Env-V1V2
IgG binding
antibodies,
ADCC, Fc-
mediated
effector
functions

Env-
specific
CD8+ T
cells, high
levels of
binding Env
responses
when CD8+
T cells were
low

n.d

Yes,
plasma Env
IgA

No

n.d

n.d

n.d

existing
immunity

No efficacy,
the study was
discontinued

and unblinded
due to interim

STEP trial
analysis.

60% and
31.2%

efficacy at 12
and 42 months
after the final
vaccination.

No efficacy




proteins and Env from
Clades A, B and C.

(ADCVI =antibody-dependent cellmediated viral inhibition, ADCC = antibody-dependent cellular cytotoxity, IFN-y = interferon gamma, rAd5 =
replication-incompetent adenovirus serotype 5, n.d = not determined).



1.11 Justification for designing improved next-generation Envimmunogens for eliciting
bNADbs

An effective HIV-1 antibody-based vaccine that targets the vulnerable sites of Env (discussed
in Section 1.8) is expected to meet two main criteria: these are to elicit polyfunctional, non-
neutralising antibodies that drive clearance of the virus and/or broadly neutralising antibodies
capable of blocking infection of multiple circulating viral strains; and to be scalable for large
production using suitable recombinant protein expression systems. None of the immunogens
tested so far has been able to evoke substantial levels of heterologous Tier 2 neutralising
antibody responses (Das et al. 2020). Considering how bNAbs evolve in natural infections,
even though the autologous Tier 2 NAb responses are not sufficient for an effective vaccine,
an immunogen that can consistently induce high titres of autologous Tier 2 NAbs, will indicate
substantial advances in vaccine designs (Klein et al. 2013; Liao et al. 2013; Derdeyn et al.
2014; Wibmer et al. 2015).

The passive transfer of monoclonal bNAbs, even at low titres, has consistently demonstrated
that bNADs offer protection against SHIV infections in non-human primate challenge models
(Veazey et al. 2005; Hessell et al. 2009; Shingai et al. 2014; Gautam et al. 2016; Julg et al.
2017; Xu et al. 2017; Gautam et al. 2018; Felber et al. 2020; Garber et al. 2020). However,
in the RV144 trial, the non-neutralising antibodies, instead of bNAbs, conferred protection
against HIV-1 acquisition by mediating ADCC effector functions (Bonsignori et al. 2012;
Haynes et al. 2012). These results suggested that when neutralisation antibody titres and
CD8+ T cell responses are minimal, the Fc-mediated antibody effector functions, particularly
ADCC-mediating Env antibodies, need to be appreciated as they may mediate alternative
protective immunity against HIV-1 or control disease progression and transmission (Lewis.
2014; Kim et al. 2015; Alter & Barouch. 2018; Su et al. 2019).

Due to the overall failure of immunogens used in the aforementioned efficacy trials (Section
1.10) to elicit bNAbs, the immunogenicity and safety of several next-generation candidate HIV-
1 vaccines and vaccination regimens designed to elicit bNAbs have been or are currently
being evaluated in phase 1 or 2 clinical trials (Baden et al. 2016; Easterhoff et al. 2017,
Kratochvil et al. 2017; Bekker et al. 2018; Pantaleo et al. 2019; Moodie et al. 2020;
Pitisuttithum & Marovich. 2020). However, none of these immunogens has advanced to
efficacy trials — hence substantial efforts are focusing on designing improved immunogens to
elicit bNAbs.



1.12 Design of soluble Env trimers and their immunogenicity

Initial immunogen designs utilised laboratory-adapted viruses to produce monomeric gp120
immunogens. However, gp120 monomers administered on their own did not elicit Tier 2
neutralising antibodies (VanCott et al. 1995a; Pitisuttithum et al. 2006; Gilbert et al. 2010). It
is possible that to elicit Tier 2 neutralising antibodies, immunisation with gp140 trimers rather
than monomeric gp120 might be the only relevant immunogen to elicit bNAbs (Kim et al. 2005;
Kovacs et al. 2012).

The transmembrane domain and the cytoplasmic tail were removed from the Env sequence
to produce predominantly non-membrane associated, glycosylated and secreted/soluble
gp140 trimers suitable for optimal production using relevant recombinant protein expression
systems (Earl et al. 1991). Simply, the soluble gpl140 trimers consist of gp120 and the
ectodomain of gp41. To further increase the expression of the soluble gp140, the native signal
sequence of gpl40 was replaced with a signal sequence derived from a human tissue
plasminogen activator (TPA) (Chapman et al. 1991, Jeffs et al. 1996). However, the soluble
Env trimers were unstable in solution, forming varying proportions of different Env species,
including gp120-gp41 monomers, dimers, trimers and higher molecular weight aggregates
(VanCott et al. 1995b; Yang et al. 2000b; Jeffs et al. 2004). Due to noncovalent interaction
between gp120 and gp41, even after purification of the trimers from other Env species, the
trimeric fraction still dissociated into monomeric species (Jeffs et al. 2004). Consequently,
interventional approaches were devised to stabilise the soluble Env trimer mimetics. These
strategies are described in Sections 1.12.1-1.12.3 and include the “uncleaved” gp140,

cleavage-dependent trimers and cleavage-independent trimers.
1.12.1 Soluble “uncleaved” gp140 trimers

The first attempt in stabilising the soluble Env gp140 trimers involved the inactivation of the
cleavage site (REKR sequence was changed to SEKS, which is not recognised by furin
proteases) between the gp120 and gp41 (ectodomain) subunits to form “uncleaved” soluble
gp140 proteins (Figure 1.8) (Earl et al. 1991; Yang et al. 2000b). Instead of the noncovalently
associated trimers in the native virus, these mutations resulted in a covalent interaction of the
gp120-gp41 subunits of these soluble gp140 proteins. However, it was apparent that the yields
of the trimeric Env species in these “uncleaved” soluble gp140 preparations were low (Yang
et al. 2000b; Jeffs et al. 2004). To improve folding and yields of the “uncleaved” gp140 trimers,
a trimerisation motif such as the isoleucine zipper (derived from GCN4 transcription activator
of Saccharomyces cerevisiae) or the foldon (FT) (derived from bacteriophage T4 fibritin
trimeric protein), was inserted directly downstream of gp41 ectodomain sequence (Figure 9)
(Harbury et al. 1994; Yang et al. 2000a; Yang et al. 2000b; Yang et al. 2002; Glthe et al. 2004;



Du et al. 2009). However, these uncleaved gp140 trimers with or without the trimerisation
motifs rarely induced detectable levels of Tier 2 neutralising antibodies (Yang et al. 2001; Du
et al. 2009; Nkolola et al. 2010). Since the “uncleaved” gp140 trimers failed to induce
neutralising antibodies, their trimeric forms are referred to as pseudotrimers (Sanders &
Moore. 2017).

sSP gp120 gp41
Wild type HIV-1
YU2 gp160 -KEKRY  Ecto ™ | cT

TPA gp120 669
“uncleaved”

Lsekse  Ect

gp140 ::> SEKS cto

TPA gp120 669
gp140-GCN4 ::> .SEKSs  Ecto GCN4

TPA gp120 669
gp140-FT |::> LSEKs{  Ecto FT

Figure 1.8: Design of the “uncleaved” gp140 trimers from the Env sequence derived from YU2
HIV-1 isolate. Schematic representation of wild-type gpl160 (YU2 isolate) showing the native HIV-1
signal peptide (SP), the gp120 subunit, the furin cleavage motif (KEKR), the gp41 ectodomain (Ecto),
the transmembrane domain (TM) and the cytoplasmic domain (CT). The soluble “uncleaved” gp140
sequence was generated by replacing the native SP sequence with the human tissue plasminogen
activator leader sequence (TPA), the furin cleavage motif, KEKR, was replaced with an uncleavable
SEKS motif and the gp160 sequence was truncated at amino acid residue 669. The trimerisation motif,
isoleucine zipper (GCN4), or bacteriophage T4 fibritin (FT), was inserted downstream of the “uncleaved”
gp140 coding sequence to generate gpl140-GCN4 or gpl40-FT, respectively.

1.12.2 Cleavage-dependent SOSIP trimers

Instead of eliminating the cleavage of the soluble gp140, an alternative strategy was to retain
the natural cleavage requirement which seemed essential in the natural processing of gp160
and rationally introduce changes to enhance the stability of the cleaved gp140 (Binley et al.
2000). In addition to noncovalent interactions between gp120 and the ectodomain of gp41, it
was apparent that the proteolytic processing of gp140 by host furin was not optimal (Binley et
al. 2000). Insufficient proteolysis indicated that the host proteases were saturated with highly
expressed gpl140 and could not optimally process the excessively expressed gp140 proteins.
Proteolytic processing was then enhanced by co-transfecting the gp140-encoding plasmid
with a furin encoding plasmid (Binley et al. 2000). However, co-transfection reduced gp140
yields, probably as a result of the competition between the translation of the soluble gp140
and furin, or the accumulation of gp140-furin complexes that were not secreted (Binley et al.

2000; Binley et al. 2002). Later on, the proteolytic cleavage by furin was further enhanced by



replacing the native REKR cleavage site between gp120 and g41 ectodomain of SOS gp140
(discussed below) with a polyarginine (RRRRRR; R6) furin-sensitive cleavage site. Of note,
the presence of the RRRRRR site did not reduce the yields of the SOS gp140 trimers (Binley
et al. 2002).

A disulphide bond was introduced to stabilise the interaction between gp120 and the gp41l
ectodomain (characterised by shedding of gp120) of the cleaved gp140 trimers produced in
the presence of co-expressed furin (Binley et al. 2000). This stabilising mutation was achieved
by amino acid substitution with double cysteines (SOS) in the A501C position of gp120 and
T605C position of gp4l ectodomain of the Env sequence derived from the JR-FL isolate
(subtype B). The soluble proteins stabilised by the addition of the disulphide were referred to
as cleavage-dependent SOS gpl140 trimers. Encouragingly, the SOS gpl140 was more
antigenically similar to the native Env trimers than the uncleaved pseudotrimers that
demonstrated unfavourable antigenic profiles. However, sucrose velocity gradients indicated
that SOS gp140 still contained a considerable amount of gp120 monomers; thus, it's strong
binding with mAbs was not expected. The observed strong reactivity of SOS gp140 with mAb
suggested that this protein adopted a conformation that mainly exposed the native-like
epitopes while occluding the non-neutralising epitopes (Binley et al. 2000; Schilke et al. 2002).
Schilke et al. (2002) further evaluated the oligomeric state of SOS gpl40 using mass
spectrophotometer, ultracentrifugation, size exclusion chromatography (SEC) as well as Blue
Native polyacrylamide gel electrophoresis (BN-PAGE), and confirmed that SOS gp140 was
indeed mostly monomeric. This necessitated further modification of the SOS gp140 to attain
better antigenic mimics of the native gp140 trimers (Schilke et al. 2002).

To further stabilise the SOS gp140 in its trimeric state, Sanders et al. (2002) introduced an
isoleucine-to-proline at position 559 (1559P) in the heptad repeat region of gp41, a six-helix
bundle destabiliser that limited the conformation of gp41 to a prefusion state instead of a
postfusion state (Sanders et al. 2002). Gp140 SOS protein with the 1559P maodification,
designated SOSIP gpl40, was proteolytically cleaved, largely trimeric, and its antigenic
features were native-like (Sanders et al. 2002). To further improve the solubility, homogeneity
and stability of SOSIP gp140 trimers in the absence of detergents, the gp41l ectodomain
coding sequence was truncated at residue 664 of the MPER region to generate SOSIP.664
gp140 trimers (the MPER sequence was truncated at position 681 for the predecessor SOSIP
gp140) (Klasse et al. 2013).

The next generation of cleaved SOSIP.664 gp140 involved identifying sequences from the
elite neutralisers that could yield better trimers and introducing other modifications to expand
their bNAb epitopes. This screening led to the identification of HIV-1 BG505, a subtype A



transmitted-founder (T/F) virus that was isolated from a 6-week old Kenyan infant enrolled in
a mother-child cohort (Wu et al. 2006; Goo et al. 2014). Modifications in the BG505 Env
sequence such as SOS, I1559P, truncation of MPER at position 664, and T332N substitution
to form epitopes that depended on this glycan generated the prototypic native-like trimers
referred to as BG505.SOSIP.664 gpl140 (Figure 1.9) (Sanders et al. 2013). The SOSIP.664
modifications have been successfully applied to Env sequences from various genotypes and
new SOSIP.664 variants that contain further stabilising mutations have been reported (de
Taeye et al. 2015; Julien et al. 2015; Sanders et al. 2015; Klasse et al. 2016; Torrents et al.
2018; Sliepen et al. 2019).

Wild e HIV-1
BG5J§ZP1 60 ::> = KEKR™, Ecto ™ | cT
gp120
TPA T332N AB01C I559P TG05C 664
BG505 SOSIP.664
gp140 = (R6) = Ecto

Figure 1.9: Design of cleavage-dependent SOSIP.664 gpl140 trimers from the Env sequence
derived from BG505 HIV-1 isolate. Schematic representation of the wild-type BG505 gp160 showing
the native HIV-1 signal peptide (SP), the gp120 subunit, the furin cleavage motif (KEKR), the gp41
ectodomain (Ecto), the transmembrane (TM) and the cytoplasmic domain (CT). The designed
SOSIP.664 gpl140 sequence contained the following modifications: the native signal peptide (SP)
sequence was replaced with the human tissue plasminogen activator leader sequence (TPA), the
T332N substitution was included in gp120 sequence, the double cysteines (SOS) substitution in A501C
position of gp120 and T605C position of gp4l ectodomain were included, the furin cleavage motif,
KEKR, was replaced with polyarginine (RRRRRR; R6) furin-sensitive cleavage site, the I559P
substitution was added, and the gp160 sequence was truncated at amino acid residue 664.

1.12.3 Cleavage-independent NFL trimers

Although the cleaved SOSIP.664 gpl40 generated native-like trimers (excellent antigenic
profile and uniform three-lobed, propeller-like structures), efficient proteolytic cleavage
between the gp120-gp41 ectodomain junction to assume a closed conformation required furin
co-expression (Sanders et al. 2013). However, the dependence on furin co-expression could
compromise the formation of cleaved native-like SOSIP.664 trimers when furin is limited. Furin
shortages could occur in nanoparticle-based Env preparations where the furin cleavage site
might be obstructed or in DNA or viral vector vaccines where the cleavage only relies on
endogenous furin (Capucci et al. 2017; Brinkkemper & Sliepen. 2019; Brouwer & Sanders.
2019).

An alternative to the cleavage-dependent design was the establishment of cleavage-

independent approaches that bypass the need for furin but still generate trimers that



antigenically and structurally mimic the prototypic BG505.SOSIP.668 gp140 trimers. Georgiev
et al. (2015) replaced the furin cleavage site in BG505.SOSIP.664 with the flexible linkers (1-
4 repeats of GGSGG) to generate single-chain gp140 trimers (sc-gp140) (Figure 11). Antigenic
analysis with conformational monoclonal antibodies indicated that the longer linker (15
residues) formed better trimers than shorter linkers. Additionally, even though the majority of
the antigenic properties of the sc-gp140 trimers were similar to BG505.SOSIP.664, sc-gpl140
trimers reacted noticeably with the F105 mAb that recognises non-native trimers. The
presence of F105-specific Env species required a further purification step, ; hence the F105
negative selection was conducted to remove misfolded trimers recognised by the F105
antibody (Georgiev et al. 2015). As an alternative to sc-gp140, Sharma et al. (2015) replaced
the furin cleavage site with a ten residue flexible linker (2x GGSGG) in JRFL and BG505 gp140
sequences to generate covalently linked trimers called native flexibly linked (NFL) trimers
(Figure 1.10) (Sharma et al. 2015). Of particular note, the formation of well-ordered trimers
using the NFL approach required the presence of an I559P substitution present in the
SOSIP.664 design. Antigenic profiling and negative stain electron microscopy indicated that
the uncleaved BG505 gp140 NFL was largely trimeric after SEC purification and did not
require further purification by negative selection (Sharma et al. 2015). Our group have
successfully used the NFL strategy to generate HIV-1 subtype C CAP256 gpl140 NFL
immunogens (van Diepen et al. 2018; Margolin et al. 2019; van Diepen et al. 2019; Chapman
et al. 2020).

wild type HIV-1
BG5J§Zp160 :> =KEKR = Ecto ™ | CT
gp120
TPA T332N A501C I559P T605C 664
Sc-gp140 ::> - (GGSGG){  Ecto
TPA gp120 T332N 1559P 664
gp140-NFL |::> L coscey ] Ecto

Figure 1.10: Design of the cleavage-independent single-chain (sc) and native flexibly linked
(NFL) gp140 sequence from the Env sequence derived from the BG505 HIV-1 isolate. The
schematic representation of the wild-type gp160 showing the native HIV-1 signal peptide (SP), the
gp120 subunit, the furin cleavage motif (KEKR), the gp41 ectodomain (Ecto), the transmembrane (TM)
and the cytoplasmic domain (CT). In the soluble sc-gp140 sequence, the native SP sequence was
replaced with the human tissue plasminogen activator leader sequence (TPA), the T332N substitution
was added in gpl20 sequence, the double cysteines (SOS) substitutions (A501C-T605C) were
included, the furin cleavage motif, KEKR, was replaced with a flexible linker (GGSGG x 3), the I559P
substitution was included, and the gp160 sequence was truncated at amino acid residue 664. The



gp140-NFL design is similar to the sc-gp140 design except that the SOS substitution was not included,
and a 10-amino acid flexible linker (GGSGG x 2) was used instead of a 15-amino acid flexible linker.

High titres of autologous Tier 2 and heterologous Tier 1 nAb responses have been observed
in sera from rabbits or guinea pigs intramuscularly (IM) inoculated with SOSIP.664 or NFL
immunogens formulated in ISCOMATRIX™, squalene emulsion or AlhydroGel® adjuvants
(Sanders et al. 2015; Cheng et al. 2016; Feng et al. 2016; Klasse et al. 2016; van Diepen et
al. 2019). These autologous responses have been observed in various vaccination regimens
that incorporate the SOSIP- or NFL designs. Such regimens include sequential immunisation
with a combination of trimers from different clades to mimic natural infection (Klasse et al.
2016; Torrents et al. 2018), immunisation with trimers stabilised by cross-linking with
glutaraldehyde (Feng et al. 2016), immunisation with trimers complexed with structure-specific
mAb (Cheng et al. 2016) and immunisation with trimers derived from a consensus sequence
of M isolates (conM) (Sliepen et al. 2019). Autologous responses are also often observed in
heterologous prime-boost regimens. These regimens involve priming with Env/Gag
immunogens delivered by non-replicating simian adenovirus or non-replicating poxvirus
modified vaccinia virus Ankara (MVA) vectors alone, or in combination with DNA primes,
followed by boosting with soluble Env trimers formulated in adjuvants (Capucci et al. 2017;
van Diepen et al. 2019). Of note, the autologous Tier 2 NAb titres are often very low in rhesus
macaques inoculated with BG505 SOSIP.664 trimers, raising concerns as to whether such
responses will be effectively induced in humans (Sanders et al. 2015). The constant challenge
to elicit potent bNAbs highlights the need for improved immunogens and vaccination regimens.
Recent efforts have focused on optimising immunogens and vaccination regimens that
incorporate the multimerisation or high-density display of Env on nanoparticles (Brinkkemper
& Sliepen. 2019; Brouwer & Sanders. 2019). These nanoparticle approaches are discussed

below.
1.13 Nanoparticle vaccines

The success of virus-like particle (VLP)-based vaccines for other pathogens suggests that
particulate presentation of HIV-1 native-like trimers by nanoparticles could be a useful strategy
to elicit durable and effective neutralising antibodies. The licenced human prophylactic
vaccines against hepatitis B virus (HBV), human papillomavirus (HPV) and hepatitis E virus
(HEV), induce durable neutralising responses because of the particulate presentation of
relevant viral antigens on VLPs (Zhao et al. 2013). Specifically, RECOMBIVAX is the HBV
vaccine that uses the surface antigen (HBsAg) which self-assembles into =20nm lipid-
containing octahedral VLPs. Gardasil is the HPV vaccine that is derived from L1 major capsid

protein which self-assembles into =55nm isometric protein-only VLPs. Hecolin is the HEV



vaccine that is based on a p239 capsid protein which self-assembles into 20-30nm protein-
only VLPs (Zhao et al. 2013).

Nanoparticles in vaccinology describe a broad spectrum of biologically-derived nanoscale
structures (20-200nm) such as VLPs, liposomes, virosomes, self-assembling protein
nanoparticles and rationally designed self-assembling synthetic nanoparticles. Nanoparticles
share similar features such as the size range, repetitive surfaces and can be manipulated
either for high surface display or encapsulation of the antigen of interest (Bachmann &
Jennings. 2010; Karch & Burkhard. 2016; Gomes et al. 2017). The majority of the features of
nanoparticles resemble those of many viral pathogens, which the immune system has evolved
to perceive as “foreign” and thus elicit robust immune responses to clear them. Likewise, these

features render nanoparticles more immunogenic compared to soluble (<10nm) immunogens.

From the peripheral site of injection, the size (20-100nm) of nanoparticles allows them to
readily drain into the lymph nodes and interact with B cells (Bachmann & Jennings. 2010).
Alternatively, nanoparticles are efficiently taken up by antigen-presenting cells (APCs, such
as macrophages, B cells and dendritic cells) and processed for presentation to the major
histocompatibility complex (MHC) class Il (Bachmann & Zinkernagel. 1996). Unlike soluble
proteins, the repetitive surface of nanopatrticles facilitates the cross-linking of B cell receptors
(BCRs, the membrane-bound monomeric configurations of IgD and IgM isotypes). This cross-
linking activates B cells even without a need for T helper cells (no need for presentation of
antigen via the MHC class Il to T helper cells to activate B cells), and induces robust and
durable humoral responses. The repetitive surfaces of nanoparticles also enhance the
interactions with follicular dendritic cells, leading to better presentation of nanoparticles to the
lymph nodes. Unlike the soluble proteins, nanoparticles can also be cross-presented via MHC
class | to induce T cell responses. Many VLPs encapsulate non-infectious nucleic acids, which
upon release, can activate toll-like receptors (TLR) that possess adjuvant properties that can
stimulate strong immune responses (Jennings & Bachmann. 2008; Bachmann & Jennings.
2010; Béarcena & Blanco. 2013; Zabel et al. 2013; Gomes et al. 2017; Schiller & Lowy. 2018).

Subunit vaccines derived from a wide range of viruses are generally less immunogenic than
the live-attenuated viruses; moreover, HIV-1 has evolved immune evasion strategies that
make Env-based immunogens even less immunogenic than other viral antigens. The details
of the evasion strategies (mentioned in Section 1.9) that are relevant for nanoparticle vaccine
designs are expanded here. That is, the unusual low Env spike density (14 spikes per virion)
and their spacing (trimers are 230 A apart) on the HIV-1 viral particle are distinct features that
allow HIV-1 to evade neutralising responses (Zhu et al. 2006; Klein & Bjorkman. 2010; Schiller

& Chackerian. 2014). Hence, developments of HIV-1 nanoparticle vaccines are focusing on



counteracting these features in an attempt to elicit potent neutralising antibodies. Repetitive
antigen display and dense spacing (50-100 A) on pathogens are major determinants that
quickly signal the immune system of the introduction of foreign pathogens, thus triggering BCR
cross-linking of viral antigens to elicit strong antibody responses (Bachmann & Zinkernagel.
1996).

Structural analysis of enveloped viruses such as influenza, hepatitis B and dengue viruses
(Figure 1.11), whose glycoproteins have been shown to elicit potent neutralising antibodies,
generally have a high surface spike density and these spikes are tightly packed (Klein &
Bjorkman. 2010; Schiller & Chackerian. 2014). For instance, influenza type A virions contain
about 450 spikes spaced at <100 A per virion (Yamaguchi et al. 2008). Simian
immunodeficiency virus (SIV) is a virus closely related to HIV, but unlike HIV, it is also densely
decorated with = 70 spikes per virion (Zhu et al. 2006). Robust immune responses ascribed
to nanoparticles are exemplified by the non-enveloped HPV VLPs that efficiently induced
potent neutralising antibodies even in the absence of adjuvants (Zhang et al. 2000). This highly
immunogenic profile of HPV VLPs is thought to be due to the repetitive display and close
packing of L1 major capsid protein that promotes BCR cross-linking leading to potent and
durable antibody responses (Schiller & Lowy. 2018). Thus, an effective vaccine will likely
require a repetitive display and close packing of spikes to elicit high avidity antibodies in
contrast to the sparsely decorated HIV-1 Env, which likely induce monovalent antibodies, thus
resulting in low titres of neutralising antibodies (Klein & Bjorkman. 2010; Schiller & Chackerian.
2014). Nanoparticles are now attractive targets for HIV-1 vaccines because they can be

manipulated to display dense arrays of Env spikes, hopefully improving their immunogenicity.



Influenza

HIV

Figure 1.11: Comparison of the density and spacing of HIV-1 envelope spikes to glycoprotein
density and spacing observed on bovine papillomavirus (PV), influenza, and dengue virus patrticles.
The diagram was taken from Schiller and Chackerian (2014) following the specific guidelines of the
Commons copyright licence.

1.14 Nanoparticle platforms that have been explored for HIV-1 Env trimers
1.14.1 HIV-1 Gag VLPs

Recombinant expression of HIV-1 Gag protein in the absence of other HIV-1 viral proteins is
sufficient for assembly into plasma membrane-bound VLPs and their subsequent budding and
release into the extracellular medium (Gheysen et al. 1989; Karacostas et al. 1989; Murakami.
2008; Freed. 2015). In addition, HIV-1 VLPs bearing Env trimers (i.e. Env-VLPS) can be
produced by co-expressing Gag and Env proteins and purification by centrifugation (Moore et
al. 2006; Crooks et al. 2007; Chapman et al. 2020). An HIV-1 vaccine should present Env
trimers in a native-like conformation to increase the chances of eliciting neutralising antibodies.
In theory, VLPs are attractive nanoparticles to achieve this because they are non-infectious
structures that can present epitopes in their natural membrane context, resulting in native-like
trimers without the need for stabilising mutations (Tong et al. 2012). However, the size of HIV-
1 Gag VLPs (=110nm) and the incorporation of few Env spikes per virion (=14), are not
favourable characteristics for inducing durable immune responses (Klein & Bjorkman. 2010;
Schiller & Chackerian. 2014). Furthermore, a high proportion of the 14 spikes per virion are

non-functional Env forms, including uncleaved gp160, gp120/gp41 monomers or gp41 stumps



following the shedding of gp120, and this limits the stimulation of functional neutralising
antibodies by VLPs (Poignard et al. 2003; Moore et al. 2006; Crooks et al. 2007).

The non-functional forms of Env on Gag-Env VLP preparations were to some extent
addressed by introducing the SOS mutation between gp120 and gp41 or NFL to avoid gp120
shedding, or non-native forms were depleted by digestion with a glycosidase-protease
cocktail, leaving the intact native-like trimers called “trimer VLPs” (Crooks et al. 2007; Crooks
etal. 2011; Tong et al. 2012). Weak heterologous Tier 2 neutralising antibodies were observed
in rabbits immunised with “trimer VLPs” (Crooks et al. 2015; Crooks et al. 2017). Notably,
“trimer VLPs” are generally produced at lower yields in mammalian cells (Crooks et al. 2017).
To increase the Env spike density on HIV Gag VLPs, Stano et al. (2017) used fluorescence-
activated cell sorting (FACS) to screen for bNAb-specific producer cells. Following numerous
screens, high-Env VLPs displaying on average >127 spikes per virion were identified;
however, their immunogenicity is yet to be evaluated (Stano et al. 2017). Despite some
advances in HIV-1 VLPs, their application as nanoparticles for the presentation of Env trimers
is still challenged by the incorporation of few Env spikes as well as the lower yields of these
VLPs in mammalian cells (Klein & Bjorkman. 2010; Schiller & Chackerian. 2014; Crooks et al.
2017).

1.14.2 Liposomes

Liposomes are spherical vesicles that spontaneously form when lipids are hydrated, resulting
in the formation of an aqueous compartment surrounded by one (unilamellar) or more
(multilamellar) lipid bilayers (Sharma & Sharma. 1997). Liposomes contain biodegradable
phospholipids such as cholesterol, phosphatidylcholine and phosphatidylserine (Kersten &
Crommelin. 1995; Sharma & Sharma. 1997). The ability of liposomes to improve antibody
responses against HIV-1 Env immunogens was first demonstrated when monomeric gp120
formulated in liposomes elicited higher antibody titres than gp120 formulated in alum adjuvant
(Bui et al. 1994). As a mucosal vaccine candidate, Bomsel et al. (2011) used the commercial
virosomes (Moser et al. 2007; Herzog et al. 2009) to present gp41-derived antigens including
the P1 peptide (extended gp41l MPER containing the galactosyl ceramide-binding site, the
2F5 and the 4E10 epitopes) (Alfsen & Bomsel. 2002). These virosome-bound gp41 antigens
protected the Chinese rhesus monkeys against repeated SHIV-SK162P3 vaginal. The gp41-
specific cervicovaginal 1gAs, transcytosis-blocking and ADCC activities were colerates of
protection. Interestingly, no neutralising IgG activity was detected in the sera of protected
animals (Bomsel et al. 2011). Pejawar-Gaddy et al. (2014) displayed polyhistidine (His)-
tagged gpl40 trimers on nitrilotriacetic acid (NTA)-bearing interbilayer-cross-linked
multilamellar vesicles (Ni-NTA-ICMVs, =27nm). The resulting gp140T-ICMVs liposomes (160



trimers per liposome with the spacing of 330 A between trimers) were formulated in the toll-
like receptor-4 MPLA adjuvant, and their immunogenicity was evaluated in mice. The gp140T-
ICMVs elicited higher antibody titres and avidity against the conserved linear peptide epitopes
(V2, MPER) compared to soluble gp140 trimers formulated in a potent oil-in-water adjuvant
(Pejawar-Gaddy et al. 2014).

Advancement in the use of liposomal nanoparticles was reported where well-ordered native-
like trimers (JRFL NFL-His-tag, or JRFL SOSIP-His-tag) were displayed on the unilamellar
Nickel (Ni?*)-chelated liposomes (Ingale et al. 2016). This conjugation resulted in trimer-
conjugated liposomes (75-250nm in diameter) displaying about 300-500 Env spikes with a
spacing of 120-150 A between trimers (Figure 1.12). Encouragingly, the trimer-conjugated
liposomes retained the quaternary-specific Env epitopes, were very stable, highly activated B
cells ex vivo and elicited modest autologous Tier 2 neutralising antibodies compared to the
weak response observed for unconjugated trimers in rabbits (Ingale et al. 2016). Autologous
Tier 2 neutralising antibodies were also induced in non-human primates vaccinated with
liposome-arrayed NFL trimers via the Ni?*-His-tag non-covalent interactions (Martinez-Murillo
et al. 2017).

JRFL NFL

JRFL SOSIP

Figure 1.12: Negative-stain EM of liposomes displaying an array of SOSIP or NFL native-like
trimers. Nickel-chelated liposomes were generated by incorporating 1-4% of 1,2-dio-leoyl-sn-glycero-
3-((N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl) (nickel salt) (DGS-NTA(Ni)) into a lipid
components for generating liposomes. His-tagged JRFL NFL or JRFL SOSIP trimers were displayed
on these liposomes by non-covalent Ni?*-His interaction. These electron micrographs were taken from
Ingale et al. (2016).

To ensure that the trimers did not dissociate before reaching the lymph nodes and B cells due
to non-covalent coupling to liposomes, a second-generation of covalently linked liposomes



were generated (Bale et al. 2017). Thus, BG505 NFL-Cys trimers were attached to Cys-linked
liposomes by maleimide-thiol covalent coupling, resulting in more stable display than the non-
covalent conjugations used for the first-generation liposomes. Trimers conjugated to
liposomes via covalent interactions elicited higher Env binding antibodies in mice than the
soluble trimers or trimers non-covalently displayed on liposomes (Bale et al. 2017). However,
no autologous Tier 2 neutralising antibodies were elicited, consistent with previous
observations that mice BCRs are not efficient in eliciting neutralising antibodies against BG505
trimers (Hu et al. 2015; Bale et al. 2017). A heterologous prime (with glycan-modified cleavage
independent NFL trimers) - boost (with liposomes densely arrayed with heterologous NFL
trimers) regimen elicited Tier 2 cross-neutralising antibodies in rabbits. These results indicated
a potential of a combination regimen (priming with optimised Env trimers and boosting with a
heterologous (to priming trimer) trimers displayed on particulate liposomes) in inducing cross-
neutralising antibodies against hard-to-neutralise clinically relevant Tier 2 viruses
(Dubrovskaya et al. 2019). Even though further optimisations are required to improve the
conjugation efficiency, consistent size and quality production of liposomes, they are promising
nanoparticles for the presentation of Env trimers (Brinkkemper & Sliepen. 2019).

1.14.3 In vivo self-assembling protein nanoparticles

Some naturally occurring proteins can spontaneously self-assemble into nanostructures (10-
150nm in diameter) with regular shapes (LOpez-Sagaseta et al. 2016). Alternatively,
computational designs are used to generate rationally designed proteins that are capable of
self-assembling into synthetic nanoparticles (King & Lai. 2013). The symmetry and particulate
nature of the self-assembling protein nanoparticles make them attractive scaffolds for dense
arrays or encapsulation of vaccine antigens. Antigen display on protein nanopatrticles is often
achieved by genetically fusing the sequence coding the antigen of interest downstream or
upstream of the nanoparticle coding sequence to generate a chimaeric construct, which upon
recombinant protein expression, generates nanoparticles displaying the antigen of interest on
its surface. Ferritin, E2p, 13-01 and lumazine synthase are protein nanoparticles that have

been explored for the presentation of HIV-1 Env immunogens.
1.14.3.1 24-meric Ferritin

Ferritin is a protein produced by almost all living organisms, and its function is to form a shell
for iron storage and is crucial in iron homeostasis (LOpez-Sagaseta et al. 2016). Each ferritin
of the Gram-negative bacterium Helicobacter pylori is assembled from 24 identical subunits.
Each subunit folds into a four-helix-bundle, which subsequently merges to form a nanoparticle
(24-meric, 12.2nm) with an octahedral symmetry (Cho et al. 2009). Unlike the bacterial

ferritins, each mammalian ferritin results from two non-identical subunits; the light and heavy



chains combining at equal or variable molar ratios to form a 24-meric nanoparticle with
tetrahedral symmetry (Lawson et al. 1991; Hamburger et al. 2005). Due to their chemical
stability, thermal stability, as well as their 3-fold axis symmetry, ferritins are suitable scaffolds
for trimeric glycoproteins. Ferritins have been used for the presentation of hemagglutinin (HA)
from influenza virus (Kanekiyo et al. 2013), soluble E2 of Hepatitis C virus (Yan et al. 2020),
gp350 of Epstein-Barr virus (Kanekiyo et al. 2015) and monomeric and trimeric forms of HIV-
1 Env (Sliepen et al. 2015; He et al. 2016; Georgiev et al. 2018).

Specifically, Helicobacter pylori ferritin displaying BG505 SOSIP.664 gpl40 trimers
(SOSIP.664-ferritin) elicited higher but nonsignificant autologous Tier 2 NAbs compared to the
soluble SOSIP.664 trimers in rabbits (Sliepen et al. 2015). The uncleaved prefusion-optimised
BG505 ectodomain-swapped trimers (UFO-BG) arrayed on ferritin nanoparticles elicited
higher autologous Tier 2 NAbs in mice and rabbits compared to animals vaccinated with the
soluble trimers (He et al. 2018). The V1V2-ferritin, gp120-ferritin and gp140-ferritin fusions
generated homogenous nanoparticles, respectively displaying V1V2, gpl120 and gpl140
epitopes in their native-like trimeric conformations. Notably, high yields of gpl40-ferritin
nanoparticles were produced in an ExpiCHO transient expression system, and these ferritin-
displayed trimers effectively activated B cells compared to soluble trimers (He et al. 2016; He
et al. 2018). Ferritin nanoparticles displaying the SOSIP conM trimers elicited significantly
higher autologous Tier 1A (conM) and appreciable Tier 1B (conS is more resistant than conM)
neutralising antibodies compared to their soluble counterparts in rabbits and macaques
(Sliepen et al. 2019)

Mammalian ferritins allow for a multi-component display of antigens. For instance, ferritin
derived from insect Trichoplusia ni assembles into 24-meric nanoparticles made up of 12
identical subunits of the light chain and 12 identical subunits of the heavy chain (Hamburger
et al. 2005). This mammalian ferritin led to the development of two-component ferritin
displaying 2x4 HIV-1 Env trimers from two isolates, and another dual ferritin displaying 4x HIV-
1 trimers plus 4x influenza HA trimers. In guinea pigs, these two-component ferritin
nanopatrticles elicited sporadic autologous NAbs against Tier 2 HIV-1 viruses but strong
autologous NAbs against autologous influenza virus, indicating that this system was more
favourable for influenza than HIV-1 Env trimers (Georgiev et al. 2018). The limitations of using
ferritin nanoparticles include low (only 8) density display of trimers which could still limit B cell
cross-linking and the presence of contaminating monomeric, dimeric, and uncleaved (due to
limited access of SOSIP trimers by furin) Env species that cannot be eliminated once the

nanoparticles are assembled.



1.14.3.2 60-meric protein nanoparticles: dihydrolipoyl acetyltransferase (E2p), I3-01 and

lumazine synthase

E2p protein is a component of a pyruvate dehydrogenase (PDH) multienzyme complex found
in Geobacillus stearothermophilus. Sixty E2p subunits assemble into a 60-meric heat-stable
particle (23nm) with icosahedral symmetry. Due to the natural ability of E2p to non-covalently
associate with 60 copies of E1 or E3 components of the PDH, E2p can be used as a scaffold
for surface display of foreign antigens without impacting E2p assembly (Izard et al. 1999;
Domingo & Perham. 2001). He et al. (2016) demonstrated that gp120-E2p and gp140-E2p
chimaeric fusions generated homogenous E2p particles (37.6nm and 41.5nm in diameter,
respectively) displaying gp120 and gpl140 in their native-like trimeric conformations. The
gp120-E2p and gpl40-E2p nanoparticles substantially activated B cells in vitro compared to
their soluble counterparts (He et al. 2016). The immunogenicity of E2p-displayed trimers still

needs to be assessed in vivo.

I3-01 is a computationally designed, hyperstable nanoparticle made up of trimeric protein
building blocks that self-assemble into 60-meric icosahedral particles (25nm) (Hsia et al.
2016). A fusion construct containing gp140, T cell epitope (PADRE) and the 13-01 (gp140-
PADRE-I3-01) generated hyperstable nanoparticles displaying gp140 trimers with desirable
antigenic features. The gp140-PADRE-I3-01 nanoparticles induced modest autologous Tier 2
NAbs in rabbits (He et al. 2018).

Lumazine synthase (LS) is an enzyme from the hyperthermophilic bacterium Aquifex aeolicus
and is capable of self-assembling into 60-meric nanoparticles (14.8nm) with icosahedral
symmetry (Zhang et al. 2001; Zhang et al. 2006). When a computationally designed germline-
targeting gp120 outer domain [the outer domain refers to gp120 where the tip of the V3 loop
(amino acid residues 303-319) was removed] (eOD-GT6) was multimerised on lumazine
synthase and assayed in vitro, germline and mature B cells were activated at higher magnitude
compared to monomeric and soluble eOD-GT6 gp120 forms (Jardine et al. 2013). These LS-
eOD-GT6 nanoparticles induced strong immune responses in a knock-in mouse model
expressing germline-reverted VRCO1 heavy chains (Jardine et al. 2015). However, LS fused
to the full-length gp120 or gp140, failed to assemble into nanopatrticles, possibly due to non-
optimal spacing of trimers that possibly overcrowded the surface of the nanoparticle, thus

resulting in particle disassembly (He et al. 2016).
1.14.4 In vivo assembling protein body-inducing fusion tags

In recent years, there has been an increasing enthusiasm in using protein body-inducing

fusions as a strategy to improve recombinant protein stability, accumulation, recovery,



purification and immunogenicity simultaneously, especially of plant-produced candidate
vaccine antigens (Conley et al. 2011; Khan et al. 2012; Schmidt. 2013; Schwestka & Stoger.
2021). Protein bodies (PBs) are endoplasmic reticulum (ER)-derived organelles that form in
the majority of seeds and function as protein storage compartments. Cereal seed storage
proteins (predominantly prolamins) of maize, wheat and rice naturally form PBs (Shewry &
Halford. 2002). The best characterised naturally occurring ER-derived PBs are zeins, the seed
prolamin storage protein synthesised during endosperm development in maize kernels
(Lending & Larkins. 1989). Zeins are synthesised in the membrane-associated polyribosomes
and trafficked into the ER where they self-assemble into 1-2um spherical-shaped PB
structures. These PBs are enclosed by ER membranes and remain attached to the ER or bud
into the cytosol (Lending & Larkins. 1989; Herman & Larkins. 1999; Chrispeels & Herman.
2000; Galili. 2004; Saberianfar & Menassa. 2017). Fusing zein-derived fusion tags to some
recombinant proteins has been shown to induce the formation of PBs encapsulating large
amounts of the protein of interest (Llop et al. 2006; Torrent et al. 2009a; Torrent et al. 2009b;
Conley et al. 2011; Whitehead et al. 2014; Mbewana et al. 2015; Hofbauer et al. 2016). The
formation of novel PBs is not restricted to zein fusion; PBs can be induced when recombinant
proteins are fused to fungal hydrophobin-1 (HFBI) and elastin-like polypeptide (ELP) proteins
(Conley et al. 2011; Schmidt. 2013).

1.14.4.1 Zera®

Depending on the position and amino acid composition of PBs across the developing
endosperm of maize seed, as well as the actual size of PBs, zeins are classified into a-, 3-, &-
and y-zein (Lending & Larkins. 1989). Gamma-zein (27 kDa) contains proline-cysteine rich
regions, and only solubilises in the presence of reducing agents. The proline-rich N-terminal
domain of y-zein is sufficient for ER retention, and to induce the formation of PBs when fused
to other proteins (Geli et al. 1994; Llop-Tous et al. 2010). The N-terminal domain was renamed
y-zein ER-accumulating domain (Zera®, which is essentially a truncated y-zein) by ERA
Biotech — now Zip Solutions - (Barcelona, Spain) (Figure 1.13) (Ludevid et al. 2005). Zera®
(116 amino acid) domain comprises the CGC motif downstream of the signal peptide, a central
proline-rich domain containing a hexapeptide repeat (PPPVHL)s, as well as a C-terminal Pro-
X domain with four cysteine residues (Geli et al. 1994). The mechanisms by which y-zeins
drive self-assembly into PBs in the ER are not well understood because the sequence contains
the N-terminal secretory signal and does not contain an obvious ER-retention signal (H/KDEL),
yet PBs are retained intracellularly. It is believed that the hydrophobic interactions between
the amphipathic (PPPVHL)s repeats, the formation of disulphide bonds between

Zera® molecules, as well as the high ionic strength and oxidising ER environment, are



characteristic features that allow for self-assembly into PBs (Geli et al. 1994; Kogan et al.
2001; Llop-Tous et al. 2010).

Zera®

Signal peptide N-term 8x PPPVHL repeat domain

'MRVLLVALALLALAASAT HTSGGCGCQPPPPVHLPPPVHLPPPVHLPPPVHLPPPVHLPPPPVHLPPPPVHLPPPPVHL

<
<

Zera® (112 amino acids)

Pro-X region
IPPPPCHY PTQPPRPQPHPQPHPCPCQQPHPS PCQ

>
>

Figure 1.13: Amino acid sequence and domains of Zera®. Zera® is composed of the y-Zein signal
peptide (green), the non-proline N-terminal region with a CGC motif (black), the repeating domain with
eight units of the PPPVHL hexapeptide (orange) and the Pro-X C-terminal domain with four cysteine
residues (blue).

Protein body induction is not restricted to seeds; they were shown to form when zein was
fused to various proteins which were produced in a wide range of non-seed expression hosts
including plant, fungal, insect and mammalian cells (Llop et al. 2006; Torrent et al. 2009a;
Torrent et al. 2009b; Conley et al. 2011; Schmidt. 2013; Whitehead et al. 2014; Mbewana et
al. 2015; Hofbauer et al. 2016). An example of the characterisation of protein bodies in plants
and mammalian cells is shown in Figure 1.14. The benefits of packaging the protein of interest
in Zera®-induced PBs include the retention of protein in the ER (thus providing insulation
against proteolysis in the cytoplasm), ease of purification as electron-dense PBs usually allow
for simple protein recovery using gradient centrifugation, and the adjuvant effect of the
particulate PBs (Torrent et al. 2009a; Schmidt. 2013; Whitehead et al. 2014). Encouragingly,
the ectodomain of influenza HA fused to zein (H5-zein) formed protein bodies in tobacco
leaves which were significantly more immunogenic in mice than the soluble H5 HA (Hofbauer
et al. 2016). The adjuvant effect of H5-zein PBs was similar to the response elicited when the
soluble H5 was co-administered with a commercial adjuvant. Moreover, when H5-zein was
co-administered with a commercial adjuvant, the H5-zein immune responses could not be
enhanced, suggesting that the particulate nature of zein PBs was sufficient to mediate an
adjuvant effect (Hofbauer et al. 2016).
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Figure 1.14: Characterisation of Zera®-induced PBs in plant leaves and mammalian cells. (A)
Confocal micrographs of PBs in tobacco leaves expressing Zera®-tagged enhanced cyan fluorescence
protein (Zera-ECFP), and human embryonic kidney (HEK293T) cells expressing Zera®-calcitonin
(Zera®-Ct). (B) Immunoelectron micrograph of N. benthamiana leaves (thin sections) expressing
Zera®-red fluorescent protein (DsRed). Protein body (PB), chloroplast (ch), mitochondria (M) and
vacuole (V) are indicated. Scale bars are indicated in each micrograph. Figure 15 (A) was adapted
from Torrent et al. (2009b) while Figure 15 (B) was adapted from Joseph et al. (2012) with both
permissions provided by Springer Nature.

1.14.4.2 Hydrophobin-I (HFBI)

Hydrophobins are small (= 10kDa) surface-active (surfactant) globular proteins found solely in
fungi. Hydrophobins are characterised by the presence of conserved eight cysteine residues,
which form four intramolecular disulphide bonds that confer stability to the amphipathic tertiary
structure resulting from self-assembly at hydrophilic-hydrophobic interfaces (Sunde et al.
2008; Berger & Sallada. 2019). The surfactant and self-assembly features of hydrophobins
are attractive for nanotechnology applications (Conley et al. 2011). The fusion of hydrophobin
plus ER-retention signal (KDEL) to the protein of interest (green fluorescent protein (GFP) or
enzyme glucose oxidase) resulted in the formation of novel PBs encapsulating large amounts
of proteins that were effectively purified using an aqueous two-phase system (ATPS) (Joensuu
et al. 2010). The fusion of hydrophobin | to the hemagglutinin ectodomain of influenza virus
(H5-HFBI or H1-HBFI) also resulted in the formation of novel PBs in plant leaves (Jacquet et
al. 2014; Phan et al. 2014). Encouragingly, H1-HBFI PBs (purified by ATPS followed by

ammonium sulfate precipitation) elicited neutralising antibodies in mice (Jacquet et al. 2014).
1.14.4.3 Elastin-like polypeptides (ELPs)

Elastin-like polypeptides (ELPs) are mammalian elastin-like synthetic pentapolypeptides
containing a repeating ‘'VPGXG’ sequence where X can be any residue beside proline (Urry.
1988). When heated above their transition temperature, a reversible reaction occurs where

the soluble ELPs transition to insoluble, hydrophobic [3-spiral structures (Urry. 1997). The



fusion of ELPs to any recombinant protein of interest allows for simple, cheap and scalable
non-chromatographic purification of proteins using temperature-salt dependent or filter-based
purification techniques, respectively called centrifugation-based inverse transition cycling
(cITC) or membrane-based ITC (mITC) (Meyer & Chilkoti. 1999; Phan & Conrad. 2011). Just
like hydrophobin, the fusion of ELPs plus the ER-retention signal to GFP or H5, improved
protein accumulation and also resulted in the formation of ER-derived PBs in plants (Conley
et al. 2009; Phan et al. 2014). Interestingly, the plant-produced monomeric HA fused to ELP
(H5-ELP) failed to elicit neutralising antibodies in mice. However, autologous and
heterologous NAbs were elicited when H5-ELP was stabilised into trimers by including the
GCN4-pll isoleucine-zipper trimerisation sequence directly downstream of the H5 ectodomain
(Phan et al. 2013).

1.14.5 In vitro-assembling nanoparticles

Even though the in vivo-assembling protein nanoparticles (Gag-Env VLPs and genetically
fused ferritin, E2p, 13-01, lumazine and PB-inducing Zera®) are generally novel
nanotechnology concepts, they may not be optimal for HIV-1 Env trimers. Besides the
possibility of compromising the nanoparticle assembly due to the complex nature of Env, once
these nanoparticles assemble intracellularly to display or encapsulate HIV-1 Env, it is
impossible to eliminate the misfolded, non-native Env species from the nanoparticles. These
non-native Env species may serve as immunological decoys limiting the induction of relevant
neutralising antibody responses (Brinkkemper & Sliepen. 2019; Brouwer & Sanders. 2019).
For these reasons, recent efforts are focusing on optimising two-component nanopatrticles that
allow for in vitro co-assembly of the two components of the nanoparticle. In vitro-assembling
nanoparticles allow for the independent production of the protein components and better
quality control of both Env trimers and nanoparticles as they can be purified separately, then
combined to generate nanoparticles displaying a majority of well-folded Env trimers
(Brinkkemper & Sliepen. 2019; Brouwer & Sanders. 2019). The promising in vitro-assembling
nanoparticles for HIV-1 Env trimers include 153-50 nanoparticles and pre-assembled
SpyCatcher-AP205 VLPs for covalently displaying Env-SpyTag proteins (Brinkkemper &
Sliepen. 2019; Brouwer & Sanders. 2019).

1.14.5.1 I53-50 nanoparticles

The 153-50 nanoparticle is a computationally designed 60-meric, two-component icosahedral
particle (20-40 nm in diameter) generated by combining 20 naturally trimeric “A” (153-50A) and
12 pentameric “B” (153-50B) subunits (Bale et al. 2016). The application of I53-50 nanoparticle
was first observed when the prefusion-stabilised F glycoprotein (DS-Cavl) from the

respiratory syncytial virus (RSV) was genetically fused to 153-50A to generate Ds-Cav1-153-



50A scaffold trimers that were complementary to 153-50B pentamers (Marcandalli et al. 2019).
Mixing the HEK293-produced Cavl-153-50A trimers with bacterial-produced [53-50B
pentamers in vitro resulted in Ds-Cal-153-50 nanoparticles displaying =20 well folded-trimers
spaced at about 150 A apart. The nanoparticle-arrayed Ds-Cal trimers elicited 10-fold higher
neutralising antibodies than the soluble trimers in mice and macaques, supporting the notion
that high-density antigen display improves B-cell cross-linking (Marcandalli et al. 2019).
Encouragingly, after a single vaccination in rabbits, HIV-1 Env ConM SOSIP-I53-50
nanopatrticles elicited 40-and 10-fold higher autologous NAbs compared to the soluble trimers

or ferritin-arrayed trimers, respectively (Brouwer et al. 2019; Brouwer & Sanders. 2019).

Recently, a 5-library consisting of tetrahedral, octahedral and icosahedral nanoparticles were
tailor-made for the presentation of trimeric viral glycoproteins such as HIV-1 Env trimers (Ueda
et al. 2020), and their concepts mirror that of the 153-50 nanoparticles. When the ConM-
SOSIP-T33 _dn2A component (antigen-bearing component) was reacted with the
corresponding T33_dn2B component (nanoparticle assembly component), tetrahedral
nanoparticles presenting only four trimers per particle were observed (Antanasijevic et al.
2020). Interestingly, the ConM-SOSIP-T33_dn2 nanoparticles elicited higher neutralising titres
against the autologous conM virus when compared to their soluble ConM-SOSIP.v7 trimers.
Additionally, even though the T33_dn2 nanoparticles presents trimers at a lower valency (4
trimers per particle), their immunogenicity was comparable to the trimers presented on the
higher valency ferritin (8 trimers per particle) and 153-50 (20 trimers per particle) nanoparticles

(Antanasijevic et al. 2020).

The 153-50 nanoparticles have also been used as a scaffold for the presentation of SARS-
CoV-2 vaccine candidates (Walls et al. 2020; Brouwer et al. 2021b; Kang et al. 2021). Notably,
macaques that were vaccinated with 153-50 nanoparticles displaying SARS-CoV-2 spike
protein before they were challenged with a high dose of SARS-CoV-2; showed a lower viral

load when compared to unvaccinated animals (Brouwer et al. 2021b).
1.14.5.2 SpyCatcher-SpyTag-tagged nanoparticles

The discovery that the surface proteins of Gram-positive bacteria such as Streptococcus
pyogenes, Streptococcus pneumoniae, Staphylococcus aureus, and Corynebacterium
diphtheria form spontaneous intramolecular isopeptide bonds, opened attractive protein
stabilising alternatives. Naturally forming isopeptide bonds afford alternative protein-stabilising
strategies instead of cross-linking with disulphide bonds which are reversible and restricted to
specific subcellular compartments (Kang & Baker. 2011). Specifically, the second
immunoglobulin-like collagen adhesion domain (CnaB2) in the fibronectin-binding protein of

Streptococcus pyogenes, is stabilised by the formation of an isopeptide bond that optimally



forms in a wide range of temperature and pH conditions (Kang et al. 2007; Hagan et al. 2010;
Kang & Baker. 2011). Zakeri et al. (2012) and Li et al. (2014) split the CnaB2 domain of
Streptococcus pyogenes (Spy) into rationally engineered SpyTag peptide (13 amino acid) and
SpyCatcher protein (138 or 116 amino acid) reactive partners. Mixing of the SpyTag and
SpyCatcher led to the formation of a rapid, irreversible covalent isopeptide bond. This
isopeptide bond formed between the reactive carbonyl carbon of Asp!’ in the SpyTag and the
reactive amine of Lys3! in the SpyCatcher. This reaction requires the catalytic activity of Glu’’
in the SpyCatcher (Figure 1.15).

The SpyTag-SpyCatcher reaction occurred optimally over a wide range of conditions:
temperature (4-37°), pH (5-8), buffers (phosphate-buffered saline (PBS), Hepes, Tris) and
non-anionic reagents. Since the reaction between the SpyTag and SpyCatcher occurs through
the side chains of the amino acids involved, the SpyTag and SpyCatcher can be fused at any
position (N-terminally or internally or C-terminally) to the protein of interest (Zakeri et al. 2012;
Reddington & Howarth. 2015). As a result, the SpyTag and SpyCatcher have been used as a
novel bio-conjugation tool in a wide range of applications, including vaccine nanoparticle
scaffolds and for stabilisation of enzymes as reviewed elsewhere (Reddington & Howarth.
2015; Brune & Howarth. 2018; Hatlem et al. 2019; Keeble & Howarth. 2020). Several variants
of Catcher/Spy systems have also been developed: the second-generation systems with
faster reacting SpyTag and SpyCatcherAN1 (N-terminally truncated SpyCatcher from 116 to
84 amino acids) (Li et al. 2014) or SpyTag002 and SpyCatcher002 (addition of a positively
charged lysine at the C-terminus of the SpyTag and using a phage display library for selection
of clones with faster isopeptide bond formation) (Keeble et al. 2017) or SpyTag003 and
SpyCatcher003 (included additional positively charged residues at the N terminus of the
SpyTag002 and the mutations that reduced the loop flexibility while increasing the surface
polarity of the SpyCatcher) (Keeble et al. 2019), the system that uses SnoopTag and
SnoopCatcher derived from an adhesin domain of Streptococcus pheumoniae (lzoré et al.
2010; Veggiani et al. 2016), the tripeptide systems so that the reactive amino acids are located
on separate peptides (SpyLigase + SpyTag + KTag or the improved version, SnoopLigase +
SnoopTag + DogTag) (Fierer et al. 2014; Veggiani et al. 2016; Buldun et al. 2018) and
SpyDock to facilitate the purification of SpyTag-proteins using the Spy&Go system (Anuar et
al. 2019).
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Figure 1.15: Split and engineered Streptococcus pyogenes-derived CnaB2 domain into reactive
fragments. (A) The CnhaB2 was split into SpyCatcher and SpyTag complementary partners, that upon
mixing, they spontaneously form an irreversible isopeptide bond. (B) Stick model showing three key
amino acids (Lys®!, Aps” and Glu””) of CnaB2 that are involved in the formation of the isopeptide bond.
The diagram was adapted from Zakeri et al. (2012).

As an alternative to the conventional conjugation methods (such as chemical cross-linking,
affinity approaches using His-Ni?* or biotin-avidin, the addition of unnatural amino acids for
click chemistry, sortase, just to mention a few), the Catcher/Tag split-protein technology is a
promising strategy for in vitro decoration of pre-assembled nanoparticles with complex vaccine
antigens (Brune & Howarth. 2018). Brune et al. (2016) and Thrane et al. (2016) independently
constructed the bacterial expression plasmids encoding the SpyCatcher or SpyTag coding
sequences genetically fused to the 5’ end of the sequence coding the viral coat protein (CP3)
of the RNA bacteriophage AP205 that infects the Gram-negative Acinetobacter bacteria.
These constructs expressed versatile Spy-VLPs (SpyTag-AP205 or SpyCatcher-AP205) that
could be covalently decorated with a wide range of Spy-tagged antigens for vaccine purposes
(Figure 1.16) (Brune et al. 2016; Thrane et al. 2016). Each AP205 VLP assembled from 180
coat protein subunits (spaced at about 100 A) that self-assembled to generate particles (=
29nm in diameter) with icosahedral symmetry. AP205 VLPs are attractive scaffolds for
vaccines because the C- and N-termini of the coat protein are surface exposed, tolerate fusion
of heterologous proteins at both termini without compromising particle assembly, can be
produced at high yields in bacteria and encapsulate host-specific RNAs (25-30ug per 100ug
coat protein) that can offer adjuvant properties (Klovins et al. 2002; van den Worm et al. 2006;
Spohn et al. 2010; Tissot et al. 2010; Aves et al. 2020).
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Figure 1.16: The design of the SpyCatcher-AP205 VLPs for the high-density display of the
immunological relevant SpyTagged-antigens for vaccine developments. The diagram was
adapted from Brune et al. (2016) following the copyright guidelines specified by the Creative Commons
license.

The versatility of the SpyCatcher-AP205 VLPs in vaccine development was initially confirmed
by the ability to display a diverse range and size of antigens. These antigens included malarial
proteins, Mycobacterium tuberculosis and cancer or allergy self-associated proteins ranging
between 14.5-118 kDa (Brune et al. 2016; Thrane et al. 2016). The coupling efficiency (% of
VLP occupied) and antigen display capacity (number of antigens per VLP) inversely correlated
with an increase in the size of antigens, suggesting that the display of larger proteins on Spy-
VLP platforms could be limited by steric hindrance (Thrane et al. 2016). Encouragingly, the
malarial antigens (Pfs25, VAR2SCA, CIDR, CSP) and self-antigens (CTLA-4, HER2, PD-L1,
and HER?2) displayed on AP205 VLPs (via SpyTag-SpyCatcher interaction) and sometimes
formulated without adjuvants, generally elicited higher antibody responses in mice than the
soluble antigens. The Spy-VLP-displayed antigens generally showed one or more features
that indicated improved immunological profiles compared to otherwise weakly immunogenic
soluble antigens: improved antibody titres, longevity, avidity, quality and functionality
(antibodies against malarial vaccines were able to block parasite establishment in mosquitoes,
self-associated antigens effectively broke B cell self-tolerance, and anti-HER2 antibodies

reduced the growth of mammary carcinomas) (Brune et al. 2016; Janitzek et al. 2016; Thrane



et al. 2016; Leneghan et al. 2017; Palladini et al. 2018). When the attractive vaccine targets
(heat-stable toxins, = 4.3kDa peptides) against Enterotoxigenic Escherichia coli were
displayed on AP205 VLPs via the SpyTag-SpyCatcher interaction, robust, cross-neutralising
antibodies were elicited in mice in the absence of adjuvants (Govasli et al. 2019).

The Spy-VLP system is not only suitable for peptide and monomeric proteins, but it is also a
versatile scaffold for displaying multimeric and complex antigens. The presentation of trimeric
HIV-1 Env glycoprotein on VLPs via the SpyTag-SpyCatcher has been reported recently. The
SpyTagged RC1-4fill native-like trimers (SOSIP.668-stabilised plus 4 additional glycans to
block off-target epitopes) was multimerised on Spy-AP205 VLPs. The resulting AP205-RC1-
4fill VLPs were able to engage the B cells that expressed the V3-glycan patch-specific bNADb
precursors in rhesus macaques (Escolano et al. 2019). The SpyTag/ SpyCatcher technology
has also enabled the use of protein hanoparticles such as lumazine synthase (LuS) and ferritin
as in vitro-assembling nanoparticle platforms for the presentation of trimeric glycoproteins
(Zhang et al. 2020; Ding et al. 2021). Specifically, LuS-SpyTag and ferritin-SpyTag
nanoparticles were generated, and their expression, solubility and assembly were improved
by the addition of 1-2 potential N-linked glycosylation sites. These nanoparticles efficiently
presented the SpyCatcher-tagged trimeric glycoproteins from the respiratory syncytial virus
fusion, human parainfluenza virus type 3 fusion glycoprotein and the SARS-CoV-2 spike
protein (Zhang et al. 2020). Immunogenicity studies in mice indicated that the low-dose SARS-
CoV-2 spike-LuS nanoparticles induced 25-fold higher neutralising antibodies compared to
the soluble spike trimer (even when used at a higher dose than the nanoparticle-displayed
spike) (Zhang et al. 2020). Ding et al. (2021) used the SpyCatcher-ferritin nanoparticles to
display the cleavage-independent SOSIP.664 ¢gpl40-SpyTag trimers. A sequential
vaccination regimen [priming with DNA encoding gp145 followed by boosting with recombinant
China Tiantan vaccinia virus (also encoding gpl45) and SOSIP.664 gp140-ferritin
nanoparticle] tested in rhesus macaques indicated that the nanoparticle boost increased the
binding antibodies titres by 10-fold. This prime-boost regimen also induced neutralising
antibodies against autologous and heterologous Tier 2 viruses, and these neutralising
responses were protective against a heterologous SHIV challenge. These results indicated
that in sequential prime-boost immunisation modalities, an increase in density/capacity of
presentation of gp140 trimers could improve the elicitation of neutralising antibody responses

against Tier 2 viruses (Ding et al. 2021).

Besides the AP205 VLPs, hepatitis B VLPs (Marini et al. 2019; Hartzell et al. 2020), norovirus-
like VLPs (Lampinen et al. 2021), and protein nanoparticles, the Tag/Catcher conjugation
approach has been applied to other synthetic vaccine scaffolds. A modular plug-and-display

technology using orthogonal groups enabled the multimerisation of two malarial antigens,



Pfs25-SpyTag and Pfs28-SnoopTag, on the surface of a synthetic SpyCatcher-IMX-
SnoopCatcher scaffold, and elicited more robust antibody responses compared to the soluble
Pfs25-SpyTag and Pfs28-SnoopTag (Brune et al. 2017). Bruun et al. (2018) rationally
designed the 2-keto-3-deoxy-phosphogluconate aldolase of the thermophilic Thermotoga
maritima to generate proteins that self-assemble to form i301 (60-meric) nanoparticles with
dodecahedral symmetry. Further deletion of the surface-exposed cysteine residues of the i301
generated stable and homogenous mi3 nanoparticles (26 nm in diameter). In comparison to
SpyCatcher-AP205 VLPs, the SpyCatcher-mi3 particles were produced at 10-fold higher
yields and showed improved stability and homogeneity. The SpyCatcher-mi3 nanoparticles
efficiently displayed various SpyTag-tagged malarial antigens (CIDR, Pfs25 and CyRPA). The
mi3-displayed CyRPA elicited higher antibody titres than the soluble CyRPA antigen in mice
(Bruun et al. 2018).

Recently, the SpyCatcher-AP205 VLPs and SpyCatcher-mi3 nanoparticles were both used for
homotypic and heterotypic co-display of HA trimers from different influenza strains (Cohen et
al. 2021b). Heterotypic nanopatrticles refer to nanoparticles where up to 8 trimers were mixed
in a single reaction to allow random (since all trimers carried the SpyTag) co-display on a
single nanoparticle (mosaic-2, -4 or -8 nanoparticles). Homotypic nanoparticles refer to the
mixing of 2-8 nanoparticles pre-conjugated with specific trimers (admix-2, -4 and -8
nanoparticles). The cryo-electron tomography indicated that about 81-144 HA trimers were
displayed per AP205 VLP at a spacing of 70-100 A between trimers. About 18-24 trimers were
displayed per mi3 nanoparticle at a spacing of 120-150 A between trimers. However, the
mosaic and admix nanoparticles demonstrated equivalent binding and neutralising antibodies
in mice, suggesting that further modifications or different regimens are necessary to develop
an effective influenza vaccine (Cohen et al. 2020). The hemagglutinin-conjugated
SpyCatcher-mi3 nanoparticles were also reported to be a versatile diagnostic tool for
serological surveillance of influenza A virus in domestic cats and dogs (Zhao et al. 2020).
Overall, these studies demonstrate the novel applications of the Catcher/Tag technology in

the vaccine or diagnostic assay developments.

The rapid application of the SpyTag/SpyCatcher technology has been demonstrated during
the current dire search for an effective vaccine against the ongoing SARS-Cov-2 pandemic
(Ma et al. 2020; Okba et al. 2020; Tan et al. 2020; Zhang et al. 2020; Cohen et al. 2021a;
Kang et al. 2021; Rahikainen et al. 2021). These studies used the SpyTag/SpyCatcher
technology to display SARS-Cov-2 vaccine candidates on various nanopatrticles, including
lumazine synthase, 13-01, E2p, ferritin, 153-50 and mi3. In the Tan et al. (2020) study, the
SpyTag/SpyCatcher technology was used to densely display the receptor-binding domain
(RBD) of the spike subunit of SARS-Cov-2 on the mi3 nanoparticles (referred to as SpyVLP



in that study). RDB displayed on SpyVLPs retained the conformation-specific antigenic
features, and these RDB-SpyVLPs were stable (thermostable, not prone to degradation after
several rounds of freeze-thaw cycles or lyophilisation) in a wide range of storage conditions.
Furthermore, the RDB-SpyVLPs induced higher neutralising antibody titres against the live or
pseudotyped SARS-Cov-2 viruses in both mice and pigs compared to the soluble RDB protein
(Tan et al. 2020). Cohen et al. (2021a) used the SpyTag/SpyCatcher for homotypic (presenting
RDB from SARS-CoV-2 alone) and mosaic (co-displaying RDB from SARS-CoV-2 and various
clades of RDBs from bat SARS-like betacoronaviruses) display on mi3 nanoparticles, and this
presentation induced cross-binding and neutralising antibodies in mice. In the He et al. (2021)
study, the stabilised SARS-CoV-2 spike trimers conjugated on ferritin nanoparticles via the
SpyTag/SpyCatcher technology; elicited 7-fold higher neutralising antibody titres in mice
compared to their soluble counterparts. When displayed on E2p and I3-01 nanoparticles, the
stabilised SARS-CoV-2 spike trimers elicited up to 10-fold neutralising antibody titres in mice
when compared to their soluble trimers. Interestingly, when the spike was displayed on 13-01
nanoparticles, a strong T helper and other T cell responses were observed, indicating that
these nanoparticles elicited both humoral and cellular responses (He et al. 2021).

1.15 Project rationale and objectives

An effective HIV-1 vaccine could work by eliciting potent and broadly neutralising antibodies
against the circulating Tier-2 viruses. The development of the soluble native-like Env trimers
such as SOSIP- and NFL-stabilised trimers was a major breakthrough in the research field
seeking to develop bNAb-based vaccines. In animal studies, these native-like trimers have
been shown to consistently elicit high but short-lived titres of autologous Tier 2 neutralising
antibodies. In addition, some of these trimers sporadically and weakly induced neutralising
antibodies against the heterologous Tier 2 viruses. Even though autologous Tier 2 neutralising
antibodies are induced by these native-like trimers, they are short-lived, indicating that these
immunogens or vaccination regimens are not yet optimal to elicit durable and potently
neutralising antibodies. Particulate presentation of soluble antigens is a promising strategy to
improve the immunogenicity of otherwise weakly immunogenic subunit antigens. Therefore,
the overall aim of this study was to use Zera®-induced protein bodies and SpyCatcher-AP205
VLPs to improve the immunogenicity of the HIV-1 subtype C CAP256 gp140 protein. This work

had three main objectives:

Objective 1: To evaluate the formation of gp140-Zera® and Zera®-gp140 protein bodies in a

plant expression system.

Objective 2: To evaluate the formation of gp140-Zera® and Zera®-gp140 protein bodies in a

mammalian expression system, and their immunogenicity in rabbits.



Objective 3: To evaluate the display of gpl140 trimers on AP205 VLPs via the SpyTag-
SpyCatcher interaction, and their immunogenicity when displayed on nanoparticles.
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2.1 Introduction

An effective prophylactic vaccine remains an urgent priority to combat the HIV-1 pandemic.
Theoretically, a preventative vaccine could work by inducing high titres of antibodies against
the HIV-1 envelope glycoprotein (Env) with the capacity to neutralise the circulating viruses
and/or mediate effector functions to kill infected cells (Rerks-Ngarm et al. 2009; McCoy &
Weiss. 2013; Burton & Hangartner. 2016; Alter & Barouch. 2018).

Initial efforts to design vaccines that could potentially elicit neutralising antibodies (NAbs)
focused on generating soluble and stable recombinant Env trimers that antigenically and
structurally recapitulate the native trimers present on a viral surface. The cleavage-dependent
SOSIP and cleavage-independent native flexibly linked (NFL) designs are Env modifications
that generate predominantly trimeric Env forms from sequences derived from different HIV-1
isolates (Sanders et al. 2013; Sharma et al. 2015). Careful selection of Env sequences before
the implementation of the SOSIP or NFL modifications is essential to maximise the chances
of eliciting NAbs. The HIV-1 Env sequence used in this study was derived from a participant,
CAP256, who was initially infected with HIV-1 subtype C virus and subsequently superinfected
with another unrelated second subtype C virus (van Loggerenberg et al. 2008). Superinfection
in CAP256 established potent cross-neutralising antibodies (Gray et al. 2011a; Moore et al.
2013; Doria-Rose et al. 2014; Bhiman et al. 2015) in agreement with previous cohorts that
indicated that HIV-1 superinfection correlated with improved neutralising breadth and potency
(Powell et al. 2010; Cortez et al. 2012). However, in a follow-up study, it was discovered that
CAP256 NAbs did not cross-react with epitopes conserved in both the primary infecting and
superinfecting CAP256 viruses, suggesting that there is no evidence that superinfection was
essential for broadening of NAb responses (Sheward et al. 2018). The sensitivity of CAP256
Env-pseudotyped viruses, including the primary infecting (PIl) and the superinfecting (SU)
viruses, to broadly neutralising monoclonal antibodies targeting different Env epitopes (Moore
et al. 2013) and the ability of CAP256 viral variants (referred to as bNAb-initiating Envs) to
efficiently engage the V1V2 bNAb precursors (Bhiman et al. 2015) still suggest that CAP256-

based Env immunogens could elicit potent and broader NAb responses.

Even though the stabilised Env immunogens have been shown to elicit moderate to high titres
of binding and autologous neutralising antibodies in animal studies, these titres wane quickly,
even when formulated in adjuvants or used in heterologous prime-boost regimens (Sanders
et al. 2015; Klasse et al. 2016; Brouwer et al. 2019; Sliepen et al. 2019; van Diepen et al.
2019). Particulate presentation of soluble antigens through self-assembling nanoparticle

platforms is a novel strategy to improve the immunogenicity of subunit antigens (Bachmann &



Jennings. 2010; Zhao et al. 2013; Brinkkemper & Sliepen. 2019; Brouwer & Sanders. 2019;
Karch et al. 2021).

Genetically fusing antigens to protein body (PB)-producing fusion tags such as the maize
storage protein zein, is a strategy that can potentially improve the immunogenicity of soluble
proteins while also improving their accumulation and recovery (Conley et al. 2011; Schwestka
& Stoger. 2021). Zein-derived tags such as Zera®, an N-terminal domain of y-zein, have been
shown to successfully induce electron-dense endoplasmic reticulum (ER)-derived PBs when
genetically fused to various antigens. These PB-forming chimaeric proteins include the fusion
of zein/Zera® to the HIV Nef (de Virgilio et al. 2008), HPV type 16 E7 protein (Whitehead et
al. 2014), an influenza virus A matrix 2 protein ectodomain (M2e) (Mbewana et al. 2015), the
ectodomain of influenza A haemagglutinin (HA) subtype 5 (Hofbauer et al. 2016), bluetongue
virus VP2 serotype-specific antigen (van Zyl et al. 2017), among others. The benefits of
packaging the protein of interest in Zera®-induced PBs include the retention of protein in the
ER (thus providing insulation against proteolysis in the cytoplasm), ease of purification as
electron-dense PBs allow for simple protein recovery using gradient centrifugation, and the
adjuvant effect of the particulate PBs (Torrent et al. 2009a; Schmidt. 2013; Whitehead et al.
2014; Hofbauer et al. 2016).

Plant expression systems have recently gained attention as a cost-effective, safe and scalable
alternative to mammalian systems for recombinant production of immunogens, particularly of
viral glycoproteins (Rybicki. 2014; Margolin et al. 2018; Schoberer & Strasser. 2018). Contrary
to time-consuming and low-protein yielding transgenic plants, the advances in plant virus-
derived expression vectors such as a hypertranslatable (HT) pEAQ-HT vector derived from a
Cowpea mosaic virus; have facilitated the development of a rapid and high-expressing
transient system suitable for the production of glycoproteins (Sainsbury et al. 2009; Sainsbury
et al. 2010; Hefferon. 2012; Yamamoto et al. 2018). The use of the pEAQ-HT expression
vector in combination with an efficient heterologous signal peptide such as the murine
monoclonal-derived LPH signal peptide, as well as co-expression with appropriate
chaperones to improve glycan occupancy, can achieve appreciable folding and post-
translational modifications of glycoproteins along the secretory pathway in plants (Margolin et
al. 2018; Margolin et al. 2019). The majority of zein/Zera®-induced PBs have been
recombinantly produced in leaf-based transient expression systems (de Virgilio et al. 2008;
Torrent et al. 2009b; Llop-Tous et al. 2010; Conley et al. 2011; Joseph et al. 2012; Whitehead
et al. 2014; Mbewana et al. 2015; Saberianfar et al. 2015; Hofbauer et al. 2016). Our group
previously reported the successful agroinfiltration-based transient expression and purification
of the NFL-stabilised soluble CAP256 gp140 immunogen in Nicotiana benthamiana leaves
(Margolin et al. 2019).



In a continuing effort to identify suitable nanoparticles for the particulate presentation of HIV-
1 Env, in this study, experimental antigens consisting of HIV-1 CAP256 gp140 with
Zera® fused to either the C-terminus (gpl40-Zera®) or N-terminus (Zera®-gpl40) were
generated, and the formation of PBs evaluated in plant leaves.

2.2 Materials and Methods
2.2.1 Selection and modification of Env sequence

This study formed part of a project funded by the Medical Research Council (MRC) Strategic
Health Innovation Partnership (SHIP) to develop and test South African subtype C candidate
HIV-1 immunogens that could induce high-titre antibody responses to HIV-1 envelope
glycoprotein (Env). In this project, the envelope sequence used was from a superinfecting
virus from patient CAP256 (clone CAP256.206sp.032.CA, GenBank accession number:
KF241776.1) (Moore et al. 2013), and the sequence was kindly provided by Dr Penny Moore
(Senior Medical Scientist, Centre for HIV and STIs, National Institute for Communicable
Diseases, Johannesburg).

The design of soluble Env antigens was based on the native flexibly linked (NFL) invention by
Sharma et al. (2015), which results in soluble, cleavage-independent Env trimeric mimics by
covalently linking Env heterodimeric gp120 and gp41 using a flexible linker. The CAP256 Env
sequence was modified as follows: the furin-sensitive cleavage site between gp120 and gp41
subunits was replaced with a glycine-serine (G4S). flexible linker (FL), which retains
conformational mobility closely mimicking the native Env trimers (Kovacs et al. 2014; Sharma
et al. 2015). An 1548P (IP) point mutation, equivalent to the 1559P present in the SOSIP
trimers, was introduced in the N-terminal heptad repeat of gp41 to enhance trimerisation by
re-enforcing the interaction between gp41 subunits (Sanders et al. 2002). The sequence
coding for the full-length CAP256 Env (gp160) was truncated before the transmembrane
region by introducing a stop codon after amino acid 653 to generate soluble CAP256 gp140
coding sequence. To ensure the entry into the hosts' secretory pathway, the native leader
sequence was either replaced with a heterologous signal sequence from the murine mAb24
heavy chain-derived signal peptide (LPH) for expression in plants or from the human tissue
plasminogen activator leader (TPA) for expression in mammalian cells. The genes were

human-codon optimised and synthesised by GenScript.
2.2.2 Generation of plant vectors encoding gpl140-Zera® or Zera®-gp140

For transient expression of gp140 in plants, Emmanuel Margolin (Senior Scientific Officer,
Department of Pathology, University of Cape Town), inserted the murine mAb24 heavy chain-

derived LPH signal peptide and the gp140 envelope sequence into a binary pEAQ-HT cowpea



mosaic virus-derived plant expression vector designed by Sainsbury et al. (2009) to form
plasmid pEAQ-HT: SU gp140 (Margolin et al. 2019). The generation of vectors expressing
gp140 with Zera® fused to the 3’ end for expression in plants is illustrated in Figure 2.1. Briefly,
using Notl and Xhol restriction enzymes, Zera® was inserted into pUC57 gp140 to form
pUC57 gpl40-Zera®. BshTl and Xhol were then used to insert gp140-Zera® into the pEAQ-
HT vector to form pEAQ-HT: gpl40-Zera®.
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Figure 2.1: Annotated plasmid maps showing the subcloning of gp140-Zera® from pUC57 into
the pEAQ-HT plant expression vector. The major features qualifying the pEAQ-HT as a binary vector
for protein expression in plants include: 35S CaMV P: 35S promoter from cauliflower mosaic virus; T-
DNA right (RB) and left borders (LB); 5’ untranslated region (UTR) and 3’ UTR from modified cowpea
mosaic virus (CPMV) RNA-2; P19: suppressor of gene silencing from tomato bushy virus (TBSV); 35S
CaMV T: terminator from CaMV; NosT: nopaline synthase terminator; OriV: R. radiobacter origin of



replication; ColEl: E. coli origin of replication; NPTIII: neomycin phosphotransferase conferring the
kanamycin resistance; and TrfA: replication essential locus (Sainsbury et al. 2009). Amp(R) = ampicillin
resistance; FL = flexible linker; LPH = murine mAB24 heavy chain-derived signal peptide; KDEL=
endoplasmic reticulum retention signal.

To generate a plasmid encoding HIV-1 gp140 with Zera® tag on its 5’ end, the sequence

coding for Zera® was inserted into plasmid pEAQ-HT: SU gp140 using BshTl and Kpn2I
restriction enzymes to form pEAQ-HT: Zera®-gp140 (Figure 2.2).
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Figure 2.2: Annotated plasmid maps showing the construction of a plant vector encoding Zera®-
gp140. pEAQ-HT contained: 35S CaMV P = promoter from cauliflower mosaic virus; RB = right; LB =
left border; UTR = untranslated region from modified cowpea mosaic virus (CPMV); LPH = murine
mMAB24 heavy chain-derived signal peptide; P19 = suppressor of gene silencing; 35S CaMV P and 35S
CaMV T= promoter and terminator from Cauliflower mosaic virus; NosT: nopaline synthase terminator;
OrivV = R. radiobacter origin of replication; ColEl: E. coli origin of replication; NPTIIl: neomycin



phosphotransferase conferring the kanamycin resistance; and TrfA =: replication essential locus.
2.2.3 Transformation of electrocompetent Rhizobium radiobacter AGL1 cells

R. radiobacter (formerly called Agrobacterium tumefaciens) AGL cells (ATCC BAA-101) were
made electrocompetent using a method described by Shen and Forde (1989). In 0.1 cm
electroporation cuvettes (Molecular Bioproducts), 100ul aliquots of these cells were mixed
with 400ng of pEAQ-HT: gpl40-Zera® or pEAQ-HT: Zera®-gpl40 and electroporated
according to a method described by Maclean et al. (2007). Recombinant R. radiobacter were
selected by plating on Luria-Bertani (LB) agar plates containing 50ug/ml carbenicillin (Sigma-
Aldrich) and 30 pg/ml kanamycin (Sigma-Aldrich). Recombinants were verified by colony PCR
using pEAQ-HT-specific primers (15-0552: 5 TTCTTCTTCTTGCTGATTGG 3’ and 15-0553:
5 CACAGAAAACCGCTCACC 3’) in the presence of the ImmoMix™ Red (Bioline), or
OneTag® 2X Master Mix (Bioline) used according to manufacturer’s instructions. The
recombinants were propagated in LB broth and stored at -80°C in 1ml aliquots as 25% glycerol

stocks.
2.2.4 Transient infiltration of N. benthamiana with recombinant R. radiobacter

Glycerol stocks of recombinant R. radiobacter were added to 10ml LB broth supplemented
with 50ug/ml carbenicillin and 30pg/ml kanamycin and incubated at 27°C overnight with
shaking. These starter cultures were sequentially expanded in 100ml LB supplemented with
appropriate antibiotics and incubated at 27°C overnight with shaking. Before infiltration,
cultures were expanded in 1L of LB supplemented with the appropriate antibiotics and 20uM
acetosyringone (Sigma-Aldrich) to increase transformation efficiency by activating the
virulence (vir) gene which enhances the transfer of T-DNA into plants. On the day of infiltration,
cultures were adjusted to an ODego 0f 1 in fresh resuspension medium (10mM MES, 1M MgCla,
pH to 5.6; supplemented with 200um acetosyringone). Six-week-old N. benthamiana plants
were placed upside down on the desiccator plate, submerged in a beaker containing the
infiltration culture, and placed inside a vacuum chamber. The chamber was tightly closed, and
the vacuum was allowed to reach -80 kilopascal, then brought back to 0 kilopascals. Three
rounds of vacuum infiltration were applied to ensure complete infiltration of all the leaves. The
infiltrated plants were cultivated further at 24°C with a 12h: 8h light: dark cycle until the

biomass was harvested.

2.2.5 Small scale extraction of protein from leaves infiltrated with recombinant R.

radiobacter

On the day of biomass harvest after infiltration, six-leaf clippings (1 leaf per plant, 2 clippings

per leaf) were collected per construct using the lid and the brim of an Eppendorf tube. The



collected clippings were crushed into powder in liquid nitrogen using a mortar and pestle, and
equivalent amounts were resuspended in 300ul of four different buffers: 1x PBS, pH7.2
(Gibco™) or Zera® buffer PBP3 (100 mM Tris pH8, 50 mM KCI, 6 mM MgCl;, 10 mM EDTA,
0.4 M NaCl) or PBP3 supplemented with 5% Triton X-100 or reducing buffer (100 mM Tris-
HCI buffer, pH 7.5, containing 100 mM NacCl, 0.5% SDS, and 200mM DTT). All buffers were
supplemented with a 1x cOmplete™ EDTA-free protease inhibitor (Roche). The resultant plant
slurries were incubated for 1 hour with shaking at 4°C and then centrifuged at 15 300 x g for
15 minutes. The supernatants and pellets were kept at -20°C until ready for analysis.
Supernatants were combined with sample loading buffer [(4x SAB):4ml of 100% glycerol,
1.6ml of 1.5M Tris-HCI pH 6.8, 0.8g SDS, 4mg bromophenol blue, 0.5ml 2-beta
mercaptoethanol and 3.9ml dH.0] (adjusted to 1x final concentration), and the pellets were
resuspended in 150ul of 1x SAB. These samples were boiled for 10min, and equal volumes
were analysed on an 8% reducing SDS-polyacrylamide gel (Appendix A, Section 2.1 and

transferred for western blotting (Appendix A, Section 2.2).

2.2.6 Whole-mount immunofluorescence staining of N. benthamiana leaves

Immunofluorescence staining of plant-produced Env was achieved using a method adapted
from Pasternak et al. (2015). Instead of manual sectioning of plant tissues, this is a simple
method where the whole-mount tissue is treated to allow for intracellular immunostaining using
antibodies targeted to the protein of interest. Plants were infiltrated with recombinant R.
radiobacter, as described in Section 2.2.4. Five days post-infiltration, leaf discs were harvested
as described in Section 2.2.5. The cellular components of the leaves were fixed by incubating
the leaf discs in 1.5ml of 100% methanol for 20 minutes at 37°C. Methanol was replaced with
another 0.8ml of 100% methanol, and leaf discs were further incubated at 60°C for 3 minutes.
Water was added gradually until ~20% methanol concentration was reached (i.e., 3.2 ml
water). After 2x washes with water, tweezers were used to carefully transfer each leaf disc
into a well of a Nunc™ Lab-Tek® 8-well Chamber Slide™ (ThermoFisher) containing 500ul
water. In all cases, leaf discs were kept as flat and unfolded as possible. Cell walls were
partially digested at 37°C for 40 minutes by incubation with 0.2% driselase (Sigma-Aldrich)
diluted in PBS. Following 4x washes with microtubule-stabilising buffer (MTSB: 100mM
PIPES, 10mM EDTA instead of EGTA, 2mM MgS04.7H-0, dissolved by the addition of 3M
NaOH to pH 6.8), leaf discs were incubated at 37°C for 20 minutes with 500ul of the membrane
permeabilisation buffer [3% IGEPAL® (Sigma-Aldrich), 10% DMSO (Sigma-Aldrich) in MTSB].
Following 4x washes with MTSB, leaf discs were blocked with 2% BSA-MTSB for 1 hour at
RT. Leaf disks were stained overnight at room temperature with goat anti-HIV-1 gp120 in 2%
BSA-PBS. Following washes with PBS, leaf discs were incubated in the dark for 1.5 hours
with 1:500 donkey anti-goat-Alexa488 secondary antibody diluted in 2% BSA-PBS. Following



washes in PBS, leaf disks were incubated for 10min with 1:5000 Hoechst nuclei stain diluted
in PBS. The plant tissues were transferred onto glass slides and imaged with a confocal
microscope (Carl Zeiss 880 LSM confocal with Fast Airyscan technology and the Elyra S1

super-resolution microscope).
2.2.7 Partial purification of Zera®-gp140 from infiltrated leaves

Twenty-six N. benthamiana plants were infiltrated with recombinant R. radiobacter cells
encoding pEAQ-HT: Zera®-gp140 at an ODsoo Of 1. Leaves were harvested (113 g) at 5 days
post-infiltration (dpi). Leaves were homogenised with a Waring-type blender at 1:3.5 plant
tissue to PBP3 buffer (w/v) supplemented with 10% sucrose and 1x cOmplete™ EDTA-free
protease inhibitor. The plant homogenates were incubated at 4°C for 1 hour with gentle
agitation and clarified through four layers of Miracloth (Merck). Plant homogenates were
further clarified by centrifugation at 1500 x g for 10 min at 4°C. The clarified homogenates
were underlaid with 5ml of 30% sucrose in PBP3 buffer followed by ultracentrifugation (SW
32 Tirotor at 79 000 x g for 2 hrs at 4°C). The protein pellet from each tube was resuspended
in a final volume of 3.5ml PBP3, and the resuspension was filtered through 1 layer of Miracloth
to remove co-pelleted large plant debris. The volume of the clarified sample was adjusted
accordingly and loaded on a 10-50% (30ml) OptiPrep™ continuous gradient prepared in 38ml
Ultra-Clear™ centrifuge tubes (Beckman Coulter) using a dual pump gradient maker (TRIS™,
ISCO, Lincoln, USA). Gradients were separated by isopycnic ultracentrifugation (SW32Ti,
175000 x g, 16 hours, 4°C). Following ultracentrifugation, gradients were manually
fractionated by punching a hole in the bottom of the tube and slowly collecting 1ml fractions.

Fractions were analysed on a western blot probed with an antibody to Env.

2.3 Results
2.3.1 Confirmation of recombinant vectors encoding gp140-Zera® and Zera®-gp140

Previous studies from the literature indicated that Zera® PBs could be induced in various
expression hosts (Torrent et al. 2009a; Whitehead et al. 2014; Mbewana et al. 2015). We first
evaluated the expression and induction of Zera®-induced gpl40 PBs in plants. Plant
expression vectors containing gpl40-Zera® (pEAQ-HT: gpl40-Zera®) and Zera®-gpl40
(PEAQ-HT: Zera®-gp140) gene fusions were constructed using the pEAQ-HT plasmid. The
PEAQ-HT: gpl40-Zera® contained the LPH leader sequence, which was not present in the
PEAQ-HT: Zera®-gp140 plasmid. The integrity of pEAQ-HT: gpl40-Zera® and pEAQ-HT:
Zera®-gpl140 was confirmed by restriction enzyme mapping (Figure 2.3 A & B) and

sequencing.
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Figure 2.3: Confirmation of the integrity of plant expression vectors encoding gp140-Zera® and
Zera®-gp140. (A) Plasmid map of pEAQ-HT: gpl40-Zera® and restriction analysis using BshTI and
Xhol. (B) Plasmid map of pEAQ-HT: Zera®-gp140 and restriction analysis using BshTl and Kpn21.

2.3.2 Confirmation of the transformation of gpl40-Zera® or Zera®-gp140 encoding
plasmids into R. radiobacter AGL1 cells
Following the transformation of plasmids into competent R. radiobacter AGL1 cells, putative
transformants were verified by a colony PCR using pEAQ-HT-specific primers (15-0552 and
15-0553), which bind on either side of the multiple cloning site. E. coli recombinants containing
PEAQ-HT: gpl40-Zera® and pEAQ-HT: Zera®-gp140 were used as positive controls. Colony
PCR of R. radiobacter cells transformed with pEAQ-HT: gp140-Zera® and pEAQ-HT: Zera®-
gp140 indicated that 3/4 and 2/4 respectively of the colonies screened contained the pEAQ-

HT plasmid with correct sized inserts (Figure 2.4).
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Figure 2.4. Confirmation of the transformation of plant expression vectors into E. coli and R.
radiobacter AGL1 competent cells. Colony PCR using the pEAQ-HT-specific 15-0552 and 15-0553
primers was used to confirm the presence of pEAQ-HT plasmids encoding gpl140-Zera® or Zera®-
gp140 in E. coli and R. radiobacter AGL1 cells.

2.3.3 Confirmation of expression of gpl40-Zera® or Zera®-gpl40 in a small-scale

infiltration

The expression of Zera®-tagged gp140 proteins in plants was evaluated by vacuum infiltration
of N. benthamiana leaves with recombinant R. radiobacter cells encoding gp140-Zera® and
Zera®-gpl140 at an OD of 1. Five- and three-days post infiltration, leaves were sampled and
homogenised in the presence of PBP3 buffer. The homogenate was clarified into supernatant
(S) and pellet (P) fractions and analysed on a western blot probed with an antibody to Env
(Figure 2.5). Western blot analysis indicated that Zera®-gp140 (=140 kDa band, indicated by
an arrow) appeared to accumulate both in the pellet and supernatant. There were no
gualitative differences in the accumulation of gp140 between samples harvested early (3 days)
vs samples harvested late (5 days) based on protein band density. Surprisingly, there was no
expression of gp140 in samples harvested from leaves infiltrated with R. radiobacter encoding
gpl40-Zera®. The expression of gp140 (expected =140 kDa band for gp140 positive control,
also indicated by an arrow) was observed in both the pellet and the supernatant extracted 5
days post-infiltration. Higher molecular weight (>245 kDa) Env-specific proteins were detected
in plants expressing gp140 and Zera®-gp140. These higher molecular weight Env-specific
products were presumed to be aggregates that were not fully resolved by SDS-PAGE. As
expected, no gp140 signal was detected in the homogenates derived from plants infiltrated
with recombinant R. radiobacter that was transformed with the empty pEAQ-HT vector
(indicated by the asterisks). It is important to note that the differences in gp140 expression
were only assessed qualitatively (samples were treated the same, and the same volumes

were loaded) by western blotting.
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Figure 2.5 Transient expression of gp140 in plants infiltrated with recombinant R. radiobacter
that had been transformed with pEAQ-HT encoding gpl140, gpl40-Zera® and Zera®-gpl140.
Recombinant cultures were adjusted to an ODeoo of 1 and vacuum infiltrated into N. benthamiana
leaves. Three- and five-days post infiltration (p.i.), leaf homogenates in PBS buffer were clarified into
supernatant (S) and pellet (P) fractions, treated the same, and the same volumes were analysed on a
western blot probed with an antibody to Env (arrows indicate the expected 140 kDa Env band). Negative
control samples were extracted from leaves infiltrated with recombinant R. radiobacter AGL1 cells that
had been transformed with an empty pEAQ-HT vector (asterisks).

Since the time point at which protein is harvested post-infiltration, as well as the buffer used
for protein extraction, can influence protein recovery, the small-scale infiltrations were
repeated to compare extraction of Zera®-gp140 and gp140-Zera® using four different buffers
at 3 and 5 dpi. In addition to a routinely used PBP3 buffer for extraction of Zera®-tagged
proteins, Tris-HCI buffer supplemented with SDS and DTT or B-mercaptoethanol was tested
as it has been used successfully by others for recovery of Zera®-tagged antigens (Alvarez et
al. 2010; Llop-Tous et al. 2010; Whitehead et al. 2014). Extraction was also done with PBS as

it has been used in our lab to efficiently recover Env from plant tissues (Margolin et al. 2019).

Protein samples harvested using different buffers over a 5-day experiment were analysed on
a western blot probed with an antibody to Env (Figure 2.6). Zera®-gp140 was predominantly
detected in the plant pellet (P) regardless of the buffer used for protein extraction (Figure 2.6
A). Expression of Zera®-gp140 peaked at 5 days post-infiltration, and better protein extraction
was achieved using the PBP3 buffer as suggested by the darker intensity of the =140kDa
band. As seenin Figure 2.5, the higher molecular weight Env-specific products were observed,
and presumed to be aggregates that were not fully resolved by SDS-PAGE. The addition of
Triton-X100 did not improve the yields of Zera®-gp140. Poor extraction of Zera®-gp140 was
observed when Tris-HCI buffer supplemented with DTT and SDS was used instead of PBP3.
Regardless of the buffer used for extraction and the time point at which samples were
harvested, no expression of gpl40-Zera® was observed (Figure 2.6 B). These results

indicated that the expression of Zera®-tagged gpl40 in plants worked when the Zera®



sequence was fused to the N-terminus of gpl40 (Zera®-gpl40) than to the C-terminus
(gpl40-Zera®). Since PBP3 buffer is mostly used for the isolation of Zera® PBs in the
literature and does not contain any denaturing detergents which could potentially solubilise
PBs, for all subsequent extractions, this buffer was used for protein extraction at 5-days post-
infiltration. Due to no expression of gpl40-Zera® in plants, Zera®-gp140 was used for all

further optimisations.
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Figure 2.6: Transient expression of gl40-Zera® and Zera®-gpl40 in plants. Cultures of
recombinant R. radiobacter AGL1 cells encoding Zera®-gp140 (A) and gp140-Zera® (B) were vacuum-
infiltrated into N. benthamiana leaves. Three- and five-days post infiltration (dpi), leaves were
homogenised with different buffers and clarified into protein supernatants (S) and pellets (P) followed
by analysis on an anti-Env western blot.

The physical appearance of infiltrated plants was monitored throughout expression to evaluate
any pathological effect associated with recombinant protein expression (Figure 2.7). In
comparison to the image taken just after infiltration, chlorosis of the apical leaves of all plants
was generally observed 3 days (images not shown) post-infiltration. Five days post-infiltration,
the pathology of plants expressing Zera®-gpl40 progressed from chlorosis to necrosis.
However, the apical leaves of plants expressing gpl140-Zera® or an empty pEAQ-HT vector
remained chlorotic. The pathology observed in plants expressing Zera®-gp140 corresponded
with an increase in protein accumulation while the failure of plants expressing gp140-Zera®
to progress into necrosis tied in with no Env expression as shown in western blots (Figure
2.6). These observations indicated that the observed pathology in plants was in response to

expression of Zera®-gp140 and not as a result of infiltration with R. radiobacter since no



obvious pathology was evident in plants infiltrated with an empty R. radiobacter (pEAQ-HT)

control.

Plants just after infiltration— 0 dpi

pEAQ-HT: gp140-Zera® - 5 dpi
v > ‘,‘,-" ) ‘ g

Figure 2.7 Phenotype of representative leaves (0 and 5 days post infiltration (dpi)) showing the
pathological effects of expression of gp140-Zera® or Zera®-gp140.

2.3.4 Whole-mount immunofluorescent staining of the protoplasts expressing gp140
and Zera®-gp140

Immunofluorescent staining of protoplasts from infiltrated leaves was conducted to detect
Zera®-gpl40 PBs. The formation of gpl40-Zera® PBs was not evaluated by
immunofluorescent staining because no protein expression was observed in western blot
analysis (Figure 2.5 and 2.6). Five days post-infiltration, protoplasts from infiltrated leaves
were stained with an antibody to HIV-1 Env, detected with an Alexa-488-labelled secondary
antibody and imaged with a confocal microscope (Figure 2.8). Protoplasts from un-infiltrated
leaf clippings were included as a negative control. Interestingly, small PB-like fluorescent
structures lining the edges of epidermal cells (epidermal cells are indicated by white arrows)
were observed in the protoplast prepared from leaves expressing Zera®-gp140 (see on the
zoom-in image). However, instead of PB-like structures, gpl40 appeared as a diffused
fluorescence in the cytoplasm or apoplastic space of epidermal cells. Notably, epidermal cells
assumed a typical jigsaw puzzle pattern expected for N. benthamiana leaves.
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Figure 2.8: Immunofluorescent staining of Zera®-gp140 produced in plants. Protoplasts from un-
infiltrated leaf clippings, or leaves expressing gp140 or leaves expressing Zera®-gp140, were prepared.
Protoplasts expressing gp140 and Zera®-gp140 were then probed with an antibody to Env and anti-
Alexa 488-labelled secondary antibody before imaging with a confocal microscope. The inset (yellow
rectangle) is an enlargement (indicated by a yellow arrow) of typical spherical, PB-like structures in
leaves expressing Zera®-gp140. Nuclei were detected with a Hoechst stain (blue), and white arrows
indicate the epidermal cells. Scale bars represent 20uM.

2.3.5 Scale-up and purification of Zera®-gp140 from plants

Extracts from leaves infiltrated with Zera®-gp140 were subjected to different centrifugation
methods in an attempt to purify PBs. It is important to note that in theory, if Zera®-tagged
gp140 passes through a gradient and is pelleted following rate zonal ultracentrifugation, it
would suggest that PBs were formed, whereas if Zera®-tagged gp140 remained in the
gradient supernatant, that would indicate that gp140 was soluble and not encapsulated in PBs.

Five days post-infiltration, leaf homogenate (116g) was clarified by filtration through Miracloth



followed by low-speed centrifugation. The clarified supernatant was passed through a 30%
sucrose cushion using ultracentrifugation. Collected fractions were analysed on a western blot
probed with an antibody to Env (Figure 2.9). After ultracentrifugation, Zera®-gp140 was mainly
concentrated in the protein pellet compared to the supernatant (Figure 2.9 A). The presence
of a Zera® tag in the final protein pellet was confirmed by detection of an expected =140kDa
protein band on a western blot probed with Zera®-specific antiserum (Figure 2.9 B). The final
protein pellet was very green and contained big lumps of plant debris (Figure 2.9 C), and this
resulted in poor resolution of the Zera®-gp140 on the western blot. The poor quality of the
sample after centrifugation through a sucrose cushion suggested that cushion-based
ultracentrifugation could only be used for concentrating the homogenates containing Zera®-

gp140, but not as a sole purification method.
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Figure 2.9: Concentration of homogenates from N. benthamiana leaves expressing Zera®-
gp140. Plant homogenates were clarified by filtration through Miracloth and low-speed centrifugation.
The clarified homogenate was passed through a 30% sucrose cushion by ultracentrifugation. The final
protein pellet was resuspended in PBS. Sampled fractions were analysed on a western blot probed with
anti-Env (A) or anti-Zera® (B) antibodies. (C) The appearance of the final protein pellet is presented.

To further optimise the purification of Zera®-gp140 from plants, Zera®-gp140 concentrated in
Figure 2.9 was subsequently fractionated through a 10-50% continuous OptiPrep™ gradient
by isopycnic ultracentrifugation. Following isopycnic ultracentrifugation, the OptiPrep™
gradient resulted in separation into different phases (Figure 2.10 A). These included a
transparent layer at the bottom of the tube, a cloudy layer, a very green layer containing visible
plant debris, as well as a light green layer without plant granules. Gradients were manually

fractionated by punching a hole in the bottom of the tube and slowly collecting 1ml fractions.



These fractions were analysed on a western blot probed with an antibody to Env (Figure 2.10
B). Zera®-gp140 was predominantly detected in fractions (#18-25). However, it was noted that
Zera®-gp140 was still co-sedimenting with a lot of plant debris, suggesting that additional
clarifying steps should be carried out on the fractions in an effort to minimise the inclusion of
insoluble plant protein contaminants in the pellet after ultracentrifugation.
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Figure 2.10: Isopycnic ultracentrifugation of plant homogenate containing Zera®-gp140. (A)
Zera®-gp140 (concentrated through a 30% sucrose cushion) was fractionated through a 10-50%
continuous OptiPrep™ gradient by isopycnic ultracentrifugation. (B) Fractions were analysed on
western blots probed with antibodies to Env.

Several approaches were carried out to minimise molecular interactions between the protein
of interest and the insoluble plant material. The first approach included pooling Env-containing
fractions after ultracentrifugation and filtering the pooled sample through the Miracloth to
separate the plant debris from Env. This approach was unsuccessful because the small
volume of protein sample was absorbed by the Miracloth, thus requiring additional buffer to

elute the sample, which increased the chances of sample contamination.

The second approach was to carry out more extreme pre-treatment conditions with the hope
of separating native plant proteins from recombinant Env proteins more effectively. These pre-
treatment conditions included lowering the pH and increasing the temperature of homogenised
plant extracts. These pH/heat shifts, i.e., the adjustment of the plant extract pH from 6 to 4,
followed by heating at 42°C, was adapted from (D’Aoust et al. 2008). Following filtration
through three layers of Miracloth, the homogenate was split equally and subjected to 1) no
pH/heat shift, 2) pH 5.5 and heating at 42°C, and 3) pH 4 and heating at 42°C. Precipitation
of plant debris during pH and heat treatment was monitored. When compared to the untreated
sample, no discernible precipitation of plant debris was observed at pH values between 6 and
5.5. However, the precipitation of plant debris was visibly apparent at pH 4. Processed
homogenates were then clarified by low-speed centrifugation, and the resultant supernatants

were concentrated through a 30% sucrose cushion. Collected fractions during this procedure



were analysed on a western blot probed with an antibody to Env (Figure 2.11). Low levels of
Env were detected in the initial filtered homogenate, and no Env loss was observed after the
initial clarification by centrifugation. When comparing the bands’ intensities corresponding to
Zera®-gp140 in the final protein pellets after ultracentrifugation, the recovery of Zera®-gp140
from the homogenates subjected to pH adjustments and heating was reduced compared to
that of the untreated sample. As much as the pH/heat shift treatment was able to precipitate
plant debris, however, protein losses and the effect of pH/heat treatment on gp140 trimers or

PBs were major concerns for this approach. Thus, this approach was not pursued further.
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Figure 2.11: Pre-clarification by pH and heat adjustment of the plant homogenates containing
Zera®-gpl40 before concentration on a sucrose cushion. Filtered plant homogenates were
subjected to pH & heat shifts before a low-speed clarification step and concentration through a 30%
sucrose cushion. Samples were analysed on a western blot probed with an antibody to Env.

2.4 Discussion

We previously developed a scalable transient expression system for the production of the HIV-
1 CAP256 gpl140 (FL-stabilised) vaccine candidate in Nicotiana benthamiana plants (Margolin
et al. 2019). This transient expression system involves cloning the expression cassette

containing the Env gene into the pEAQ-HT expression vector, the transformation of the



plasmid into Rhizobium radiobacter AGL1 cells and vacuum infiltration of the resulting

recombinant bacterium suspensions into N. benthamiana leaves.

Given the potential advantages associated with the nanoparticle presentation of subunit
vaccines, in this study, we evaluated the feasibility of encapsulating Env in Zera®-induced
protein bodies. We also evaluated the feasibility of using the relatively cheap, non-
chromatographic purification techniques for the recovery of Zera®-tagged Env from the plant

tissues.

We designed two Zera®-tagged gp140 constructs by fusing the sequence encoding Zera®to
either the C- or N-terminus of HIV-1 CAP256 gpl140 to generate gpl40-Zera® or Zera®-
gp140, respectively. While Zera®-gp140 yielded decent levels of Env expression in crude
plant homogenates, the expression of gp140-Zera® (=140 kDa) was not detected by western
blot analysis. The immunofluorescent staining of protoplasts showed that in comparison to
untagged gp140 that appeared as a diffused fluorescence in the apoplastic space of epidermal
leaf cells, Zera®-gp140 appeared as small spherical structures. The spherical structures
observed for Zera®-gp140 were smaller than ER-localised 1-2um PBs previously reported for
the plant-produced Zera®-ECFP (Torrent et al. 2009a; Llop-Tous et al. 2010) and Zera®-
DsRed (Joseph et al. 2012; Hofbauer et al. 2014). The inability to induce larger PBs for Zera®-
gp140 may be due to the complexity of and size extent of HIV Env that is hindering the optimal
formation of Zera®-induced PBs. To our knowledge, the largest Zera®-fusion protein that has
been shown to form protein bodies is the +75 kDa influenza H5 (Hofbauer et al. 2016). It is
possible that the fusion of the 140 kDa-sized Env is beyond the capability of protein body

formation due to the hindrance of PB assembly by its large size.

Previous studies have shown that zein-derived domains induce the formation of electron-
dense PBs that allow for simple protein recovery using rate zonal or isopycnic density
ultracentrifugation (Torrent et al. 2009a; Mainieri et al. 2014). However, in this study, it was
observed that both rate-zonal and isopycnic ultracentrifugation did not efficiently separate
Zera®-gp140 from the plant debris. It is possible that the suboptimal subcellular fractionation
of Zera®-gp140 from plant debris was not only due to the low concentration/numbers of gp140
PBs but might have also been due to an ongoing challenge in downstream processing or
primary recovery of recombinant proteins from the plant homogenates (Nikolov & Woodard.
2004; Wilken & Nikolov. 2012; Buyel et al. 2015). The clarification of homogenates by heat/pH
treatment was able to separate the plant debris by precipitation but at the expense of Env
yields. Although this may be an appropriate clarification step, the treatment with heat or
decrease in pH could potentially influence the functionality of Env immunogens as a result of

these causing improper protein folding.



In conclusion, Zera®-gp140 was produced in plants and formed small PB-like structures,
whereas gp140-Zera® was not expressed at all. The ultracentrifugation-based purifications of
Zera®-gp140 from the plant homogenates were not optimal for the generation of immunogens
at a good quality for assessing the immunogenicity of Zera®-tagged gp140 in animal models.
Thus, in Chapter 3, the induction of PBs in mammalian cells was evaluated.
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3.1 Introduction

Although the majority of zein/Zera®-tagged fusions have been produced in plants (Llop-Tous
et al. 2010; Llop-Tous et al. 2011; Joseph et al. 2012; Hofbauer et al. 2014; Mainieri et al.
2014; Whitehead et al. 2014; Mbewana et al. 2015; Saberianfar et al. 2015; Hofbauer et al.
2016; Saberianfar et al. 2016; van Zyl et al. 2017), the successful induction of Zera-Ct
(calcitonin), Zera-hGH (human growth hormone) and Zera-EGF (epidermal growth factor) PBs
either in the human embryonic kidney (HEK293T) or Chinese hamster ovary (CHO) or monkey
kidney (Cosl) cells serve as a proof of concept for induction of Zera®-tagged PBs in
mammalian-based expression systems (Torrent et al. 2009a). In addition, even though the
plant expression systems generally offer economical (infrastructure-wise) and scalability
advantages over the mammalian expression systems, the post-translational machinery
(including glycosylation, folding and proteolytic maturation) of mammalian cells are
considerably more suitable than plants for the production of functional native-like
glycoproteins, including HIV Env that derives its glycans from the expression host (Strasser et
al. 2008; Margolin et al. 2018). In contrast to mammalian expression systems, the downstream
processing of plant-produced proteins to remove plant debris or compounds before upstream
purification steps remains a significant challenge for plant-produced vaccines (Buyel &
Fischer. 2014; Chen & Davis. 2016).

In the previous Chapter, it was observed that gp140-Zera® was not expressed in plants. In
addition, purification of Zera®-gp140 from contaminating proteins in plant homogenates using
density gradient ultracentrifugation was difficult. As the plant-produced Zera®-tagged gp140
PBs could not be purified using ultracentrifugation, it was decided they were unsuitable for
use as a vaccine in animals. The expression of Zera®-tagged gp140 PBs was therefore tested
in mammalian cells. This Chapter reports their expression, characterisation and purification

and subsequent use as immunogens in rabbits.
3.2 Material and methods
3.2.1 Construction of mammalian vectors encoding gp140-Zera® or gp120-Zera®

For expression of gp140 in mammalian cells, plasmid pMEXT gp140-FL-IP as described (van
Diepen et al. 2018) was used. The pMEXT vector is derived from pTHpCapR backbone that
contains a porcine circovirus type | (PCV-1) enhancer element (PcapR) that drives increased
recombinant protein expression, upstream of a cytomegalovirus (CMV) promoter (Tanzer et
al. 2011). To generate mammalian plasmids expressing HIV-1 CAP256 gp120 or gp140 with
a C-terminal Zera® tag, the sequence coding for Zera® (ZIP Solutions, Spain) appended with

a flexible-linker (FL) on its 5’ end and the KDEL endoplasmic reticulum (ER) retention signal



on its 3’ end was inserted between the BamHI and EcoRI sites of pMEXT gp140-FL-IP to
generate pMEXT gpl120-Zera® or between the Notl and EcoRI sites to generate pMEXT
gpl140-Zera® (Figure 3.1). A plasmid expressing gpl140-Zera® without the TPA leader and
KDEL sequence was generated to evaluate how the absence of a signal peptide and the KDEL
sequence influenced recombinant expression and induction of protein bodies. This plasmid
was constructed by PCR amplification of ¢gpl40-Zera® wusing zera®CF (5
CGAAGCTTCCACCATGGGGCTGTGGGTCACTGTC 3’, Hindlll site underlined) and
zera®CR1 (5 GAGAATTCTCATGTCTGACAAGGGCTTGG 3’, EcoRI site underlined)
primers. The PCR product was digested with Hindlll and EcoRI and inserted into the pMEXx
vector to form pMEXx gp140-Zera®ATK (Figure 3.1).
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Figure 3.1: Annotated plasmid maps showing the construction of mammalian expression
vectors that express gp120-Zera®, gp140-Zera® and gp140-Zera®ATK. pCAP = porcine circovirus
enhancer element; pCMV = cytomegalovirus promoter; ColE1 = E. coli plasmid origin of replication;
Amp(R) = ampicillin resistance; FL = flexible linker; TPA = human tissue plasminogen activator leader;
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3.2.2 Construction of the mammalian vector encoding Zera®-gp140

PEAQ-HT: Zera®- gp140 plasmid DNA (generated in Section 2.2.2) was used as a template
for PCR amplification of Zera®-gpl40 using zera®NF )
CGAAGCTTCCACCATGCGGGTGCTGC 3’, Hindlll site underlined) and zera®NR (5
ATGCGGCCGCATCCAGTGC 3’, Notl site underlined) primers (Figure 3.2). The PCR
fragment was subsequently digested with Hindlll and Notl and inserted into pMEXT, replacing

the TPA leader to form pMEx Zera®- gp140, for expression in mammalian cells (Figure 3.2).
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Figure 3.2: Annotated plasmid maps showing the construction of mammalian vector encoding
Zera®-gp140. pMEX contained: pCAP = porcine circovirus enhancer element, pCMV = cytomegalovirus
promoter, ColE1 = E. coli plasmid origin of replication, Amp(R) = ampicillin resistance, FL = flexible
linker.

3.2.3 Construction of control mammalian vector encoding Zera®-eGFP

As a control, a plasmid that expresses Zera® fused to the 5 end of the enhanced green

fluorescent protein (eGFP) was also constructed (Figure 3.3). pUC18 Zera®-eGFP was



digested with Hindlll and EcoRI, and the resulting Zera®-eGFP fragment was inserted into
plasmid pMEXT to form pMEx Zera®-eGFP. It is important to note that all N-terminally tagged
constructs, did not contain the TPA or KDEL sequences.
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Figure 3.3: Annotated plasmid maps showing the construction of mammalian vector that
expresses Zera®-eGFP. pCAP = porcine circovirus enhancer element, pCMV = cytomegalovirus
promoter, ColE1 = E. coli plasmid origin of replication, Amp(R) = ampicillin resistance, TPA = human
tissue plasminogen activator leader.

3.2.4 Seeding cells for transfections

For transient transfections of mammalian cells (refer to Appendix A, Section 3.1, for culturing
and maintenance of cells), cells were seeded into 6 or 12 well plates for small-scale, T75
flasks for medium-scale and T175 flasks for large-scale transfections. Seeded cells were
incubated at 37°C overnight. At 60-70% confluence, cells were transfected as per transfection
reagent manufacturer's recommendations. Since the human embryonic kidney (HEK293T,
ATCC® USA, CRL-3216™), and immortalised cancerous (HeLa, ATCC® USA, CCL-2™) cells
are amenable to transfections using a wide range of transfection reagents, for this study, two

different transfection reagents were used. These included a relatively cheap cationic polymer,



polyethylenenimine (PEI, 25kDa, branched, Sigma, St Louis) and the costly lipid-based X-
tremeGENE™ HP DNA (Sigma-Aldrich) transfection reagents. The plasmid DNA and
transfection reagent were generally used at 1pug DNA to 3pl transfection reagent ratios or were
adjusted accordingly for economical use at improved transfection efficiencies for each
construct and optimised such that the toxicity to cells was minimised. Cells were monitored
regularly, and if needed, the cell medium was replaced with fresh complete medium to

minimise the depletion of nutrients, which are necessary for cell growth.
3.2.5 Harvesting protein from the small-scale transfections in 12 well plates

Three to four days post-transfection, the cell medium was aspirated and transferred into
labelled 1.5ml Eppendorf tubes. Cells were washed twice with sterile 1x PBS, pH7.2 (Gibco™)
followed by the addition of 100ul/well Glo-lysis buffer (Promega, USA). The plate was
incubated with the lysis buffer for about 5-10min at room temperature (RT), and the cell lysates
were then transferred into labelled tubes. In some cases, instead of using the Glo-lysis buffer,
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) sample loading
buffer (diluted 2x) was directly added to the cells and used to harvest the cell lysates.
Harvested proteins were kept at -20°C for further analysis by SDS-PAGE.

3.2.6 Generation of stable HEK293 cell lines expressing Zera®-gp140 or gp140-Zera®

Plasmids for generating stable cell lines were constructed by using Xbal and EcoRI sites to
insert an internal ribosome entry site and neomycin resistance (IRES-Neo) cassette directly
downstream of Zera® and gp140 sequences in pMEXT gp140-Zera® and pMEXx Zera®-gp140,
respectively. This formed pMEXT gpl40-Zera®-IRES-Neo and pMEx Zera®- gpl40-IRES-
Neo plasmids (maps shown, Figure 3.12). The IRES gene allows for the independent,
bicistronic expression of two genes under the control of the same promoter, while the
neomycin resistance gene confers resistance to geneticin or G148 antibiotics in eukaryotic
cells. Instead of HEK293T cells (which are resistant to neomycin) that were commonly used
in this study for transient expression, the unmodified (no T antigen) original HEK293 cells
(HEK293, ATCC® USA, CRL-1573™, susceptible to neomycin) were used to generate stable
cell lines. About 60-70% confluent HEK293 cells in a T75 flask were transfected with 30ug of
plasmid DNA plus 90ug PEI (Img/ml in PBS) or 60pl X-tremeGENE™ transfection reagents.
Twenty-four hours post-transfection, cells were passaged using the complete medium
supplemented with 600ug/ml geneticin (Gibco™, ThermoFisher scientific). Cells were
monitored daily and passaged at least ten times in this medium. At passage 4, the cell medium
and lysates were analysed on western blots to assess for gpl40 protein expression. At
passage 10, protein expression was assessed again, and stable cell lines were cryopreserved

as outlined in Appendix A, Section 3.3.



3.2.7 Isolation of Zera®-gp140 or gpl140-Zera® using different types of gradient-based

ultracentrifugation
3.2.7.1 Extraction of Zera®-gp140 and gp140-Zera® from mammalian cells

Transiently transfected HEK293T cells expressing gpl40-Zera® were used for the
optimisation of a lysis method for isolation of Zera®-tagged gp140. Four to five days post-
transfection, the medium was aspirated, and cells were gently washed 2x with PBS. The cell
scrapers (Greiner Bio-One™, Germany) were used to scrape off the cells in the presence of
Zera® buffer PBP3 (100 mM Tris pH8, 50 mM KCI, 6 mM MgCl,, 10 mM EDTA, 0.4 M NaCl)
supplemented with 1x cOmplete™, EDTA-free Protease Inhibitor Cocktail and 10% sucrose.
Collected cells were chilled on ice followed by homogenisation through 15 up and down
strokes of a Dounce glass tissue homogeniser (Kontes Glass Co., Vineland). Cell lysis was
assessed under a light microscope following staining of the resultant homogenates with
Trypan blue to confirm lysis. Lysates were subjected to a low-speed clarification spin
(Allegra™ X-22Rcentrifugation, 1000 x g, 5min, 4°C). Lysates were further clarified by filtration
through one layer of sterile Miracloth (Merck) to ensure the removal of residual cell debris.
Cleared lysates were then transferred into ultra-Clear™ centrifuge tubes (Beckman Coulter)

for ultracentrifugation.

3.2.7.2 Ultracentrifugation for the isolation of Zera®-induced protein bodies

Different ultracentrifugation methods were conducted in an attempt to purify Zera®-tagged
gp140, gpl40 or Zera®-eGFP from transfected mammalian cells. In a first approach: the
clarified lysates were purified as per the recommended generic method described by Torrent
et al. (2009a) for isolation of Zera® protein bodies. Briefly, the clarified lysates were loaded
onto a multistep sucrose gradient (19, 27, 42, and 56%). Gradients were separated by rate-
zonal ultracentrifugation (SW28, 80000 x g, 2 hours, 4°C) using a Beckman-Coulter L7-55
ultracentrifuge (USA). After ultracentrifugation, the supernatants were collected, and the
protein pellets were resuspended in sterile 1x PBS. In a second approach, clarified lysates
were loaded on a 5-35% OptiPrep™ continuous gradient prepared using a dual pump gradient
maker (TRIS™, ISCO, Lincoln, USA). These gradients were separated by isopycnic
ultracentrifugation (SW32Ti, 175000 x g, 16 hours, 4°C) using a Beckman-Coulter Optima L-
100 XP ultracentrifuge. Gradients were manually fractionated by punching a hole in the bottom
of the tube and slowly collecting 1ml fractions. The Brix % of each fraction was measured
using an ATAGO PAL-3 refractometer (0-93%, Brix) and converted to refractive indices and
densities of OptiPrep™. Band intensities (on western blots) of each fraction measured by

densitometry were plotted against the densities of OptiPrep™ to determine the density



distribution of gp140-Zera® and Zera®-gp140 in comparison to gpl40 and Zera®-eGFP
controls. The third approach conducted was the method used to obtain sufficient protein to
evaluate the immunogenicity of Zera®-gp140 and gpl140-Zera® in rabbits. Briefly, Zera®-
tagged proteins from the clarified lysates were concentrated by pelleting the contents by
ultracentrifugation (SW28, 79000 x g, 2 hours, 4°C) (Figure 3.4). Protein pellets were
resuspended in sterile PBS. The volume of PBS used for resuspension of protein pellets
depended on the size of the pellet (approximately 3.5ml for 10 x T175 flasks). Complete pellet
resuspension was achieved by gently stirring at 4°C overnight. Protein fractions from these

isolation methods were all analysed on western blots as described in Section 3.5.1.1.
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Figure 3.4 Schematic summarising the method used for isolation and concentration of Zera®-
tagged proteins.

3.2.8 Lectin affinity purification of Zera®-gp140 from HEK?293 stable cell lines

To evaluate if the presence of Zera® affected the trimerisation of gp140, lectin-purified Zera®-
gp140 was analysed by native gel electrophoresis. Briefly, confluent T175 flasks (10x) seeded
with HEK293 cells stably expressing Zera®-gp140 were washed twice with PBS before cells
were scraped with PBP3 buffer supplemented with 1x cOmplete™, EDTA-free Protease
Inhibitor Cocktail and 10% sucrose. Following cell homogenisation and clarification of the

lysates, the volume of the clarified lysate was adjusted to 1200ml with ice-cold PBS. The lysate



was passed through a Galanthus nivalis lectin agarose column (Sigma, St Louis) at 4°C using
a peristaltic pump at a flow rate of ~120ml/hour. The column was then washed with 100ml of
0.5M NacCl-PBS followed by 100ml of PBS only. Env protein was eluted using elution buffer
(1M methyl aD-manno-pyranoside (MMP) (Sigma) in PBS). The column was filled with elution
buffer, closed and allowed to incubate for 30 minutes before dripping 50ml of MMP through
the column. The eluate was concentrated, and buffer exchanged to PBS using a Vivaspin
Protein Concentrator with a 30kDa cut off (GE Healthcare). Collected samples were analysed
under native conditions using the NativePAGE™ Novex® 3-12% Bis-Tris gel as per
manufacturers (Invitrogen) instructions, and gels were stained with Bio-Safe™ Coomassie

Stain (Bio-Rad-Hercules) before destaining with distilled water.
3.2.9 Quantitation of Zera®-gp140 and gp140-Zera® using densitometry

The amount of gp140 in the protein pellets containing g140-Zera® and Zera®-gp140 was
estimated by densitometry analysis (Molecular Imager® Gel Doc™ XR+ imaging system
software, Bio-Rad) of samples on a western blot. Gpl140, purified by size exclusion
chromatography and quantitated using the DC™ Protein Assay (Bio-Rad) (van Diepen et al.
2019), was used as a standard. All samples were treated in the same manner to reduce errors.
This analysis was repeated two to three times to determine the reproducibility of the calculated

protein concentrations.
3.2.10 Immunofluorescent staining and imaging of mammalian cells

Immunofluorescent staining was conducted to evaluate the formation and localisation of
Zera®-induced protein bodies. Four-well chamber slides (AEC Amersham) were pre-coated
with poly-L-Lysine (Sigma-Aldrich) and seeded with 30000 HelLa cells per well. Three days
post-transfection with pMEXT gp140-Zera®, pMEx Zera®-gp140, pMEXT gp140 or pMEx
Zera®-eGFP, cells were fixed with 4% paraformaldehyde for 10min, washed with 1x
phosphate-buffered saline (PBS), permeabilised and blocked with 2% BSA-PBS
supplemented with 0.25% Triton X-100 for 1lhour at room temperature. Cells were double-
stained overnight at room temperature with goat anti-HIV-1 gp120 and rabbit polyclonal
antibodies to calnexin (Abcam), diluted 1:500 and 1:200, respectively in 2% BSA-PBS.
Following washes with PBS, cells were incubated in the dark for 1.5 hours with the
fluorophore-conjugated secondary antibodies (1:500 donkey anti-Goat-Cy3 and 1:500 donkey
anti-rabbit-Alexa488/Cy3) diluted in 2% BSA-PBS. The cells were then washed with PBS and
incubated for 10min with 1:5000 Hoechst nuclei stain diluted in PBS. Following washes in
PBS, slides were mounted with antifade-moviol mounting media. Slides were imaged with a
confocal microscope (Carl Zeiss 880 LSM confocal with Fast Airyscan technology and the

Elyra S1 super-resolution microscope).



3.2.11 Electron microscopy of mammalian cells expressing PBs

Three days post-transfection, HEK293T cells (200k cells/well in a 6-well plate) transiently
transfected with an empty pMEXT vector or pMEXT encoding gp140 or gp140-Zera® or Zera®-
gp140 were scraped off in the presence of PBS pH 7.5 and pelleted for 3 minutes at 13 000
rpm (Eppendorf Centrifuge 5417C, Germany). Cell pellets were fixed with 1ml of 2.5% ice-
cold glutaraldehyde (Merk, Germany) in PBS overnight at 4°C. Fixed cells were pelleted (5000
rpm, 3minutes), washed twice with 200l PBS and resuspended in =20ul of 2% low melting
point agarose (Lonza, Belgium) prepared in PBS and kept at 37°C in a water bath. Cells were
then fixed for 1hour with 0.5% tannic acid (Sigma-Aldrich, USA) which only penetrates and
enhances the electron density of cells whose membranes are damaged, enabling distinction
between damaged and undamaged cells by electron microscopy. Cells were washed once in
PBS prior to post-fixing with 1% osmium tetroxide (Sigma-Aldrich, USA) which stains lipids
and improves the contrast of cellular structures. Samples were washed twice in PBS, twice in
distilled water and subjected to a series of ethanol dehydration steps (30, 50, 70, 80, 90, 95
and 100%) for 10 minutes in each step. Dehydration in 100% ethanol for 10 minutes was
repeated once more, followed by two incubations in 100% acetone for 10 minutes. Samples
were then incubated in 1:1 and 1:3 acetone: agar low viscosity resin (Agar Scientific, UK)
mixture overnight and for 8 h, respectively. This was followed by overnight incubation in 100%
agar low viscosity resin. Identification labels for each sample were transferred into respective
wells of the embedding mould holders, covered with resin, small pieces of each sample were
transferred into the holders, topped with more resin, and polymerised at 60°C for 24 hours.
Ultrathin sections were cut using a diamond knife. Thin sections were adsorbed onto carbon-
coated copper grids, negatively stained with 2% uranyl acetate (Agar Scientific, UK) and
visualised using a FEI Tecnai 20 transmission electron microscope (FEI, Netherlands). The
preparation of thin sections and imaging was a service provided by the UCT Electron
Microscope Unit (UCT, South Africa).

3.2.12 Immunisation of rabbits with Zera®-gp140 and gp140-Zera®

Rabbit inoculations and blood sampling were performed at the University of Stellenbosch
Animal Research Facility according to the requirements, guidelines, and approval of the
University of Cape Town and University of Stellenbosch Animal Ethics Committees (AEC 015-
51). Two groups of five female New Zealand White rabbits were used to compare the
immunogenicity of the mammalian-produced gp140-Zera® and Zera®-gp140 proteins. Forty
to 50ug protein diluted in 1 x PBS to a final volume of 500ul, was administered into the
guadricep muscle of the hind leg of each rabbit on day 0 and subsequently at weeks 4, 12 and

20 post initial immunisation. Blood samples were collected in VACUETTE® Z Serum Sep Clot



Activator tubes (Greiner Bio-One) at weeks 0, 4, 8, 12, 14, 16, 20 and 22 post-vaccination. At
each time point, blood was allowed to coagulate at RT before it was centrifuged (U-320,
BOECO Germany) at 5000rpm for 30 minutes. Serum aliquots were stored at -20°C. Rabbits
were euthanised by exsanguination and terminated at week 22.

3.2.13 Quantification of gp140 binding antibodies in rabbit sera

An ELISA assay was used to quantify the gp140 antibody binding titres in rabbit sera. Briefly,
96-well Maxisorb® microtitre ELISA plates (Nunc) were coated with 10ng/well of the soluble
gp140 trimers (van Diepen et al. 2019) and incubated at 4°C overnight. Following 3x washes
in PBS, the unoccupied sites were blocked with 200ul 5% skim milk powder (Oxoid) in PBS
for 1 hour at RT. Plates were washed 3x with PBST, and duplicate wells were incubated
overnight at 4°C with 100pul/well of serum three-fold serially diluted from 1:10 2.5% skim milk
in PBS. Following 3x washes in PBST, wells were incubated for 1 hour at RT with swine anti-
rabbit IgG-HRPO conjugate (DakoCytomation) diluted 1:10 000 in 2.5% skim milk powder in
PBS (100ul/well). After another 3x washes in PBST, 100ul/well of TMB ELISA substrate (high
sensitivity, Abcam®) was added. The reaction was stopped after 10 minutes with 100ul of 1N
H,SO.. The absorbance signals at 450 nm (corrected for by subtracting the background
reading at 540 nm) were measured using a VersaMax ELISA Microplate Reader (Molecular
Devices, Sunnyvale). Antibody end-point titres were defined as the last dilution to give a signal
above the matching pre-bleed (1:10) ELISA signal. GraphPad Prism 5.0 software was used to
present the end-point titres against bleed time points (weeks). The V1V2-specific antibodies
in sera collected at week 0 (pre-immune) and week 22 (2 weeks after the final protein
inoculation) were evaluated by an antibody binding ELISA conducted as described above
except that 500ng/well of CAP256 SU V1V2 scaffolded protein was used as a capture antigen.
CAP256 SU V1V2 scaffold protein was provided by Professor Penny Moore (Senior Medical
Scientist, Centre for HIV and STIs, National Institute for Communicable Diseases,
Johannesburg). CAP256 SU V1V2 scaffolded proteins were produced and purified by affinity
chromatography using a Ni-NTA column as described previously by Gorman et al. (2016).

3.2.14 Neutralisation of Env-pseudotyped viruses by rabbit sera

A small panel of clade C Env-pseudotyped viruses competent for a single-cycle infection was
used to evaluate the ability of anti-gp140 antibodies in serum sampled from weeks 0 and 22
to block the viral entry into susceptible TZM-bl cells. This assay was a service conducted at
the National Institute for Communicable Diseases (Sandringham, Johannesburg) by Professor
Lynn Morris’s group. TZM-bl cell line (Montefiori. 2004), is a HeLa cell line genetically modified

to stably express CD4 and CCRS5 coreceptors, which are entry sites rendering maximal



susceptibility of cells to HIV-1 infection (Platt et al. 1998). TZM-bl cells were further modified
by Wei et al. (2002) to stably express E. coli B-galactosidase and firefly luciferase reporter
genes to allow for quantification of HIV-1 viral infection. The degree of neutralisation,
measured in relative luminescence units (RLUs), was assayed by quantifying the reduction of
Tat-regulated luciferase expression upon infection with Env-pseudotyped viruses (MW965.26,
6644 and CAP256SU). As a negative control, Env-pseudotyped virus containing Env of murine
leukaemia virus (MLV) encoded in the same backbone was included. The final neutralisation
titres were expressed as the reciprocal of the serum dilution resulting in a 50% reduction in

relative luciferase units, or the IDsp.
3.3 Results

3.3.1 Analysis of expression of Zera®-eGFP as a proof of concept for the production of

Zera®-induced protein bodies in mammalian cells

As a proof of concept that Zera®-induced protein bodies could be produced in HEK293T and
HelLa cell lines in our laboratory, plasmid pMEx Zera®-eGFP was constructed, as Zera®-
eGFP has been shown to form protein bodies by other groups (Torrent et al. 2009a;
Saberianfar et al. 2016). Western blots of lysates derived from HEK293T and HelLa cells
transfected with pMEx Zera®-eGFP and probed with anti-GFP (Figure 3.5 A) or anti-Zera®
(Figure 3.5 B) antibodies yielded the expected ~40kDa band for Zera®-eGFP. In both these
cell lines, Zera®-eGFP protein was enriched in the cell lysates (L) without significant secretion
into the cell medium as observed by the lack of the 40kDa band (M). The ability of Zera® to
induce ER-derived eGFP protein bodies in HeLa and HEK293T cells was confirmed by
immunofluorescent staining with anti-GFP primary antibody followed by detection with anti-
Cy3 labelled secondary antibody and imaging with confocal microscopy. Spherical, protein
body-like fluorescent structures were observed in cells transfected with pMEx Zera®-eGFP
(Figure 3.5 C & D). As expected, no PB-like structures were observed in cells transfected with
a plasmid encoding eGFP alone (without the Zera® tag) (Figure 3.5 E). The advantage of
using Zera® as a fusion tag is that the protein of interest can be purified easily and rapidly by
virtue of high-density properties inherited from Zera®-induced PBs (Torrent et al. 2009a). To
investigate if high-density PB-like structures were being produced in HEK293T cells
transfected with pMEx Zera®-eGFP, the clarified lysates were passed through a 19-56%
sucrose step gradient by rate zonal ultracentrifugation. Even though Zera®-eGFP was also
found in the interfaces (IF1-IF3), the majority of Zera®-eGFP passed through the gradient and
was enriched in the pellet, an indication that to some extent, these PB-like structures were

particulate and dense (Figure 3.5 F).
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Figure 3.5: Fusion of the Zera® to the N-terminus of eGFP induced PB-like structures in
mammalian cells. The cell lysates (L) and media (M) from HEK293T and HelLa cells transfected with
pMEx Zera®-eGFP were analysed by western blots probed with anti-GFP (A) and anti-Zera® (B)
antibodies. Immunodetection of Zera®-eGFP in protein bodies of transfected HeLa (C) and HEK293T
cells (D) using anti-GFP primary antibody and anti-Cy3 labelled secondary antibody. Confocal
micrographs of Hela cells expressing eGFP (E). The clarified lysate (L), from HEK293T cells
transfected with pMEx Zera®-eGFP, was loaded on a 19-56% sucrose gradient. After
ultracentrifugation, the interphase fractions (IF) were collected from the top to the bottom (IF1, IF2 and
IF3) and the final protein pellet (P) was resuspended in a phosphate buffer. Collected fractions were
analysed on a western blot probed with an antibody to GFP (F).



3.3.2 Confirmation of integrity of pMEXT gp140-Zera®, pMEXT gp120-Zera® and pMEX
gp140-Zera®ATK plasmids

Zera®-tagged gp140 or gpl20 fusions were constructed to evaluate if Zera® PBs could be
induced when Zera® fused to HIV-1 Env proteins is expressed in mammalian cells. Both C-
and N-terminus Zera®-tagged gp140 fusions were designed in order to evaluate which one
would more efficiently form Zera®-induced PBs. Specifically, the sequence coding for Zera®
was inserted into plasmid pMEXT gp140-FL-IP, downstream of gp140 or gp120 to generate
PMEXT gp140-Zera® and pMEXT gpl120-Zera®, respectively. Plasmid pMEXT gp120-Zera®
was not designed for immunisation purposes, but rather to evaluate the effect of the smaller
size of Env on the induction of PBs. Plasmid pMEx gp140-Zera®ATK was constructed to
assess the effect of the TPA leader sequence and KDEL ER retention signal on the expression
of gp140-Zera®. The integrity of these plasmids was confirmed by restriction enzyme mapping

(Figure 3.6) and sequencing.
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Figure 3.6: Confirmation of the integrity of mammalian expression vectors encoding Zera®
fused downstream of Env. (A) Plasmid map of pMEXT gp140-Zera® and restriction analysis using
EcoRI and Notl enzymes. (B) Plasmid map of pMEx gp140-Zera®ATK (ATK, the TPA leader and KDEL
sequences have been removed) and restriction analysis using Hindlll and EcoRI enzymes. (C) Plasmid
map of pMEXT gp120-Zera® and restriction analysis using EcoRI and BamHI enzymes. In each case,
the 1kb DNA ladder (ThermoFisher Scientific) was represented in lane M.



3.3.3 Small-scale expression of Zera®-tagged antigens in mammalian cells

The C-terminal Zera® fusions were initially used to optimise the experimental conditions for
the production and processing of Zera®-tagged Env proteins in mammalian cells. HEK293T
cells were transfected with plasmids that expressed gp120-Zera®, gp140-Zera®, gp120-His
and gpl140. Three days post-transfection, the cell media (M) and lysates (L) were harvested
and analysed on a western blot probed with an antibody to Env (Figure 3.7). As expected,
gp120-Zera® and gp140-Zera® accumulated in the cell lysate and very little was found in the
cell media. Non-Zera®-tagged gp140 tended to accumulate in both the cell lysate and the
media. The majority of Env in cells expressing gp120-His was observed in the lysate, and very

little was secreted into the cell media. As expected, no Env was detected in cells transfected
with an empty pMEXT plasmid.
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Figure 3.7: Comparison of transient expression of Zera®-tagged Env vs non-Zera®-tagged Env
in HEK293T cells. HEK293T cells were transfected with plasmids that expressed gp120-Zera®, gp140-
Zera®, gpl20-His and gp140. Three days post-transfection, the cell media (M) and lysates (L) were
harvested and analysed on a western blot probed with an antibody to Env.

Gpl40-Zera® was used for further optimisations because it produced higher levels of protein
than gp120-Zera®, and it was relevant for use in immunogenicity studies. The effect of the
TPA leader and the KDEL ER-retention signal on the expression of gpl40-Zera® was
assessed in HEK293T cells transfected with pMEXT gpl40-Zera® and pMEx gpl140-
Zera®ATK. There were no notable differences (in the cell lysates and media prepared the
same way and the same volume were loaded on a gel) in the levels of expression of gp140-
Zera® with and without the TPA leader and KDEL sequences (Figure 3.8). Thus, for all the

subsequent optimisation experiments, gp140-Zera® with the TPA and KDEL was used.
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Figure 3.8: Comparison of expression of gp140-Zera® with and without the TPA leader and KDEL
sequences in HEK293T cells. HEK293T cells were transfected with pMEXT gpl40-Zera® (+TK,
contains the TPA leader and KDEL sequences) and pMEx gp140-Zera®ATK (ATK, the TPA leader and
KDEL sequences have been removed). Three days post-transfection, the cell media (M) and lysates
(L) were harvested and analysed on a western blot probed with an antibody to Env.

3.3.4 Medium-scale transient expression of gpl40-Zera® in HEK293T cells and
purification by rate-zonal ultracentrifugation

Under optimal PB-inducing conditions, Zera®-tagged proteins accumulate in electron-dense
PBs, thus simplifying protein purification by ultracentrifugation-based methods (Mainieri et al.
2004; Torrent et al. 2009a; Torrent et al. 2009b). We evaluated if Zera®-induced PBs in cells
expressing gpl40-Zera® in comparison to gpl40 could be isolated by low-speed
ultracentrifugation. HEK293T cells were transfected with pMEXT gp140-FL-IP and pMEXT
gpl40-Zera®. The transfection efficiency of two transfection reagents, X-tremeGENE™ and
PElI was compared. Three days post-transfection, cells were harvested using the
recommended PBP3-10% sucrose buffer for processing of Zera®-tagged antigens and lysed
by Dounce homogenisation. Cleared lysates from these cells were passed through a 19, 27,
42 and 56% step sucrose gradient by rate-zonal ultracentrifugation and the resultant fractions
were analysed on a western blot probed with anti-Env antibody (Figure 3.9). Cells transfected
with X-tremeGENE™ (Figure 3.9 A) resulted in higher expression levels of gp140 compared
to those transfected with PEI (Figure 3.9 B). The expression level of gp140 was higher than
that of gp140-Zera® (Figure 3.9 A). The distribution of gp140 in the lysates expressing gp140
and gpl40-Zera® was slightly different in that both gpl40-Zera® and gpl40 mainly
accumulated in the protein pellet but larger quantities of gp140 were also detected in the cell
debris (P1) and supernatant following ultracentrifugation (S3). It was assumed that if PBs were

optimally produced, the size or shape of Zera®-gp140 PBs would be larger than soluble



gp140, thus sediment faster through the gradient. Unexpectedly, gp140 pelleted to the same
extent as gpl140-Zera®.

Fractions from the gradients of lysates of cells transfected using X-tremeGENE™ were also
analysed on SDS-PAGE stained with Coomassie blue to assess the ability of rate-zonal
ultracentrifugation to purify gp140-Zera® or gp140 away from other contaminating proteins in
the lysates (Figure 3.9 C). It was observed that Coomassie staining poorly detected bands
that potentially corresponded to Env protein. A diffuse band (two-headed arrows, orange) at
~140kDa was thought to correspond to Env protein. The banding pattern in the lysates before
gradient purification (S2) and the banding pattern in samples collected after gradient
purification (P2) were similar. It was expected that the lower molecular weight proteins
including soluble gp140, would be retained in the supernatant (S3) while the higher molecular

weight proteins, including Env in PBs, would sediment to the bottom of the tube (P2).
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Figure 3.9: Rate zonal ultracentrifugation of lysates from cells expressing gp140-Zera® and
gpl140. HEK293T cells were transfected with pMEXT gpl140-Zera® or pMEXT gpl40-FL-IP in the
presence of the X-tremeGENE™ (A) or PEI (B) transfection reagents. Four days post-transfection, cells
were lysed (S1) and cleared (S2) from the cell debris (P1). The cleared lysates (S2) were loaded on a
19-56% step sucrose gradients. Following ultracentrifugation, the supernatant & interfaces were pooled
(S3) and the protein pellet was resuspended (P2) in PBS. Fractions were analysed on western blots
probed with an antibody to Env (A & B), and fractions from cells transfected in the presence of X-
tremeGENE™ were stained with Coomassie Blue (C). Red font indicates the cleared lysates (S2) as
an input sample to a gradient and the protein pellet as a final output sample (P2). Two-headed arrows
(orange) indicate the size range expected for gp140.

3.3.5 Confirmation of integrity of pMEx Zera®-gp140 and comparison of expression of
gpl40, gpl40-Zera® and Zera®-gp140 in HEK293T cells

The initial optimisations of expression, processing and purification of Zera®-tagged Env in
mammalian cells were performed using a fusion with Zera® on the C-terminus of CAP256
gp140 (gp140-Zera®). A plasmid expressing HIV-1 gp140 with an N-terminal Zera® tag (PMEXx
Zera®-gp140) was also constructed to assess whether Env expression or PB formation was
more favourable when Zera® was fused to either the C- or N-terminus of gp140. The integrity
of this plasmid was confirmed by restriction mapping (Figure 3.10 A) and sequencing.
Transient expression of Zera®-gp140 or gpl40-Zera® in comparison to gpl40 in HEK293T
cells was evaluated by western blot analysis of the cell media (M) and cell lysates (L) (Figure
3.10 B). Gpl140 and Zera®-gpl40 accumulated to similar levels in the cell lysates (n>3)
whereas gpl40-Zera® was barely detectable in the cell media and lysates from cells
transfected with pMEXT gpl140-Zera®. As expected, the presence of Zera® seemed to favour

the accumulation of gp140 within the cells rather than secretion into the cell media.
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Figure 3.10: Confirmation of the integrity of pMEx Zera®-gp140 plasmid and comparison of
gp140 expression in HEK293T cells transfected with pMEXT, pMEXT gp140-FL-IP, pMEX Zera®-
gpl40 and pMEXT gpl40-Zera®. (A) Plasmid map of pMEx Zera®-gp140 and restriction analysis
using Hindlll and Notl enzymes. (B) Anti-Env western blot of the cell lysates (L) and media (M) from
HEK293T cells expressing gp140, Zera®-gp140 and gpl40-Zera®.

3.3.6 Immunofluorescent staining and confocal microscopy of HelLa cells expressing

gpl140, gpl40-Zera® and Zera®-gp140

The ability of Zera® to induce ER-derived gpl40 protein bodies was evaluated by
immunofluorescent staining and confocal microscopy of transfected cells (Figure 3.11).
Instead of HEK293T cells, HelLa cells were used for immunostaining because they have a
bigger cytoplasmic space and smaller nuclei than HEK293T cells, thus allowing for better
visualisation of cellular components. HelLa cells were transiently transfected with pMEXT
gpl40-Zera® and pMEx Zera®-gp140, stained with antibodies to HIV-1 Env and calnexin (a
chaperone located in the ER) and detected with Cy3- and Alexa488-labelled secondary
antibodies, respectively. Cells transfected with pMEx Zera®-eGFP or pMEXT gpl140-FL-IP
were included as positive and negative controls, respectively. Spherical, protein body-like
fluorescent structures were observed in cells expressing Zera®-eGFP and gp140-Zera®. It

was noted that all the Zera®-eGFP appeared to be in protein bodies whereas gp140-Zera®



appeared to be mainly soluble protein (diffused staining of the cell) with a few relatively small
possible protein bodies. Both Zera®-eGFP and gpl40-Zera® partially co-localised with the
calnexin ER marker. Surprisingly, cells expressing Zera®-gp140 showed very similar staining
to those expressing the untagged soluble, gp140 protein and most of the gp140-Zera®. Both
Zera®-gpl140 and gpl40 proteins also co-localised with the calnexin ER marker. This
observation corresponds with the observation that gp140 accumulated both in the cell lysate
(intracellularly) and media (extracellularly) as observed in western blot analysis shown in
Figure 3.11 B. No fluorescence was observed in cells where the primary antibodies were

omitted, an indication of the specificity of the secondary antibodies (results not shown).
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Figure 3.11: Immunofluorescent staining of HelLa cells expressing Zera®-eGFP, gp140, gp140-
Zera® and Zera®-gp140. Confocal micrographs of Zera®-eGFP (green, eGFP fluorescence), gp140
(red, Cy3), calnexin (red Cy3 or green Alexa488). Cell nuclei were detected with a Hoechst stain (Blue).
Scale bars represent 10uM.



3.3.7 Transmission electron microscopy of thin sections from HEK293T cells
expressing gp140, Zera®-gp140 and gp140-Zera®

Transmission electron microscopy was carried out to further evaluate the formation of PBs in

HEK293T cells expressing Zera®-tagged gpl40. Cells transfected with empty pMEXT or

PMEXT gp140-FL-IP were included as negative controls for the formation of PBs. Protein body-

like structures were observed in cells expressing gpl40-Zera® but not in those expressing

gp140 or Zera®-gp140 (Figure 3.12).

Zera®-g gp140-Zera®

Figure 3.12: Electron micrographs to evaluate the formation of protein bodies in HEK293T cells
expressing Zera®-tagged gpl40. HEK293T cells were transfected with pMEXT (negative control),
PMEXT gpl140-FL-IP (negative control for PBs), pMEx Zera®-gp140 (experimental) or pMEXT gpl140-
Zera® (experimental). Thin sections were negatively stained with uranyl acetate and viewed using the
transmission electron microscope. The mitochondrion (M), nucleus (N) and protein bodies (PB) are
labelled. Scale bars represent 0.5um.

3.3.8 Construction of plasmids for the generation of stable cell lines expressing gp140-
Zera® and Zera®-gp140
Although the transient expression of Zera®-gp140 and gpl40-Zera® in HEK293T cells was
confirmed, yields were variable using different batches of DNA for transfection. Protein
expression was more consistent when an expensive transfection reagent, X-tremeGENE™,
was used for transient transfection. However, it was not economical to use X-tremeGENE™
for repeated, large scale protein production. The relatively cheaper transfection reagent,
polyethyleneimine (PEI), often resulted in poor yields. Thus, as a cost-effective measure,
plasmids for generating stable cell lines were constructed by introducing an IRES-Neomycin
(Neo) resistance cassette downstream of the Zera® and gp140 sequences in pMEXT gp140-
Zera® and pMEx Zera®-gp140, respectively. The integrity of pMEXT-gp140-Zera®-IRES-Neo
(Figure 3.13 A) and pMEx-Zera®-gpl40-IRES-Neo (Figure 3.13 B) was confirmed by

restriction enzyme mapping.
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Figure 3.13: Confirmation of insertion of IRES-Neomycin (IRES-Neo) cassette downstream of the
Zera® and gp140 sequences in pMEXT gp140-Zera® and pMEx Zera®-gp140, respectively. (A)
Plasmid map of pMExT-gpl40-Zera®-IRES-Neo and restriction analysis using EcoRl and Xbal
enzymes. (B) Plasmid map of pMEx-Zera®-gp140-IRES-Neo and restriction analysis using EcoRI and
Xbal enzymes.

Stable cell lines were then generated by transfecting pMEXxT-gpl140-Zera®-IRES-Neo or
PMEXx-Zera®-gp140-IRES-Neo into HEK293 cells. Transfected cells were passaged at least
10 times in complete medium supplemented with geneticin. HEK293 cells stably expressing
gpl40-Zera® and Zera®-gpl140 were successfully generated as confirmed by anti-Env and
anti-Zera® western blot analysis of the cell lysates (Figure 3.14). However, protein bodies
were not visible on immunofluorescent staining of stable HEK293 cells expressing Zera®-

gp140 and gp140-Zera® (results not shown).
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Figure 3.14: Generation of HEK293 stable cell lines expressing gp140-Zera® and Zera®-gp140.
HEK293 cells were transfected with pMEXT-gp140-Zera®-IRES-Neo and pMEx-Zera®-gp140-IRES-
Neo. Geneticin-containing media was used for the selection of stably transfected cells. The expression
of gpl40-Zera® and Zera®-gpl40 in stable cell lines were confirmed by anti-Env and anti-Zera®
western blot analysis of the cell lysates.

3.3.9 Isopycnic ultracentrifugation of the lysates from HEK293 stable cell lines
expressing Zera®-gp140 or gpl40-Zera® and HEK293T transiently expressing
gp140 or Zera®-eGFP

Rate-zonal ultracentrifugation was not optimal for purifying Zera®-gp140 and Zera®-gp140

PBs. The main challenge was that Zera-tagged gp140 co-pelleted with other lower and higher

molecular weight proteins (as observed in Figure 3.9 C). Ultracentrifugation through a series

of sequential rate zonal gradients or cushions resulted in no noticeable purification of Zera-
tagged gpl40 from one gradient to another. Thus, isopycnic ultracentrifugation was
subsequently performed to evaluate its ability to purify Zera-induced PBs from contaminating
proteins on the basis of density rather than size. Clarified lysates from cells expressing Zera®-
gpl140, gpl40-Zera®, Zera®-eGFP and gpl140 were fractionated through 5-35% OptiPrep™
gradients, and the resultant fractions were analysed by western blots probed with anti-GFP
and anti-Env antibodies (Figure 3.15 A). Band intensities extrapolated from western blots were
plotted against OptiPrep™ densities corresponding to each fraction (Figure 3.15 B) in order to
analyse the distribution of Zera®-induced PBs in the OptiPrep™ gradient. As expected,

Zera®-eGFP was distributed predominantly in fractions corresponding to a high OptiPrep™

density (1.21-1.22 g/ml). Both gp140-Zera® and Zera®-gp140 were predominantly distributed

in a similar range of OptiPrep™ densities (1.11-1.13 g/ml) which was lower than that of Zera®-
eGFP. Surprisingly, gp140 was predominantly distributed in fractions with relatively higher

OptiPrep™ densities (1.14-1.18 g/ml) than those observed for sedimentation of Zera®-gp140

and gp140-Zera®.
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Figure 3.15: Isopycnic ultracentrifugation of the lysates from HEK293T cells transiently
expressing Zera®-eGFP and gp140 as well as lysates from HEK293 stable cell lines expressing
gpl40-Zera® and Zera®-gp140. (A) Cell lysates were applied on top of a 5-35% continuous
OptiPrep™ gradient followed by isopycnic ultracentrifugation. Fractions were analysed on western blots
probed with antibodies to Env or GFP. Refractive indices of each fraction were converted to density
(g/ml). (B) Band intensities from western blots were plotted against the OptiPrep™ densities.

3.3.10 Native gel electrophoresis of Zera®-tagged gp140

To increase the chances of eliciting neutralising antibodies in vaccinated animals, it is
important that gp140 proteins adopt the native-like trimeric conformation. To evaluate the

trimeric configuration of gp140-Zera® and Zera®-gpl140 in comparison to gpl40, fractions



from the OptiPrep® gradients (Figure 3.15) were analysed on a Blue Native gel
electrophoresis, transferred for western blots and probed with antibodies to Env (Figure 3.16).
It was observed that gp140-Zera® and Zera®-gp140 proteins predominated in the =720 kDa
region where we would expect a trimeric molecule, as was the case for gp140.
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Figure 3.16: Analysis of Zera®-tagged gpl140 by native gel electrophoresis. Cell lysates from
HEK?293 stable cell lines expressing gp140, gp140-Zera® and Zera®-gp140 were applied onto a 5-35%
OptiPrep™ gradient followed by isopycnic ultracentrifugation. Two fractions containing the highest
concentration of protein were separated on NativePAGE, blotted and probed with antibodies to Env.
Refractive indices of each fraction were converted to density (g/ml).

gpl40-Zera® was produced at lower yields than Zera®-gpl40, thus; Zera®-gpl40 was
selected for further characterisation of the structure of Zera®-tagged gp140. Lectin (Galanthus
nivalis) affinity column chromatography was used to purify Zera®-gp140 from clarified cell
lysates (Figure 3.17). Even though putative dimeric (=480 kDa), monomeric =(242 kDa) gp140
species, as well as other lower molecular weight proteins (below 242 kDa) were observed in
Zera®-gp140 and gp140 (positive control), some of the Zera®-gp140 was apparently trimeric
(=720 kDa).



Figure 3.17: Analysis of lectin-purified Zera®-gp140 by native gel electrophoresis. Env protein in
the clarified cell lysates from HEK293 stable cell lines expressing Zera®-gpl140 was purified by
Galanthus nivalis lectin affinity chromatography and analysed on Coomassie-stained NativePAGE.
Lane 1 = Zera®-gpl40, 2 & 4 = NativeMark Unstained Protein Standard, 3 = gp140. The expected
molecular weight of trimeric gp140 (***), dimeric gp140 (**) and monomeric gp140 (*) are indicated.

3.3.11 Concentration and quantification of Zera®-gp140 and gp140-Zera® from HEK293
stable cell lines
Purification of Zera®-gp140 and gpl140-Zera® by rate zonal ultracentrifugation or isopycnic
ultracentrifugation was neither optimal for purification nor scalable (Figure 3.9 and 3.15) to get
sufficient amounts to test immunogenicity in rabbits. Thus, a method for concentrating gp140-
Zera® and Zera®-gp140 from the cell lysates was devised to get enough Env proteins to test
their immunogenicity in rabbits. Instead of passing the lysates through gradients, the lysates
were pelleted by ultracentrifugation. The resultant protein pellets were resuspended in PBS.
The amounts of gpl140 in resuspended protein pellets were estimated by densitometry
analysis of gp140-Zera® and Zera®-gp140 run on western blots in parallel with gp140 as a
standard (results not shown). Approximately 1.5mg of Zera®-gp140 and 0.6mg gp140-Zera®

were obtained from 10x T175 flasks seeded with the respective HEK293 stable cell lines.

3.3.12 Immunogenicity of mammalian-produced gpl40-Zera® and Zera®-gp140 in
rabbits

The immunogenicity of gpl140-Zera® and Zera®-gpl140 produced in mammalian cells was

evaluated by inoculating two groups of 5 rabbits with approximately 40ug Zera®-tagged gp140

protein at weeks 0, 4, 12 and 20 (Figure 3.18 A).

No adverse effects were observed in rabbits upon inoculations with Zera®-tagged Env

immunogens. HIV-1 gp140 binding antibody titres from serum sampled at weeks 4, 8, 12, 14,



16, 20, and 22 were measured in an indirect binding ELISA where SEC-purified gp140 protein
was used as the capture antigen (van Diepen et al. 2019). The accumulation of antibodies
against gp140 in sera from rabbits inoculated with Zera®-gp140 and gp140-Zera® followed a
similar trend, where anti-gp140 antibodies increased 2 weeks after each protein boost (weeks
14 and 22) (Figure 3.18 B). The anti-gp140 antibody titres in sera from rabbits inoculated with
gpl140-Zera® reached maximum titres after four protein inoculations at week 22, while rabbits
inoculated with Zera®-gp140 reached maximum titres after the 3™ protein inoculation at week
14. Notably, at weeks 16-22, the anti-gp140 titres in rabbits inoculated with gp140-Zera® were
3 to 6-fold higher than titres observed in rabbits inoculated with Zera®-gp140. Interestingly,
the overall anti-gp140 endpoint antibody binding titres elicited in rabbits inoculated with gp140-
Zera® were significantly higher than those elicited in rabbits inoculated with Zera®-gp140
protein (* P = 0.0013, Two-Way ANOVA, Bonferroni post-tests).

Results from the RV144 trial showed that binding antibodies to V1V2 of Env correlated to
protection against HIV-1 infections (Haynes et al. 2012). For this work, the binding antibodies
to the autologous scaffolded CAP256 SU V1V2 loop were measured using rabbit sera
collected at week 22 (2 weeks after the final protein boosts) (Figure 3.18 C). The anti-V1V2
tires in sera from rabbits inoculated with gp140-Zera® were higher than those observed in
sera from rabbits inoculated with Zera®-gp140; however, the difference was not significant (P

= 0.2747, unpaired t-test analysis).
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Figure 3.18: Vaccination schedule and serum characterisation. (A) Schematic showing the timing
of inoculations of two groups of rabbits with Zera®-gp140 or gpl140-Zera® and collection of blood
samples (tick marks). (B) Anti-Env antibody titres in sera were quantified in an indirect ELISA where
the SEC-purified gp140 trimers were used as the capture antigen. The time points for the inoculation of
rabbits with proteins are indicated by vertical dotted lines (orange). Error bars indicate the standard
deviation within the group at each time point. The P-value (* P = 0.0013) between the two groups was
calculated by Two-Way ANOVA, Bonferroni post-test. (C) Anti-CAP256 V1V2 scaffold endpoint binding
titres in sera (week 22) from rabbits inoculated with gp140-Zera® and Zera®-gp140. The P-value (P =
0.2747) was extrapolated from the unpaired t-test analysis.



3.3.13 Neutralisation assays

A TZM-bl assay was used to investigate the neutralising activity of selected sera (weeks 0 and
22) against a small panel of Env-pseudotyped clade C viruses (Figure 3.19). HIV-1 isolates
demonstrate a broad spectrum of neutralisation sensitivities: thus, a panel of Env-
pseudotyped viruses is categorised into four tier phenotypes (Seaman et al. 2010). These are
Tier 1A (most sensitive), Tier 1B (second most sensitive), Tier 2 (moderately sensitive, most
circulating strains) and Tier 3 (least sensitive). All the rabbits inoculated with gp140-Zera®
developed neutralising antibodies against the Malawian Tier 1A pseudovirus (MW965.2) with
ID50s ranging between 1:156 and 1:433, compared to only 3/5 of the rabbits vaccinated with
Zera®-gpl140 (ID50 1:101 to 1:135) (Figure 3.19 A). Rabbits inoculated with gp140-Zera®
developed significantly higher neutralising activity against Tier 1A MW9652.2 virus than
rabbits inoculated with Zera®-gp140 (Figure 3.19 B). None of the sera from either group
neutralised the Tier 1B 6644 or the autologous Tier 2 CAP256SU Env-pseudotyped viruses
(Figure 2.19 A).
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Figure 3.19: Neutralising antibody titres elicited in rabbits vaccinated with gp140-Zera® and
Zera®-gp140. (A) The neutralising activity of sera collected before (week 0) and after inoculation with
four doses of gp140-Zera® or Zera®-gpl140 (week 22) was assayed against a small panel of Clade C
pseudoviruses. Virus neutralisation was represented as the reciprocal of sera dilutions required to
achieve 50% reduction of viral entry into TZM-bl cells (ID50). (B) Tier 1 A MW965.26 neutralisation
titres in sera from rabbits inoculated with gp140-Zera® and Zera®-gp140. The P-value (P = 0.0288)
was extrapolated from the unpaired t-test analysis.

3.4 Discussion

We previously compared the development of binding and neutralising antibodies in rabbits
inoculated with the soluble HIV-1 CAP256 ¢gpl140 formulated in AlhydroGel® and

AddaVax® adjuvants (van Diepen et al. 2018). This follow-up study was designed to evaluate



whether self-assembling protein nanoparticles (protein bodies) encapsulating CAP256 gp140
could improve the immunogenicity of the glycoprotein. We evaluated the production of protein
bodies (PBs) by fusing the sequence encoding Zera®, a proline-rich domain derived from the
y-zein storage protein, to either the C- or N-terminus of HIV-1 CAP256 gpl40. To our
knowledge, this is the first time the possibility of formation of protein bodies encapsulating HIV
Env has been explored in mammalian expression systems, and this is the largest glycoprotein
(£140 kDa) to be fused to Zera® as it is larger than the ectodomain of influenza A virus subtype
5 HA (75 kDa) previously fused by others (Hofbauer et al. 2016).

The ability of gp140-Zera® and Zera®-gp140 to form PBs in mammalian cells was compared
to Zera®-eGFP, which has previously been shown to form PBs (Torrent et al. 2009a;
Saberianfar et al. 2016). Immunofluorescent staining and confocal microscopy of HelLa cells
expressing gp140-Zera® and Zera®-gp140 indicated that gp140-Zera® formed comparatively
smaller and fewer spherical PB-like structures than Zera®-eGFP, which was solely expressed
as distinct PBs. In cells expressing Zera®-gp140, Env appeared diffused in cells without any
observable PB-like structures. Negative-stain electron microscopy of thin sections from
transiently transfected HEK293T cells also indicated that gpl40-Zera® formed PB-like

structures which were not detected in cells expressing Zera®-gp140 or gp140.

Previous studies indicated that zein-derived sequences fused to either the C- or N-terminus
of the protein of interest induced the formation of PBs in a wide spectrum of eukaryotic
expression systems (de Virgilio et al. 2008; Torrent et al. 2009a; Joseph et al. 2012;
Whitehead et al. 2014; Hofbauer et al. 2016). In this study, Zera® was also fused on the C-
terminus of gp140 to form gpl140-Zera® because it was reasoned that this would not occlude
the gp120 subunits which contain important epitopes for eliciting antibodies. Even though
gpl140-Zera® appeared to form some small PB-like structures in transiently transfected cells,
expression of gpl40-Zera® was lower than Zera®-gpl140 in both mammalian and plant
expression systems. This pattern was also observed by de Virgilio et al. (2008) who showed
that expression levels of zein-Nef were higher than Nef-zein, which was barely detectable,
indicating that the location of Zera® can affect protein accumulation. Additionally, the
complexity and large size of HIV Env may have hindered the optimal formation of Zera®-
induced nanoparticles. He et al. (2016) showed that when gp140 was fused to the 60-meric
lumazine synthase (LS), nanoparticles were not formed. They reasoned that the large size
and spacing of Env antigens could limit its display on self-assembling nanopatrticles (He et al.
2016). It is also possible that the protein bodies formed with gp140-Zera® are too labile and
are broken up during extraction. To our knowledge, the largest Zera®-fusion protein that has

been shown to form protein bodies is the £75 kDa influenza H5 (Hofbauer et al. 2016)



The inability to detect PBs in mammalian-produced Zera®-gp140 is consistent with some of
the studies from the literature that indicated that not all proteins fused to zein-derived
sequences are able to assemble into PBs. For example, the HIV negative factor (Nef) protein
fused to the y-zein domain (zein-Nef) did not form PBs in plants since it was rapidly degraded
in the ER. On the other hand, PBs stably encapsulating Nef were formed when Nef was fused
to zeolin, a chimaeric domain composed of the y-zein (same sequence used for zein-Nef) as
well as the bean vascuolar storage protein phaseolin (Mainieri et al. 2004; de Virgilio et al.
2008). The authors reasoned that unlike the correctly folded zeolin-Nef, zein-Nef may have
been recognised by the ER quality control machinery as a structurally defective protein and
was thus directed to the degradation pathway in the ER before being able to assemble into
PBs. This suggested that regardless of the presence of zein-derived sequences, if the fusion
protein is misfolded, zein sequences do not facilitate an escape from ER-associated
degradation (ERAD). Therefore, misfolded zein-Nef did not accumulate to levels sufficient for
assembly into otherwise physiologically inert PBs. The misfolding of zein-Nef was thought to
be due to the formation of aberrant disulphide bonds between 3 Cys residues in the Nef
sequence with 6 Cys residues of zein sequence in the ER (de Virgilio et al. 2008). A number
of different reports have shown that HIV-1 Env proteins can contain aberrant disulphide bonds
which lead to the misfolding and aggregation of the protein (Klasse et al. 2013; Ringe et al.
2013; Go et al. 2015).

The folding of Zera®-tagged gp140 proteins was not assessed; however, the failure to form
Zera®-gpl40 PBs might also be due to the formation of aberrant disulphide bridges between
Zera® and gp140 Cys residues. Site-directed mutagenesis of individual cysteine residues of
Zera® indicated that in addition to the amphipathic (PPPVHL)s repeat of Zera®, the six cysteine
residues flanking this repeat are required for disulphide cross-linking of Zera® sequences
during oligomerisation into PBs (Llop-Tous et al. 2010). There are 18 cysteine residues in HIV-
1 CAP256 gp140 which in the ER, could potentially form aberrant disulphide bonds as a result
of isomerisation with the cysteine residues of Zera®, thus forming misfolded protein and
inhibiting the multimerisation into PBs or trimers. Such misfolding is more likely for Zera®-
gp140 than gpl40-Zera® where no flexible linker was included between Zera® and gp140
sequences to allow for independent but cooperative folding. In comparison to well-folded
native-like trimers, non-native gp140 trimers were reported to contain a substantial proportion
of aberrant disulphide bonds (Go et al. 2015). Thus, we reasoned that if aberrant disulphide
bond formation is a common occurrence for recombinant gp140 proteins, fusion to the Cys-

rich Zera® coding sequence would probably exacerbate this phenomenon.

Ceresoli et al. (2016) reported another case where zein-tagged recombinant human bone

morphogenetic protein 2 active dimers (zein-rhBMP2ad) accumulated at higher levels than



the native soluble protein (hBMP2nat) but failed to induce PBs. The authors did not think the
failure to form PBs was due to misfolding that could be caused by the possible aberrant
disulphide bridges (hBMP2ad contains 7 Cys residues). Instead, they reasoned it might have
been due to N-glycosylation that increased the solubility of rhBMP2ad and prevented PB
formation (Ceresoli et al. 2016). Similarly, gp140 contains =28 N-glycosylation sites which
could favour solubility of the Zera®-tagged gp140, thus preventing optimal assembly into PBs.

It is also possible that in our case, the concentration of gp140 may not have been sufficient to
drive the formation of PBs. Saberianfar et al. (2015) have reported that the fusion of GFP to
other PB-inducing tags, hydrophobin-l and elastin-like polypeptides, indicated that the
formation of protein bodies is a concentration-dependent mechanism where the accumulation
of GFP to a minimum of 0.2% of the total soluble protein (TSP) was required for
oligomerisation into PBs. The size of these PBs simultaneously increased over time with an
increase in protein concentration. Interestingly, it was also observed that if GFP accumulated
to a value higher than 6.5% of the TSP, PB-like structures were observed regardless of the
presence or absence of the PB-inducing fusion tags (Gutierrez et al. 2013; Saberianfar et al.
2015). Unlike other proteins that have been fused to PB-inducing tags, gp140 is a complex
protein that is difficult to express, and it is possible that it might not have reached the threshold

concentration required for optimal assembly into PBs.

Previous studies have shown that zein-derived domains induce the formation of electron-
dense PBs with a diameter of 0.5-2 ym which settle at a density of approximately 1.18-1.26
g/ml during subcellular fractionation of a density gradient, thus allowing for simple protein
recovery using rate zonal or isopychic density ultracentrifugation (Mainieri et al. 2004; Torrent
et al. 2009b). In theory, if Zera®-tagged gp140 is encapsulated in PBs, it would be expected
to be denser than the soluble gpl140. However, Zera®-gpl40 and gpl40-Zera® were
predominantly detected in fractions with densities ranging from 1.1 to 1.13 g/ml. These
densities are lower than 1.18-1.26 g/ml reported by Torrent et al. (2009a). Gp140-Zera® and
Zera®-gpl40 fractionated at densities similar to the approximate OptiPrep™ density range for
the ER, which corresponds well with the observed co-localisation of these proteins with
calnexin. These results are in accordance with a previous study which showed that, unlike
zeolin-Nef that formed PBs, zein-Nef did not efficiently form PBs and could not be
distinguished from the ER (de Virgilio et al. 2008). Zein-rhBMP2ad also did not form protein
bodies but was retained in the ER (Ceresoli et al. 2016). Our findings present another case
where Zera®-tagged gp140 did not efficiently form PBs but was associated with the ER,
thereby separating and settling in fractions of densities previously noted where ER membrane
fragment settles. As the species of Zera®-tagged gp140 protein spanned a large range of

different sizes/densities, it was not feasible to take advantage of the high-density properties



inherent to PBs for large scale protein preparations by rate zonal and isopycnic
ultracentrifugation. As a result, Zera®-tagged proteins produced in stable HEK293 cell lines
were concentrated by pelleting of cell lysates by ultracentrifugation to provide sufficient

amounts for immunogenicity studies.

The immunogenicity of mammalian-produced Zera®-gp140 and gpl40-Zera® was tested in
rabbits to evaluate the adjuvant activity of Zera®. Both proteins elicited high titres of HIV-1 Env
binding antibodies of similar levels after 3 immunisations but rabbits vaccinated with gp140-
Zera® had significantly higher titres than those vaccinated with Zera®-gpl40 after 4
immunisations. Sera from rabbits inoculated with Zera®-gp140 and gp140-Zera® showed
equivalent binding titres to the CAP256 V1V2 scaffold antigen. Zera®-tagged gp140 elicited
V1V2 titres similar to those observed in historical sera from rabbits inoculated with gp140 (van
Diepen et al. 2018). This indicated that the presence of Zera® did not occlude gp140 epitopes
responsible for triggering V1V2-specific responses. The V1V2 binding antibodies are of
particular relevance in the context of vaccine development because they correlated with
protection against HIV acquisition in the RV144 trial (Haynes et al. 2012). It would be
interesting to evaluate the Fc-mediated effector functions such as antibody-dependent cellular
cytotoxicity (ADCC) of these antibodies, the secondary correlate of protection in the RvV144
trial (Haynes et al. 2012).

One of the goals of HIV vaccine research is to design immunogens that elicit antibodies that
potently neutralise a broad range of Tier 2 circulating viruses. In a luciferase reporter gene
neutralisation assay, sera from rabbits inoculated with g140-Zera® elicited significantly higher
Tier 1A neutralising antibodies than sera from rabbits inoculated with Zera®-gp140. However,
neither protein elicited Tier 1B or autologous Tier 2 neutralising antibodies which may be
explained by limited amounts of conformationally appropriate gp140. H5-zein (Hofbauer et al.
2016) and the plant-produced monomeric HA fused to ELP (H5-ELP) failed to elicit neutralising
antibodies, but NAbs were elicited when H5-ELP was stabilised into trimers by the addition of
the GCN4-pll isoleucine-zipper trimerisation motif directly downstream of the H5 ectodomain
(Harbury et al. 1993; Phan et al. 2013). Likewise, proper trimerisation of HIV Env is mandatory
to yield native-like trimers that assume a conformation that optimally present epitopes for
induction of Tier 2-neutralising antibodies (Sanders et al. 2015; de Taeye et al. 2016; Sanders
& Moore. 2017). Additionally, the chances of eliciting good neutralisation responses could be
improved by selectively using trimeric Env separated from aggregates, dimeric and
monomeric Env species using size exclusion chromatography. However, during assembly into
PBs, there is no way of ensuring that monomeric, dimeric and aggregated Env species are

not encapsulated together with trimeric Env.



The inability to control the quality of Env or of nanoparticles can be a drawback of the use of in
vivo-assembling protein nanoparticles. However, this can be overcome by using two-
component platforms where native-like trimeric Env and nanoparticles (such as liposomes,
I53 50, SpyCatcher-AP205 or SpyCatcher-mi3) are expressed and purified separately and
then assembled in vitro (Ingale et al. 2016; Bale et al. 2017; Bruun et al. 2018; Brinkkemper
& Sliepen. 2019; Brouwer et al. 2019; Brouwer & Sanders. 2019; Escolano et al. 2019; Cohen
et al. 2020).

In conclusion, this was an exploratory study to assess whether we could take advantage of
the beneficial properties of Zera® protein bodies for the HIV-1 envelope glycoprotein. A
considerable number of assays were done to evaluate the formation of HIV Env PBs in
mammalian cells and plant leaves. However, our results indicated that Zera® did not efficiently
form PBs when fused to the HIV-1 gpl140 protein. Despite this, this study has shown that
mammalian cell-produced HIV-1 envelope proteins, tagged with Zera® at the N and C termini,
elicited high titres of gp140 and V1V2 binding antibodies in rabbits. In addition, both gp140-
Zera® and Zera®-gp140 elicited low levels of Tier 1 neutralising antibodies. Further studies
need to be carried out to determine whether these antibodies have Fc-mediated effector

functions.
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4.4 Discussion



4.1 Introduction

This project aimed at improving the presentation/delivery of immunogens for eliciting broadly
neutralising antibodies (bNAbs) capable of neutralising Tier 2 viruses. The HIV-1 envelope is
a major focus of prophylactic HIV vaccine development. However, unusually low and widely
spaced incorporation of Env spikes on the virion (=14 spikes/virion) is unfavourable for eliciting
high titre, long-lasting antibody responses (Zhu et al. 2006; Klein & Bjorkman. 2010; Schiller
& Chackerian. 2014).

The development of the soluble native-like gp140 trimers, such as those stabilised by the
cleavage-dependent SOSIP.644 (Sanders et al. 2013) or the cleavage-independent native
flexibly linked (NFL) modifications (Sharma et al. 2015), was a significant breakthrough in
immunogen designs for induction of HIV-1 bNAbs. However, the SOSIP- or NFL-stabilised
gp140 trimers formulated in strong adjuvants failed to induce substantial levels of heterologous
Tier 2 bNAbs (Crooks et al. 2015; Sanders et al. 2015; Pauthner et al. 2017; Saunders et al.
2017) but were shown to elicit high titres of short-lived autologous Tier 2 neutralising
antibodies in animal models (Sanders et al. 2015; Cheng et al. 2016; Feng et al. 2016; Klasse
et al. 2016; Pauthner et al. 2017; van Diepen et al. 2019). Multimerisation of soluble antigens
on nanoparticles, virus-like particles (VLPs) and liposomes can be used to improve
immunogenicity. The large size (20-200nm) of these particulate vaccines promotes direct
drainage to the lymph nodes, and the repetitive arrangements of antigens promotes the cross-
linking of B-cell receptors to induce robust and durable antibody responses (Jennings &
Bachmann. 2008; Bachmann & Jennings. 2010; Gomes et al. 2017; Schiller & Lowy. 2018).
The success of the licenced VLP-based vaccines against hepatitis B virus, human
papillomavirus and hepatitis E virus which induce high titre, durable neutralising antibody
responses lends support to this strategy (Zhao et al. 2013). However, increasing the density
of the HIV-1 Env glycoprotein on nanoparticles or VLPs is a challenge that needs to be
overcome to elicit durable antibody responses (Schiller & Chackerian. 2014; Brinkkemper &
Sliepen. 2019; Brouwer & Sanders. 2019).

HIV-1 Env trimers presented on in vivo-assembling ferritin nanoparticles and VLPs have been
shown to increase Env display and elicit higher autologous Tier 2 neutralising antibodies
compared to soluble trimers (Deml et al. 1997; Wang et al. 2007; Visciano et al. 2011; Sliepen
et al. 2015; He et al. 2016; Vzorov et al. 2016; He et al. 2018). However, as these nanopatrticles
are assembled intracellularly, misfolded and non-native forms of Env have been shown to be
presented on the surface of the particles (Moore et al. 2006; Brinkkemper & Sliepen. 2019;
Brouwer & Sanders. 2019; Sliepen et al. 2019). Contrary to in vivo-assembling nanopatrticles,

in vitro-assembling nanoparticles, including liposomes (Ingale et al. 2016; Bale et al. 2017),



are ideal for the presentation of HIV-1 Env because they are a modular system that allows for
quality control of both the Env trimers and the nanoparticle scaffolds as they can be produced
and purified separately prior to assembly. The two components can then be combined to
generate nanoparticles displaying a majority of well-folded Env trimers (Brinkkemper &
Sliepen. 2019; Brouwer & Sanders. 2019). However, using conventional methods such as
chemical conjugation to link the antigens to nanoparticles may impair nanoparticle assembly
and affect the conformation of complex glycoproteins (Smith et al. 2013; Brune et al. 2016;
Mateu. 2016). More recently, other technologies for linking antigens to nanoparticles have
been developed that do not compromise the structure of the antigen (Brinkkemper & Sliepen.
2019; Brouwer et al. 2019; Brouwer & Sanders. 2019; Escolano et al. 2019; Aves et al. 2020).

SpyTag-SpyCatcher is one of these technologies (Brune et al. 2016; Aves et al. 2020). This
is derived from the second immunoglobulin-like collagen adhesion domain (CnaB2) found in
the fibronectin-binding protein of Streptococcus pyogens (Spy) (Kang et al. 2007; Hagan et al.
2010; Kang & Baker. 2011). Splitting the CnaB2 domain into rationally designed SpyTag
peptide (13 amino acids) and SpyCatcher protein (116 amino acids), generated reactive
partners that upon mixing under a wide range of physiological conditions, spontaneously form
an irreversible isopeptide bond (Zakeri et al. 2012; Li et al. 2014). SpyCatcher-AP205 VLPs
formed by assembly of AP205 coat proteins fused to SpyCatcher have been successfully used
to display various SpyTagged antigens including malaria vaccine candidates (Brune et al.
2016; Thrane et al. 2016; Leneghan et al. 2017; Palladini et al. 2018; Yenkoidiok-Douti et al.
2019), complex glycoproteins such as influenza hemagglutinin (HA) trimers (Cohen et al.
2021b) and glycan-modified HIV-1 trimers designed to engage V3-specific bNAb precursors
(Escolano et al. 2019).

In this study, flexibly linked HIV-1 gp140 trimers containing C-terminal SpyTags, were
conjugated to SpyCatcher-AP205 VLPs to investigate the suitability of the system for
displaying a high density of trimeric HIV-1 gp140.

4.2 Material and methods

4.2.1 Design, synthesis and generation of mammalian plasmids that express gp140-
SpyTag or gp140-SpyCatcher

The SpyTag (ST) (GenBank accession number: KJ906520) or SpyCatcher (SC) (GenBank

accession number: JQ478411) sequences with the flexible-linker (FL; GGSGGGGSGG) fused

to the 5" end was human codon-optimised, synthesised by GenScript and assembled into a

pUC57 vector. To generate mammalian plasmids expressing HIV gp140 with a C-terminal

SpyTag or SpyCatcher, the sequence coding for the SpyTag or SpyCatcher appended with a

flexible-linker (FL) on its 5 end was inserted between the Notl and EcoRI sites of pMEXT



CAP256 gp140-FL-IP (van Diepen et al. 2018) to generate pMEXT CAP256 gp140-SpyTag or
PMEXT CAP256 gpl40-SpyCatcher, respectively (Figure 4.1). The pMEXT CAP256 gp140-
SpyTag plasmid was confirmed by PCR screening using CGP120-F4 (5
ATGTGGCAGGAAGTGGGC 3’) and SpyTagR (5 CTTGGTGGGCTTGTAGGC 3’) primers
while the pMEXT gp140-SpyCatcher plasmid was confirmed by PCR screening with CatcherF
(5 GGCGCCATGGTGGACACC 3) and pMEX-R (5 CAAACAACAGATGGCTGG 3’) primers.

Restriction analysis with Notl and EcoRI and sequencing were used to verify these plasmids

further.
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Figure 4.1: Annotated plasmid maps showing the construction of mammalian expression
vectors encoding gpl40-SpyTag and gpl40-SpyCatcher. pCAP = porcine circovirus enhancer
element; pCMV = cytomegalovirus promoter; ColE1 = E. coli plasmid origin of replication; Amp(R) =
ampicillin resistance; FL = flexible linker and TPA = human tissue plasminogen activator leader.



4.2.2 Construction of plasmids with IRES-Neomycin cassette and generation of stable
HEK?293 cell lines expressing gp140-ST or gp140-SC
Plasmids for generating stable cell lines were constructed using the Xbal and EcoRI restriction
sites to introduce an IRES-Neomycin (Neo) resistance cassette directly downstream of
SpyTag or SpyCatcher sequences in plasmid pMEXT gp140-SpyTag or pMEXT CAP256
gp140-SpyCatcher, respectively. The resulting pMEXT gp140-SpyTag-IRES-Neo and pMEXT
gp140-SpyCatcher-IRES-Neo plasmids (the maps are shown in Section 4.3.2, Figure 4.3)
were transfected into HEK293 cells and passaged at least ten times in complete medium with
300ug/ml geneticin (Gibco™, ThermoFisher Scientific) selection. The expression of gp140-
SpyTag (gpl40-ST) or gpl40-SpyCatcher (gp140-SC) in stable cell lines was confirmed by

western blotting.

4.2.3 Large-scale production and purification of gp140-ST or gp140-SC proteins

Stable HEK293 cells (passage 12-15) expressing gpl40-ST or gpl40-SC from 12xT175
confluent flasks were transferred into 3x Hyperflasks (i.e. cells from 4xT175 flasks were
seeded into a single Hyperflask). Seeded cells were grown to almost 80% confluence in the
presence of DMEM-P/S supplemented with 10% FCS. At 80% confluency, the medium was
switched to FCS-free DMEM-P/S to minimise contamination with alpha-2-macroglobulin (725
kDa tetrameric glycoprotein present in FCS). Three days post-medium change, the medium
was harvested gently, and cells were further cultured in alternating DMEM-P/S+10% FCS and
FCS-free conditions for repeat protein harvests (3-4 cycles). Harvested media were subjected
to a low-speed clarification spin (Allegra™ X-22R centrifuge, 433 x g, 5min, 4°C). The clarified
media were then pumped through a Galanthus nivalis lectin affinity column (Sigma, 1ml) using
a steric pump. The column was washed with 0.5M NaCl-PBS followed by PBS only. Env
protein was eluted by slowly passing through 50ml of 1M methyl a-D-manno-pyranoside
(MMP) (Sigma) prepared in PBS. An aliquot (100ul) of the eluate was plated on antibiotic-free
Luria agar and incubated at 37°C to evaluate for potential bacterial contamination. The
remaining contaminant-free eluate was subsequently concentrated and buffer exchanged into
=5.5ml PBS using Vivaspin® 20 Protein Concentrator spin columns with a 100kDa cut-off (GE
Healthcare). The concentrated eluate was fractionated by size exclusion chromatography
(SEC) using a Superdex 200 HiLoad 16/600 column (GE Healthcare). Native PAGE
electrophoresis (NativePAGE™ Noverex® 3-12% Bis-Tris gels, Life Technologies) and
Coomassie staining (Bio-Rad) of the lectin- and SEC-purified fractions were conducted to
assess their oligomeric structures. The NativeMark™ unstained protein standard (20-1200
kDa) (Life Technologies) was included to estimate the molecular weights of gp140-ST or
gp140-SC under native PAGE conditions. SEC fractions containing trimeric Env were either

pooled, aliquoted and stored at -80°C or further concentrated using Vivaspin® 20 Protein



Concentrator spin columns with a 100kDa cut-off (GE Healthcare) before being aliquoted and
stored at -80°C.

4.2.4 Quantification of SEC-purified gp140-ST or gp140-SC

The DC™ protein microplate assay (Bio-Rad) was used to determine the concentrations of
the SEC-purified gp140-ST and gp140-SC trimers. Briefly, 5pl of 2-fold serial diluted (0.05-1.6
mg/ml) bovine serum albumin (BSA) in PBS, SEC-purified gpl140-ST and gpl40-SC
experimental samples and the PBS-only blank were pipetted into a 96-well Maxisorb®
microtitre ELISA plates (Nunc). Each standard or experimental sample was assayed in
triplicate. Reagents A’ (25u/well) and B (200u/well) were added to standards and experimental
samples before incubation in the dark at RT for 15 minutes. The absorbance signals at 750
nm were measured using a VersaMax ELISA Microplate Reader (Molecular Devices,
Sunnyvale). The equation extrapolated from a standard curve (absorbance vs BSA

concentrations) was then used to determine gp140-ST and gp140-SC trimer concentrations.

4.2.5 Plasmid design and expression of SpyTag-AP205 and SpyCatcher-AP205in E. coli

The pET15b plasmids encoding the SpyCatcher (SC) or SpyTag (ST) fused upstream of the
Acinetobacter phage AP205 coat protein (CP3) coding sequence, SC-AP205 and ST-AP205
respectively, were a kind gift from Christoph M. Janitzek (Centre of Medical Parasitology,
University of Copenhagen) (Thrane et al. 2016). It is important to note that pET15b-SpyTag-
AP205 contained a longer flexible linker (GSGTAGGGSGS) between the SpyTag and AP205
coding sequences, while pET15b-SpyCatcher-AP205 contained a shorter flexible linker
(GGSGS) between the SpyCatcher and AP205 coat protein-coding sequences.

SC-AP205 or ST-AP205 fusion proteins that assemble into icosahedral VLPs with 180 binding
sites (abbreviated to SC-VLPs or ST-VLPs) were prepared as previously described (Thrane
et al. 2016). Briefly, pET15b-SpyCatcher-AP205 or pET15b-SpyTag-AP205 plasmid was
transformed into competent BL21-CodonPlus (DE3)-RIL cells (Agilent Technologies, Inc.).
Transformations were plated on ampicillin (100ug/ml)-containing agar plates and incubated
overnight at 37°C. Recombinant BL21 clones were inoculated into 12.5ml of 2xYT media
(16g/L tryptone, 10g/L yeast extract and 5g/L NaCl in distilled water) containing 100ug/ml
ampicillin and incubated overnight at 37°C with shaking. The aliquots (4ml) of the starter
cultures were subcultured into 400ml of 2xYT+ ampicillin media at 37°C with shaking. When
the optical density at 600nm (OD600) of the cultures reached 0.5-0.8, cultures were cooled at
RT for 20 minutes before induction with 1mM Isopropylthiogalactose (IPTG, Sigma) and

further incubation overnight at RT on an orbital shaker (150 rpm). The overnight cultures were



spun down (SLA-3000, 10000 x g, 10min, 4°C), and the bacterial pellets were frozen at -20°C
or processed immediately for protein purification.

4.2.6 Preparation of lysates and purification of SC-VLPs or ST-VLPs by
ultracentrifugation

The bacterial pellets in Section 4.2.5 were each resuspended in 20ml 1xPBS and lysed by
sonication (80% power for 10 minutes on ice [pulse on time (2 minutes) and pulse off time (2
minutes)] using the Qsonica sonicator. The lysate was clarified by centrifugation (SS34,
40 000 x g, 30min, 4°C). The clarified lysates (=2ml/centrifuge tube) were overlaid on
OptiPrep™ step (1ml/sep) gradients (23, 29 and 35% in PBS) in ultra-Clear™ 13x51mm
centrifuge tubes (Beckman Coulter). Gradients were subjected to rate zonal ultracentrifugation
(SW55Ti, 302986 x g, 3.3 hours, 16°C) using a Beckman-Coulter Optima L-100 XP
ultracentrifuge. Following ultracentrifugation, gradients were manually fractionated by
punching a hole in the bottom of the tube and slowly collecting =200ul fractions. Fractions
were analysed by SDS-PAGE and stained with Coomassie. VLP-containing fractions were
pooled and aggregates were removed by low-speed centrifugation (16 000 x g, 2 min, 16°C).
VLPs were stored at -80°C as 200-500ul aliquots.

4.2.7 Negative-stain electron microscopy

Carbon-coated copper grids were made hydrophilic by glow discharging at 25mA for =30
seconds using a Model 900 SmartSet Cold stage controller. Grids were floated on SC-VLPs
or ST-VLPs (10-15u), washed 4x in distilled water and negatively stained with 2% uranyl

acetate. Grids were imaged on an FEI T20 transmission electron microscope.

4.2.8 Quantification of SC-AP205 and ST-AP205 VLPs by densitometry

The concentrations of the purified SC-AP205 and ST-AP205 VLPs were estimated by
densitometric analysis of samples run on SDS-polyacrylamide gels in parallel with 2-fold
serially diluted (0.025-0.1mg/ml) soy-bean trypsin inhibitor (SBTI, (Sigma-Aldrich) standards
in PBS. Gels were stained with Coomassie, and the band intensities were measured using the
Molecular Imager® Gel Doc™ XR and imaging system software (Bio-Rad). The
concentrations of SC-VLPs and ST-VLPs were determined from the equation obtained from
the standard curve (band intensity on Coomassie-stained SDS-polyacrylamide gel compared

with against SBTI band intensities and corresponding concentrations).

4.2.9 Optimisation and characterisation of coupling reactions between HIV-1 gp140 and
AP205 VLPs

To evaluate the coupling of gp140 to AP205 VLPs through the formation of an isopeptide bond
between the SpyTag and SpyCatcher, gp140-ST was mixed with SC-AP205 VLPs in the



presence of a 1x (diluted from a 10x stock) coupling buffer (0.05M MES, 0.5M NacCl, 2.7mM
KCl, 1.8mM KH2P0O4, 10mM Na2HPO4, pH 6.4) overnight at 4°C. Env and VLPs were mixed
at different molar ratios to optimise the coupling conditions. Coupling reactions were analysed
on denaturing SDS-PAGE or 4-15% Criterion™ TGX™ (Tris-Glycine eXtended) precast
gradient gels (Bio-Rad) followed by staining with Coomassie or western blotting with the anti-
Env antibody. Coupling reactions were also separated on 1% SeaKem ® LE agarose (Lonza)
gels prepared in a standard Tris-acetate-EDTA (TAE) buffer and stained with ethidium
bromide (Sigma).

The coupled SC-AP205 VLPs were negatively stained with uranyl acetate and visualised with
electron microscopy as described in Section 4.2.7.

The average VLP size (hydrodynamic diameter) distribution of the uncoupled and gp140-
coupled SC-AP205 VLPs was determined by Dynamic Light Scattering (DSL) using a
Zetasizer Nano-S ZEN1600 (Malvern Instruments, Worcestershire, UK) in a service
conducted at the Afrigen Biologics and Vaccines (Longclaw Drive, Montague Gardens, Cape
Town). Briefly, 10 ul of each VLP sample was dispersed into 990 ul of WFI (Water for
Injection). The intensity distribution was measured for each sample and plotted against the
average particle size diameter.

4.2.10 Immunisation of rabbits with AP205-gp140-ST VLPs

Rabbit inoculations and blood sampling were performed at the University of Cape Town
Research Animal Facility according to the guidelines and approval of the University of Cape
Town Animal Ethics Committee (AEC 015-51 and AEC 019-015). The SC-VLPs were mixed
with gp140-ST (adjusted accordingly to ensure each rabbit received 40ug of gpl40-ST) at
1:1.5 SC-VLP to gp140 molar ratios in a coupling buffer overnight at 4°C. The volume of
resulting AP205-gp140-ST particles was adjusted in PBS so that each rabbit received a total
volume of 500pl of vaccine during immunisations. Two groups of five female New Zealand
White rabbits were used to compare the immunogenicity of AP205-gp140-ST particles in two
regimens. Group one (PPPP) rabbits were injected intramuscularly in the hind leg with AP205-
gpl140-ST VLPs (P) at weeks 0, 4, 12 and 20. Group two (DDMMPP) was primed with DNA
vaccines (D; 100ug of pTIDNA4 mixed with 100ug pMEXT CAP256 gpl140-FL-IP) at weeks O
and 4, followed by rMVA Env+Gag" (M; 108 PFU) at weeks 8 and 12, and then boosted with
AP205-gp140-ST particles at weeks 20 and 28 (van Diepen et al. 2019). DNA and MVA
vaccines were administered intramuscularly in the hind leg of each rabbit. Blood samples were

collected at week O (pre-immune) and then two weeks post each inoculation.



4.2.11 Quantification of gp140 binding antibodies

Antibody binding end-point titres in rabbit sera were determined as described in Section
3.2.13.

4.2.12 Quantification of neutralisation of Env-pseudotyped viruses

HIV-1 neutralisation antibody titres in sera from immunised animals were determined using a

standardised pseudovirus assay as previously described in Section 3.2.14.

4.2.13 Further optimisation of coupling reactions between gp140-ST and SC-AP205
VLPs
The autologous Tier 2 neutralising antibody titres elicited by gp140 displayed on VLPs (SC-
AP205 VLPs + gpl140-ST) were lower than the neutralising antibody titres elicited by the
soluble gp140 used in our previous experiment (van Diepen et al. 2019). This was not
expected and indicated that displaying gpl140 on AP205 VLPs did not improve the
immunogenicity of gpl140. The poor induction of neutralising antibodies by the SC-AP205
VLPs + gp140-ST admixture necessitated further characterisation of the coupling reactions.
In an effort to determine whether the immunogenicity experiment should be repeated, further
characterisation was done to 1) confirm the optimal SC-AP205 VLP to gpl40-ST molar
coupling ratios and also evaluate the coupling efficiency, 2) ensure that any free/excess

gp140-ST protein was removed from the AP205-gp140-ST VLPs after coupling.

Considering that the native agarose gel and SDS-PAGE analyses were not sensitive enough
to distinguish between gp140-ST coupled to SC-AP205 VLPs and free/excess gpl40-ST in
the coupling reaction, a new analysis approach was attempted to estimate the coupling
efficiency. The new method included deglycosylation of the coupling reaction samples before
SDS-PAGE. To achieve deglycosylation, peptide-N-glycosidase F (PNGase F) (Biolabs, New
England), which removes N-linked glycans from glycoproteins, was used. After allowing
different molar concentrations of gp140-ST to react with constant molar concentrations of SC-
AP205 VLPs overnight at 4 °C, enzymatic deglycosylation with PNGase F under denaturing
conditions was performed according to the manufacturer's (Biolabs, New England)
recommendations. Glycosylated or deglycosylated samples were analysed by SDS-PAGE

and stained with Coomassie or transferred to PVDF membrane for western blotting.

4.2.14 Separation of uncoupled gp140 from coupled AP205-gp140-ST VLPs

After the coupling reaction between gp140-ST and SC-AP205 VLPs, SDS-PAGE of the

deglycosylated coupling reactions indicated that substantial amounts of excess or free gp140-



ST protein were present in the reaction mix. Different techniques (Section 4.2.14.1-4.2.14.4)

were performed in an attempt to remove excess gp140-ST from AP205-gp140-ST VLPs.

4.2.14.1 Dialysis to remove free/excess gpl140-ST from AP205-gp140-ST VLPs

To remove uncoupled/excess gp140-ST trimers (=720 kDa) and possibly SC-AP205 (=27 kDa)
and AP205-gp140-ST (=168 kDa) monomers from the coupled AP205-gp140-ST VLPs, the
coupling reaction (SC-AP205 VLPs + gpl40-ST) was dialysed (Spectra/Por® biotech grade
Cellulose Ester (CE) trial kit MWCO (1000 kDa), Spectrum Laboratories, Inc.) against 1000-
fold excess PBS at 4°C. Dialysis was carried out for =24 hours with 3x PBS changes (after 3
hours, 12 hours and 5 hours). The DC assay (Section 4.2.8) was used to determine the total
protein concentration after dialysis. Aliquots (2.1ug) from the reaction before and after dialysis
were deglycosylated with PNGase F before SDS-PAGE.

4.2.14.2 PEG/NaCl precipitation of AP205-gp140-ST VLPs from free gp140-ST

PEG precipitation is a less time-consuming and convenient method for the precipitation and
purification of VLPs without ultracentrifugation. The coupling reaction (SC-VLPs + gp140-ST)
was combined with varying PEG8000+ NaCl concentrations to evaluate the optimal conditions
that could precipitate the AP205-gp140 VLPs while retaining the free gp140-ST in the soluble
fraction. PEG/NaCI precipitation was done at 4°C without agitation. Twenty-four hours after
adding PEG/NaCl, samples were centrifuged (10 000 x g, 30 min, 4°C). The resulting soluble
fraction (supernatant) was carefully aspirated, and the precipitated fraction (pellet) was
resuspended in PBS (volume equivalent to supernatant’s volume). Before SDS-PAGE and
western blot analysis, both the soluble and precipitated fractions were treated with PNGase F
using a method described in Section 4.2.13.

4.2.14.3 Rate zonal ultracentrifugation for separation of AP205-gp140-ST VLPs from
free gp140-ST

Rate zonal ultracentrifugation of the coupling reactions was performed to remove excess or
uncoupled antigen. Briefly, the coupling reaction contents (SC-AP205 VLPs + gp140-ST) were
overlaid on OptiPrep™ step (1ml) gradients (15, 25, 35 and 40%) and separated by
ultracentrifugation (SW55T, 1320009, 2 hours, 16°C). Uncoupled gp140-ST and uncoupled
SC-VLPs were included as controls. Gradients were manually fractionated by punching a hole
in the bottom of the tube and slowly collecting =500ul fractions. Collected fractions were
resolved by SDS-PAGE and detected with Silver Stain Plus™ (Bio-Rad).

4.2.14.4 SEC separation of AP205-gp140-ST VLPs from free gp140-ST

HiPrep™ 16/60 Sephacryl® S-500 HR (Sigma), a preparative column with a 120ml bed volume,

was first calibrated with a high molecular weight gel filtration calibration kit (Sigma) containing



blue dextran (2000 kDa), thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa) and ribonuclease A (13.7 kDa). The void
volume for this column was 87.5ml, a volume at which the highest molecular standard, blue
dextran eluted. Gel filtration using this column was then performed in an attempted to remove
excess or uncoupled gpl140-ST from the coupled AP205-gp140-ST VLPs. Uncoupled SC-

AP205 VLPs were also separated as a control.

4.3 Results
4.3.1 Confirmation of pMEXT encoding gp140-SpyTag and gp140-SpyCatcher

Both SpyTag (ST)- and SpyCatcher (SC)-tagged gpl140 fusions were designed to evaluate
which fusion resulted in predominantly trimeric gp140 protein. Specifically, the sequence
coding for SpyTag or SpyCatcher was inserted into plasmid pMEXT gp140-FL-IP, downstream
of gpl140 to generate pMEXT gpl40-SpyTag or pMEXT gpl40-SpyCatcher, respectively
(Figure 4.2 A and B). The integrity of pMEXT gp140-SpyTag plasmid was confirmed by the
expected 819 bp and 91 bp fragments following PCR with CGP120-F4 and SpyTagR primers
(lane 1) and restriction analysis (lane 2), respectively (Figure 4.2 A). The integrity of pMEXT
gp140-SpyCatcher was confirmed by the generation of the expected 442 bp and 400 bp
fragments following PCR with CatcherF and pMEXx-R primers (lane 1) and restriction analysis
(lane 2), respectively (Figure 4.2 B). The identity of the inserts in these plasmids was also
confirmed by sequencing (results not shown).
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Figure 4.2: Confirmation of the integrity of mammalian expression vectors encoding SpyTag or
SpyCatcher fused downstream of gp140. (A) Plasmid map of pMEXT gpl140-SpyTag, colony PCR
screening using CGP120-F4 and SpyTag-R primers (lane 1) and restriction analysis with EcoRI and
Notl enzymes (lane 2). (B) Plasmid map of pMEXT gp140-SpyCatcher, colony PCR screening using
CatcherF and pMEx-R primers (lane 1) and restriction analysis with EcoRI and Notl enzymes (lane 2).
Expected fragments are indicated by the arrows. In each case, the 1kb DNA ladder (ThermoFisher
Scientific) is represented in lane M.

4.3.2 Construction of plasmids for the generation of stable cell lines expressing gp140-
ST and gp140-SC

For economical production of gp140-SpyTag (ST) and gp140-SpyCatcher (SC), plasmids for

generating stable cell lines were constructed by introducing an IRES-Neomycin (Neo)

resistance cassette downstream of the SpyTag and SpyCatcher in pMEXT gp140-SpyTag and

PMEXT gpl40-SpyCatcher, respectively. The integrity of pMExTgp140-SpyTag-IRES-Neo

(Figure 4.3 A) and pMEXT gpl140-SpyCatcher-IRES-Neo (Figure 4.3 B) was confirmed by

restriction enzyme mapping.
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Figure 4.3: Confirmation of insertion of the IRES-Neomycin (IRES-Neo(R)) cassette downstream
of the SpyTag and SpyCatcher sequences in pMEXT gpl40-SpyTag and pMExTgpl140-
SpyCatcher, respectively. (A) Plasmid map of pMEXT gpl40-SpyTag-IRES-Neo and restriction
analysis using EcoRI and Xbal enzymes. (B) Plasmid map of pMEXT gp140-SpyCatcher-IRES-Neo and
restriction analysis using EcoRI and Xbal enzymes. In each case, the 1kb DNA ladder (ThermoFisher
Scientific) is represented in lane M.

HEK293 cells stably expressing gp140-SpyTag (gpl140-ST) and gpl140-SpyCatcher (gp140-
SC) were then generated by transfecting with pMEXT gp140-SpyTag-IRES-Neo or pMEXT
gp140-SpyCatcher-IRES-Neo plasmids. After passaging the transfected cells at least ten
times in selection media with geneticin, the expression of soluble gp140-ST or gp140-SC
(=140 kDa) in the stable HEK293 cell line was confirmed by western blotting of the cell media,
which indicated a qualitative increase in the gp140 accumulation with successive passaging
(P5 compared to P10) of cells in the selection media (Figure 4.4).
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Figure 4.4: Confirmation of HEK293 stable cell lines expressing gp140-ST or gp140-SC. HEK293
cells were transfected with pMEXT gp140-SpyTag-IRES-Neo or pMEXT gpl140-SpyCatcher-IRES-Neo.
The expression of gp140-ST and gp140-SC in stable cell lines passaged 5 or 10 times (P5 and P10) in
geneticin selection media was confirmed by anti-Env western blot analysis of the cell media.

4.3.3 Purification of gp140-ST and gp140-SC from the stable HEK293 cell lines

Gp140-ST or gpl40-SC in the media derived from the stable HEK293 cell line was purified by
Galanthus nivalis lectin (GNL) affinity resin followed by size exclusion chromatography (SEC).
NativePAGE analyses (Figure 4.5) of gp140-ST and gp140-SC following purification by GNL
affinity chromatography indicated that both these glycoproteins were predominantly trimeric
as indicated by the expected 720 kDa band (***), and also contained detectable levels of
higher molecular weight aggregates, monomeric species (* 242 kDa) and/or dimeric (** 480
kDa) Env species. Size exclusion chromatography effectively purified the trimeric gp140-ST
(fraction 36-40) from the undesired monomeric species and protein aggregates (Figure 4.5 A
and B). However, the SEC column did not effectively separate gp140-SC trimers (fraction 36-
37) from the undesired dimeric and monomeric Env species. In fact, the overlaid SEC elution
profiles (Figure 4.5 B) indicated that a large proportion of gp140-ST was trimeric compared to

g140-SC that contained a high proportion of monomers and dimers compared to trimers.
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Figure 4.5: Purification of gp140-ST and gp140-SC by lectin affinity and size exclusion columns.
(A) The Galanthus nivalis lectin (GNL)-purified gp140-ST or -gp140-SC from HEK293 stable cell lines
was separated on a Superdex 200 (S200) size exclusion column (SEC). SEC fractions were analysed
by native PAGE and stained with Coomassie. Blue font (fractions 36-40 for gp140-ST and fractions 37-
37 for gp140-SC) and (***) indicate the trimeric Env species. Dimeric (**) and monomeric (*) Env species
are also indicated. NativeMark Unstained Protein Standards are indicated (kDa). (B) Merged gp140-ST
(blue) and gp140-SC (green) SEC elution profiles. Peaks representing the trimeric (***) and monomeric

(*) Env species are indicated.



4.3.4 Purification and characterisation of SpyCatcher-AP205 and SpyTag-AP205 VLPs

The fusion proteins comprising the SpyCatcher (SC) or SpyTag (ST) on the N-terminus of
Acinetobacter phage AP205 coat protein (CP3) were designed by Thrane et al. (2016). A 5-
residue flexible linker was inserted between SC and AP205 CP3 while an 11-residue peptide
linker was inserted between the ST and AP205 CP3 (Figure 4.6 A). These peptide linkers
were included to ensure the extended conformation of SC or ST on the surface of VLPs. The
expression of SC-AP205 or ST-AP205 fusions in E. coli resulted in self-assembled SC-AP205
(SC-VLPs) or ST-AP205 (ST-VLPs) VLPs respectively, capable of displaying 180 units of
heterologous antigens. These VLPs were purified by density ultracentrifugation of E. coli
lysates, and the identity of the proteins in pooled fractions after ultracentrifugation was
confirmed by the presence of bands on Coomassie-stained polyacrylamide gels of the
expected sizes that assemble to form SC-VLPs (27 kDa) and ST-VLPs (16 kDa) (Figure 4.6
B). Negative stain electron microscopy confirmed the assembly of SC-AP205 coat protein and
ST-AP205 coat protein into non-aggregated SC-AP205 VLPs (=32 nm, n =62) and ST-AP205
VLPs (=29 nm, n = 35), respectively (Figure 4.7 C).
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Figure 4.6: Characterisation of SpyCatcher-AP205 and SpyTag-AP205 VLPs. (A) Schematic
representation of the SpyCatcher-AP205 (SC-AP205) and SpyTag-AP205 (ST-AP205) fusion proteins.
A 5-residue (GGSGS) flexible linker between the SpyCatcher and AP205 coat protein (CP3) and an 11-
residue (GSGTAGGGSGS) peptide linker between the SpyTag and AP205 CP3 are indicated. (B) Cell
lysates from E. coli expressing SC-AP205 CP3 or ST-AP205 CP3 fusions were passed through an
OptiPrep™ gradient by ultracentrifugation, and pooled purified fractions were analysed by SDS-PAGE
stained with Coomassie. The arrows indicate the expected bands, 27 kDa and 16 kDa, corresponding
to the SC-AP205 CP3 and ST-AP205 CP3 fusion proteins, respectively (C) Negative stain electron
micrographs of purified SC-AP205 and ST-AP205 VLPs. Scale bar represents 100nm.

4.3.5 Analyses of the coupling of gp140-ST to SC-AP205 VLPs

Since gp140-ST was predominantly trimeric compared to gp140-SC, only gp140-ST was used
to pursue coupling experiments to evaluate if gp140 could be displayed on AP205 VLPs using
the SpyTag-SpyCatcher interaction. SpyCatcher-AP205 VLPs (SC-VLPs) were mixed with
gp140-ST or gpl40 at 1 SC-VLP to 1.5 Env molar ratios. Native agarose gel electrophoresis



and ethidium bromide staining were used for initial screening because it has been previously
shown that during AP205 VLP assembly, nucleic acids from the expression host are
encapsulated within the VLPs and they can migrate through agarose when a voltage is applied
(Spohn et al. 2010; Freivalds et al. 2014). It is expected that following coupling reactions in
vitro, if AP205 VLPs are successfully decorated with a protein of interest, there should be an
increase in their surface charge and size, leading to slower migration through agarose, thereby
allowing one to determine whether coupling has occurred. When compared with the migration
of SC-VLPs alone, the migration of SC-VLPs which had been mixed with gp140-ST was
retarded, suggesting that coupling had occurred (Figure 4.7 A). As expected, the migration of
SC-VLPs was not affected when mixed with the untagged gpl140 control (Figure 4.7 A).
SpyCatcher-AP205 VLPs (SC-VLPs) were then mixed with increasing molar concentrations
of gp140-ST to determine the optimal coupling ratios. The migration of SC-VLPs at 1:1 and
1:1.5 molar coupling ratios were similarly retarded (Figure 4.7 B). A 1:1.5 SC-VLPs to gp140-
ST was chosen as a standard molar coupling ratio because it was reasoned that having

excess gpl40-ST in a reaction could favour high-density decoration of these VLPs.

Agarose gel electrophoresis was not a sensitive enough method for measuring the coupling
efficiency or for determining if the VLPs were saturated with antigen. Thus, the coupling
reactions (1 SC-VLP to 1.5 gp140-ST molar ratio) were further analysed by SDS-PAGE
(Figure 4.7 C). Even though gp140-ST did not resolve well as bands were diffuse, SDS-PAGE
indicated that the gp140-ST band (arrow) shifted to a slightly higher molecular weight when
mixed with SC-VLPs. However, it was apparent that the intensity of the SC-VLP (asterisk)
before and after coupling with gp140-ST remained similar, suggesting that not all VLP binding
sites (180) were occupied/saturated with gp140-ST.
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Figure 4.7: Analyses of the coupling of gp140-ST to SC-AP205 VLPs (A) Ethidium bromide-stained
agarose gels after electrophoresis of SC-VLPs mixed with increasing molar concentrations of gp140-
ST. (B) Ethidium bromide-stained agarose gels of SC-VLPs mixed with tagged gpl40-ST or
untaggedgpl140. (C) Coomassie-stained reducing SDS-PAGE analysis of coupling of gpl40-ST
(arrows) to SC-VLPs (asterisk).

4.3.6 Negative stain electron microscope and dynamic light scattering analysis of the
coupling reactions

Negative staining with uranyl acetate and imaging with a transmission electron microscope
was conducted to evaluate the effect of displaying gp140-ST on the size, appearance and
integrity of SC-AP205 VLPs. A slight increase in diameter of SC-AP205 VLPs from =32 nm
(n=62) to =43 nm (n=35) was observed after coupling with gp140-ST (Figure 4.8).
Interestingly, the surface of the uncoupled SC-AP205 VLPs appeared smooth while protruding
spikes (indicated by white arrows on a zoomed-in insert) were observed when these VLPs
were reacted with gp140-ST. This evidence suggested the successful display of gp140-ST on
AP205 VLPs via the SpyTag-SpyCatcher interaction.



SC-AP205VLPs only

Figure 4.8: Negative-stain electron micrographs of uncoupled SC-AP205 VLPs and coupled SC-
AP205+gp140-ST VLPs. Individual size measurements are shown near some VLPs. Protruding gp140-
ST spikes are indicated by the white arrows in the zoomed-in image. Scale bar represents 50 nm.

Three independent measurements of purified SC-AP205 VLPs by dynamic light scattering
(DSL) indicated a uniform (monodisperse) size distribution (green, blue and red peaks in
Figure 4.9 A) and non-aggregated population of the uncoupled VLPs with an average particle
size (hydrodynamic) diameter of 44 nm [polydispersity index (PDI) = 0.163] (Figure 4.9 A).
Polydispersity index is used to estimate the average uniformity of a particle solution, and
larger PDI values correspond to a larger size distribution in the particle sample. However, when
SC-AP205 VLPs were coupled with gp140-ST, DSL revealed a non-uniform size distribution
of VLPs with 3 independent measurements with an average diameter of 221 nm [PDI = 0.281]



(Figure 4.9 B). This heterogeneity/dispersity in the size of SC-AP205 VLPs when displaying
gp140-ST suggests that each VLP particle displayed a varying number of gp140-ST, i.e. VLPs
were not equally saturated with gp140-ST.
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Figure 4.9: Measurement of the size of uncoupled and coupled AP205 nanoparticles using
dynamic light scattering. Three independent measurements (represented by blue, red and green
profiles) were recorded for the uncoupled SC-AP205 VLPs (A) and SC-AP205 VLP + gpl140-ST

coupling reaction (B).
4.3.7 Rabbit immunisation and characterisation of anti-Env binding titres

The immunogenicity of AP205-gp140-ST VLPs was evaluated by inoculating two groups of 5
rabbits with two regimens (Figure 4.10 A). Group 1 (PPPP) rabbits were injected with AP205-
gp140-ST VLPs (1:1.5 SC-AP205 VLPs to gp140-ST molar ratios) (P) at weeks 0, 4, 12 and
20. Group 2 (DDMMPP) rabbits were inoculated with DNA (D) vaccines expressing HIV Env
and Gag" at weeks 0 and 4, followed by MVA (M) expressing the same antigens (van Diepen
et al. 2019) at weeks 8 and 12 and finally boosted at weeks 20 and 28 with AP205-gp140-ST
particles (P). Anti-gp140 binding antibody titres from sera sampled at weeks 0, 6, 14, and 22
for Group 1 and weeks 0, 6, 10, 14, 22 and 30 for Group 2 were measured in an indirect
binding ELISA (Figure 4.10 B). Group 1 rabbits had lower anti-gp140 antibody titres than
Group 2 at all time-points except week 6. For Group 1 rabbits, the antibody binding titres were



3-fold higher after the third AP205-gp140-ST VLP boost compared to the second AP205-
gp140-ST VLP boost; and the fourth AP205-gp140-ST VLP boost increased antibody titres by
only 1-fold compared to titres observed after the third boost. For Group 2 rabbits, the binding
antibody titres were 18-fold higher after the first MVA inoculation as compared to titres
observed after priming with the second DNA vaccine. After the second MVA inoculation, the
binding antibody titres were 15-fold higher than those observed after the first MVA inoculation.
The first AP205-gp140-ST VLP particle inoculation increased binding antibody titres of the

Group 2 rabbits by 2-fold; however, the second inoculation did not boost titres any further.
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Figure 4.10: Vaccination schedule and serum binding antibody titres. (A) Schematic showing
regimens received by the two groups of rabbits and the collection of blood samples (tick marks) over
the indicated time course. Protein (P) refers to AP205-gp140-ST VLPs while DNA (D) and MVA (M)
vaccines both expressed Env+Gag". (B) Anti-Env antibody titres in sera from the two groups were
qguantified in an indirect ELISA. Error bars indicate the standard deviation within the group at each time
point.

4.3.8 Neutralisation assays with Env-pseudotyped viruses

A standard TZM-bl assay was used to evaluate the neutralising activity of sera from selected
time points against a small panel of Env-pseudotyped clade C viruses (Table 1). In accordance
with the trend observed for anti-gp140 binding titres, Group 2 rabbits generally showed higher
neutralisation titres against Tier 1A, Tier 1B and Tier 2 representative viruses. Group 1 rabbits
failed to elicit neutralising antibodies (NAbs) against the Tier 1B 6644 or the autologous Tier
2 CAP256SU pseudovirions. However, 2/5 rabbits from Group 2 developed NAbs against
6644 after the second MVA inoculation (M2 ID50 1:138 to 1:152), which were maintained after



the first VLP inoculation (P1 ID50 1:46 to 1:57) but were not detected after the second VLP
inoculation (P2). Interestingly, the same rabbits in Group 2 that developed Tier 1B
neutralisation titres, developed autologous Tier 2 neutralising titres (ID50 1:55 to 1:120) after
the first AP205-gp140-ST VLP boost. Both these rabbits retained Tier 2 virus CAP256SU
neutralisation after the second AP205-gp140-ST VLP boost.

Comparing these results (autologous Tier 2 neutralising antibody titres) to those of a previous
experiment carried out by our group using soluble gp140 formulated in AlhydroGel® (van
Diepen et al. 2019) indicated there was no improvement in immunogenicity when gp140 was
coupled to the AP205 particles. This was not expected and hence it was decided that further
characterisations of the coupling reactions were needed to decide whether repetition of the
animal studies using more refinely purified AP205-gp140-ST VLPs (excess gpl40-ST

removed from the coupled VLPs) and a suitable adjuvant should be considered.

Table 1: TZM-bl assays to determine neutralising antibody titres in serum?,

Clade C - Tier 1A- MW965.26] Clade C- Tier 1B -6644 | Clade C - Tier 2 - CAP256SU
ID50 after:

Regimen [RabbitID]  P3 P4 N/A P3 P4 N/A P3 P4 N/A
1 244 245 N/A <20 <20 N/A <20 <20 N/A

2 e 147 N/A <20 <20 N/A <20 <20 N/A

QQQQ 3 479 791 NA <20 24 N/A <20 <20 N/A
4 225 300 N/A <20 <20 N/A <20 <20 N/A

5 73 48 NA <20 <20 N/A <20 <20 N/A

M2 P1 P2 M2 P1 P2 M2 P1 P2

a 195 564 [N <20 <20 <20 <20 <20 <20

QQ b 822 496 407 <20 <20 <20 <20 <20 <20

& c 916 573 152 57 30 <20 120 137
P d * 138 46 38 <20 55 35
e 75 207 245 <20 <20 <20 <20 <20 <20

50% nuetralisation titre|

100 - 1 000
20-100
<20
N/A not applicable

aThe serum was taken two weeks post each protein boost (P3 and P4) for rabbits that received the
PPPP regimen. The serum was taken two weeks after the second MVA boost (M2) and two weeks post
each protein boost (P1 and P2) for rabbits that received the DDMMPP regimen. Titres below 20 were
considered non-neutralising and were shaded in grey while neutralising titres were colour-coded and
categorised according to their potency.

4.3.9 Further characterisation of the coupling reactions
4.3.9.1 Optimisation of reactions to maximise coupling efficiency

The poor resolution (diffuse bands) of gp140-ST glycoprotein (before and after coupling) on
SDS-polyacrylamide gels made it difficult to visualise the extent of SpyTag-SpyCatcher-

mediated coupling when SC-VLPs and gp140-ST were coupled at different molar ratios. In



addition, densitometric analyses on these diffuse bands to determine the optimal molar
coupling ratios or estimate the coupling efficiency lent itself to more inaccurate calculations.
In an effort to improve the resolution of gp140-ST on the gels, coupling reactions were treated
with PNGase F (to remove Env glycans) prior to SDS-polyacrylamide gel analysis (Figure
4.11). After treatment with PNGase F, the uncoupled and deglycosylated gp140-ST bands
resolved as a much more discrete =95 kDa band (white arrow) instead of a diffuse =140 kDa
band (black arrow) when no PNGase F was added. Interestingly, after deglycosylation,
samples from the gp140-ST+SC-VLP coupling reaction separated into two discrete Env bands
at =120 kDa (white asterisk) and =95 kDa (white arrow). The =120 kDa corresponded to the
gpl140-ST attached to the SC-AP205 CP3 while the =95 kDa is most likely attributed to the
uncoupled/excess/free gpl40-ST that was present in the coupling reaction. The presence of
a =95 kDa band in the coupling reaction indicated that not all gp140-ST added to the coupling
reaction was displayed on the SC-AP205 VLPs. SC-AP205 CP3 resolved as a distinct =27
kDa band (black arrow) before and after treatment with PNGase F, suggesting that these VLPs
were not N-glycosylated, as expected. As expected, a 36 kDa band (black asterisk)
corresponding to PNGase F was observed in samples treated with PNGase F.

+ PNGaseF -PNGaseF

Figure 4.11: SDS-PAGE of the coupling reactions after deglycosylation with PNGase F. SC-
AP205 VLPs were coupled with gp140-ST (1:1.5 VLP to gp140-ST molar ratio). Uncoupled SC-AP205
VLPs and gp140-ST only were included as controls. Aliquots from each reaction were treated with
PNGase F (+PNGase F), or the deglycosylation enzyme was omitted (-PNGase F) before analysis on
a pre-cast 4-15% gradient gel and detection with Coomassie. The coupled AP205-gp140-ST (= 120
kDa, deglycosylated, white asterisk), free/excess gpl140-ST (= 95 kDa, deglycosylated, white arrow),



gp140-ST only (= 140 kDa, glycosylated, black arrow), PNGase F (36 kDa, black asterisk) and SC-
AP205 VLPs (27 kDa, thick, black arrow) are indicated.

To determine the optimal coupling ratios between SC-AP205 VLPs and gp140-ST, these VLPs
were reacted with increasing (1:2, 1:2.5, 1:3, 1:4, 1:5 and 1:6) molar ratios of g140-ST. After
allowing these components to react, samples were treated with PNGase F before SDS-PAGE
and Coomassie staining (Figure 4.12). It appeared that the band corresponding to the coupled
AP205-gp140-ST protein (=120 kDa) was more intense for the 1:3 SC-VLP to gp140-ST molar
coupling ratio (blue asterisk). The corresponding band when using increased molar ratios of
gpl40-ST (1:4-1:6) did not seem to change from this. Instead, the intensity of the band
corresponding to excess/free gp140-ST (blue arrow) appeared stronger, suggesting that the
maximum capacity (without saturating the VLPSs) for displaying trimeric gp140 on these VLPs
had probably been attained, and more gp140-ST could not be displayed on the particles. Due
to the proximity of the PNGase F protein band to that of SC-AP205 CP3, a densitometric
analysis comparing the intensity of the SC-AP205 CP3 band before and after coupling with
gp140-ST could not be done using this gel.
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Figure 4.12: Optimisation of SC-VLP to gp140-ST molar coupling ratios. SC-AP205 VLPs were
reacted with increasing molar concentrations of gp140-ST (1:2-1:6). Uncoupled SC-VLPs and gp140-
ST were included as controls. Reactions were treated with PNGase F before analysis on a pre-cast 4-
15% gradient gel and detection with Coomassie. Coupled AP205-gp140-ST (= 120 kDa,
deglycosylated, blue asterisk), free/excess gp140-ST (= 95 kDa, deglycosylated, blue arrow), PNGase
F (= 36 kDa, black asterisk), and SC-AP205 capsid (= 27 kDa, deglycosylated, black arrow) are

indicated.

In order to more accurately measure the band intensities of AP205-gp140-ST protein (120

kDa) to determine which molar coupling ratio was the most optimal, the coupling reactions



were repeated and treated with PNGase F as done in Figure 4.13. Samples were analysed
on SDS-PAGE and blotted with an antibody to Env (Figure 4.13 A). Densitometric analysis of
the 120 kDa western blot bands (Figure 4.13 B) indicated that a 1:3 SC-AP205 VLP to gp140-
ST molar ratio gave a slightly higher amount of the coupled AP205-gp140-ST protein, which
agreed with the observations previously made in Figure 4.11. However, comparing the AP205-
gpl140-ST bands intensities at 1:1.5 and 1:3 SC-AP205 VLP to gp140-ST molar coupling ratios
indicated that the coupling efficiency was not too different between the two ratios, suggesting
that both ratios could be used for the coupling reactions. This also suggested that the 1:1.5
SC-AP205 VLP to gpl40-ST molar coupling ratios were appropriately used to immunise
rabbits in Section 4.3.7. At 1:4 VLP:gpl140-ST ratio, the intensity of the AP205-gp140-ST
unexpectedly decreased such that it was lower than the intensities observed when the lower
amount of gpl40-ST was used (1:1, 1:1.5 and 1:3). These results also indicated that
regardless of the molar coupling ratio used, the uncoupled gp140-ST was always higher than
the coupled AP205-gp140-ST VLPs.
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Figure 4.13: Optimisation of SC-VLP to gp140-ST molar coupling ratios. SC-AP205 VLPs were
reacted with increasing molar concentrations of gp140-ST (1:1-1:4). Uncoupled gp140-ST was included



as uncoupled control. (A) Reactions were treated with PNGase F before analysis on 8% SDS-PAGE
and western blotting with an antibody to Env. Coupled AP205-gp140-ST (= 120 kDa, deglycosylated,
blue asterisk), free/excess gpl40-ST (= 95 kDa, deglycosylated, blue arrow) are indicated. (B)
Densitometric analysis was used to measure band intensities (coupled AP205-gp140-ST VLP and
gpl40-ST) on the western blot.

In addition to determining the optimal molar coupling ratios, coupling reactions were repeated
in an attempt to determine the coupling efficiency or % occupancy of AP205 VLP binding sites
after reaction with gp140-ST (Figure 4.14 A). Upon a successful reaction between the SC-
AP205 VLP with a SpyTagged antigen, the free SC-AP205 CP3 protein should decrease with
a corresponding decrease in protein band intensity on a SDS-polyacrylamide gel. Hence, the
coupling efficiency is often estimated by comparing the band intensity of the SC-AP205 CP3
before and after coupling with the antigen of interest and then calculating the percentage
difference (Thrane et al. 2016). This method has been used successfully by others to estimate
the coupling efficiency when VLPs were reacted with small and monomeric proteins. However,
in this study, this method of estimating the coupling efficiency did not seem appropriate for
estimating the coupling efficiency because 1) it was not clear if each trimer used 1 or 2 or 3 of
its SpyTags to bind to the SpyCatchers on AP205 VLP, and 2) the coupling was limited by
steric hindrances hence VLPs were possibly not uniformly decorated with gp140-ST. For these
reasons, we could not estimate the coupling efficiency and the average number of gp140-ST
trimers displayed per VLP. Instead, the band intensities of the SC-AP205 before and after
coupling with varying molar ratios of gp140-ST were plotted against the molar coupling ratios
to indicate the optimal molar coupling ratio (Figure 4.14 B). These results also indicated that

the coupling was higher at 1:3 molar coupling ratios.



(R)
SC-VLPto gp140-STmolarratios
115 1:0 1:3 0:3 1:4

e —

“GeER IS ERE

(8)
180000-
-~ SC-AP205
160000-

140000

120000

SC-AP205 band intensities

100000

150  1:15  1:3 1:4
SC-AP206 VLP : gp140-ST molar ratios

Figure 4.14: Densitometric analysis of the coupling reactions to estimate the coupling efficiency
between SC-VLP and gp140-ST reacted at different molar coupling ratios. SC-AP205 VLPs were
reacted with increasing molar concentrations of gp140-ST (1:1.5 to 1:4). Uncoupled SC-AP205 VLPs
were included as a control. (A) Reactions were analysed on a 4-15% Tris-glycine gel and stained with
Coomassie. The SC-AP205 band is indicated (orange arrow). (B) Densitometric analysis was used to
measure SC-AP205 band intensities before and after coupling with gp140-ST.

4.3.9.2 Removal of excess/free gpl140-ST from coupled AP205-gp140-ST VLPs

It is possible that the limited immunogenicity response measured by autologous Tier 2
antibody titres may have been a result of the free gp140-ST present in the vaccine after
coupling. In order to address this, we looked at different methods to remove free/excess
gp140-ST from coupled AP205-gp140-ST VLPs after coupling.

Dialysis using a 1000 kDa molecular weight cut-off membrane was first used in an attempt to
remove free/excess gpl40-ST (=720 kDa in its trimeric/ non-denatured state) from coupled
AP205-gp140-ST VLPs [SC-AP205 VLP = 27 kDa SC-AP205 monomers x 180 subunits =



4860 kDa (>4 MDa); even bigger when displaying gp140-ST]. To evaluate if the dialysis was
effective in removing excess gp140-ST, equal amounts of the reaction mix before and after
dialysis were treated with PNGase F before analysis by SDS-PAGE. It was thought that a
noticeable reduction of the intensity of the band corresponding to free gp140-ST (=95 kDa
when gp140-ST is deglycosylated under denaturing conditions) would indicate that dialysis
was successful. However, the intensity of the =95 kDa band (excess gp140-ST) remained

visibly similar before and after dialysis (Figure 4.15).
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Figure 4.15: SDS-PAGE analysis of the coupling reaction (SC-VLPs + gp140-ST) before and after
dialysis. After the coupling reaction between SC-AP205 VLPs and gpl140-ST, an aliquot was kept
(before dialysis) while the rest of the reaction was dialysed using a 1000 kDa membrane. Equal amounts
of the reaction before and after dialysis were treated with PNGase F before SDS-PAGE and Coomassie
staining. Coupled AP205-gp140-ST (deglycosylated) = 120 kDa (white asterisk), free/excess gp140-ST
(deglycosylated) = 95 kDa (white arrow) are indicated.

PEG/NaCI precipitation was a second method that was assessed in an effort to remove
free/excess gpl140-ST from coupled AP205-gp140-ST VLPs. In theory, it was expected that
the optimal concentration of PEG+NaCl would precipitate (pellet) out the relatively higher
molecular weight AP205-gp140-ST VLP while retaining the lower molecular weight gp140-ST
in the soluble fraction (supernatant). In the presence of 1M NaCl and a range of PEG8000
concentrations, SDS-PAGE analysis indicated that the uncoupled SC-AP205 VLPs
precipitated completely over a wide range (8-14%) of PEG8000 concentrations (Figure 4.16
A). The lowest optimal concentration of PEG8000, 8%, with increasing concentrations of NaCl
(0.4-1M), was then used to evaluate if it was possible to separate the coupled AP205-gp140-
ST (=120 kDa, deglycosylated) from free/excess gp140-ST (=95 kDa, deglycosylated). Anti-

Env western blot analysis of the supernatants and pellet resuspensions (treated with PNGase



F) after precipitation indicated that none of the PEG+NaCl conditions tested was able to
completely separate the coupled AP205-gp140-ST particles from the uncoupled gp140-ST
(Figure 4.16 B). Lowering the concentration of PEG8000 did not improve the separation of
AP205-gp140-ST particles from the uncoupled gp140-ST (Figure 4.16 C). Instead, the lower
% of PEG8000 shifted the coupled AP205-gp140-ST particles towards the soluble fraction

with gp140-ST. Thus, PEG/NaCI precipitation was not optimal for removing free gp140-ST
from coupled AP205-gp140-ST VLPs.
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Figure 4.16: PEG/NaCl precipitation of coupled AP205-gp140-ST VLPs from free gp140-ST. (A)
Uncoupled SC-AP205 VLPs were first precipitated with 8-14% PEG8000 + 1M NaCl to optimise PEG



concentrations. Collected fractions (supernatants and pellets) were analysed on SDS-PAGE and
stained with Coomassie. (B) Aliquots from SC-AP205 VLPs + gp140-ST coupling reaction were mixed
with 0.4-1M NaCl in the presence of 8% PEG8000. PEG/NaCl-precipitated samples were centrifuged,
and the resulting supernatants and pellets (resuspended in the same volume as the supernatants) were
deglycosylated with PNGase F. Deglycosylated samples were analysed on a western blot probed with
an antibody to Env. Negative controls included samples that were not subjected to PEG/NacCl
precipitation and deglycosylation. (C) Aliquots from SC-AP205 VLPs + gpl140-ST coupling reaction
were mixed with 2-8% PEGB8000 in the presence of 1M NaCl, and samples were processed as in (B).
Coupled AP205-gp140-ST (= 140 kDa, glycosylated, black arrow), coupled AP205-gp140-ST (= 120
kDa, deglycosylated, asterisk) and free/excess gp140-ST (= 95 kDa, deglycosylated, blue arrow) are
indicated.

Rate zonal ultracentrifugation of the coupling reaction was a third method that was conducted
to evaluate its suitability for removing excess gp140-ST from coupled AP205-gp140-ST VLPs.
The SC-VLP + gp140-ST coupling reaction was fractionated through an OptiPrep™ gradient,
and the resultant fractions were separated by SDS-PAGE and silver-stained (Figure 4.17).
Uncoupled gpl140-ST was included as a control (Figure 4.17 A). Uncoupled gpl40-ST
predominantly fractionated at 0-15% with a small amount in the 25% OptiPrep™ fraction
(Figure 4.17 A lane 6). The coupled SC-AP205 VLP + gp140-ST (AP205-gp140-ST VLPs)
was predominantly in the at 25-35% fraction (Figure 4.17 B lanes 4 & 5, these possibly
represent the coupled AP205-gp140-ST), with some in the 0-15% fraction (Figure 4.17 B lanes
7 & 8, these possibly correspond to the uncoupled/excess gpl140-ST). The protein band for
the coupled AP205-gp140-ST CP3 protein sample in lanes 4 and 5 appeared to be of slightly
higher molecular weight compared to the protein band seen in lanes 7-9, further verifying that
the coupling reaction occurred (Figure 4.17 B).
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Figure 4.17: Separation of uncoupled gp140-ST from coupled AP205-gp140-ST VLPs by rate
zonal centrifugation. (A) Uncoupled gp140-ST control and (B) SC-VLPs + gp140-ST coupled particles
were applied on top of a 15-40% step OptiPrep™ gradient followed by rate zonal ultracentrifugation.
Fractions before and after OptiPrep™ were analysed by SDS-PAGE and silver stained.

Lastly, the separation of uncoupled or excess gp140-ST from the coupled AP205-gp140-ST
VLPs using the HiPrep™ 16/60 Sephacryl® S-500 HR size exclusion chromatography was
attempted. However, this technique was not economically feasible because this 120ml
preparative column required a high quantity of the coupled AP205-gp140-ST VLPs for them
to be detectable after gel filtration. This proved difficult as the coupling efficiency was low, and
it did not help that the sample got diluted during the SEC run. For example, coupled AP205-
gp140-ST VLPs were not detected (on SEC elution profile (absorbance at 280 nm) and
western blots) after the separation of a coupling reaction containing =100ug SC-AP205 VLPs
+ =500ug gp140-ST (results not shown). If higher molar concentrations of SC-AP205 VLPs
than gp140-ST molar concentrations were to be used for the coupling reactions, this would
have compromised the chances of increasing Env density, the sole objective of this project.
Hence, gel filtration using a 120ml HiPrep™ 16/60 Sephacryl® S-500 HR column was not



pursued further in an attempt to remove excess gpl140-ST from coupled AP205-gp140-ST
VLPs. It was reasoned that a smaller preparative column, such as a Superose 6 10/300 GL
column with a 24ml bed volume that is most suitable for separation of a small 25-500pl sample,
would be ideal for this experiment to be economically feasible for small-scale preparations.

4.4 Discussion

One of the major aims of an HIV-1 envelope-based vaccine is to elicit broadly cross-
neutralising antibodies against the circulating Tier 2 HIV-1 strains (Haynes & Burton. 2017,
Sanders & Moore. 2017). However, the immune responses to HIV-1 Env are short-lived due
to the slow spike density and wide spacing on a virion surface, among other atypical features
of HIV-1 Env (Schiller & Chackerian. 2014; Klasse et al. 2020). In an attempt to enhance the
immunogenicity of HIV-1 Env, in this Chapter, the high-density display/decoration of the
flexibly linked HIV-1 gp140 trimers on Acinetobacter phage AP205 VLPs was evaluated using
the in vitro two-component SpyTag/SpyCatcher technology.

Two C-terminally tagged soluble HIV-1 Env fusion proteins, gp140-SpyTag (gp140-ST) and
gp140-SpyCatcher (gpl40-SC), were produced in stably transfected HEK293 cells.
Separation of the proteins on a native polyacrylamide gel showed that gp140-ST protein
purified using size-exclusion chromatography (SEC) was predominantly trimeric compared to
gp140-SC protein, which was mainly dimeric and monomeric. The inability of gp140-SC to
efficiently form trimers could have been due to the extended length of the SpyCatcher protein
(116 amino acids) that interfered with Env trimerisation as compared to the shorter SpyTag
peptide (13 amino acids) that had no noticeable effect on the trimerisation of gp140-ST. Since
gp140 trimers have been shown to elicit superior neutralising antibodies compared to their
monomeric or dimeric counterparts (Medina-Ramirez et al. 2017), only the gp140-ST trimers
were chosen for further experimentation and coupling to AP205 VLPs. A
homogenous/monodisperse population of =32nm SpyCatcher-AP205 VLPs were successfully
produced in high yields in E. coli, as confirmed by electron microscopy and dynamic light
scattering. Each icosahedral AP205 VLP particle should theoretically be assembled from 180
units of the AP205 coat protein (CP3), and hence there are 180 potential SpyCatcher binding

sites for the attachment of gp140-ST trimers.

Other groups that have explored using two-component nanoparticles to present HIV-1 Env
trimers have used particles with valencies of up to 20, apart from Escolano et al. (2019), who
also used the AP205 nanoparticle (Brouwer & Sanders. 2019; Antanasijevic et al. 2020;
Brouwer et al. 2021a). While a high-density display of monomeric and small proteins is often

attainable, the presentation of multimeric glycoproteins is not always efficient, and one cannot



reliably predict the approximate antigen valency after a conjugation reaction (Ueda et al. 2020;
Rahikainen et al. 2021). In this study, we anticipated that the SpyTag-SpyCatcher-mediated
assembly would be highly efficient, leading to a higher Env density on the AP205 VLPs (180-
meric, hence expected >20 trimers per VLP) as compared to 24-meric (about 8 trimers
displayed per nanoparticle) or 60-meric (about 20 trimers displayed per nanoparticle)
nanoparticles commonly used for the presentation of HIV-1 trimers (Brinkkemper & Sliepen.
2019; Brouwer et al. 2019; Antanasijevic et al. 2020). Native agarose gel electrophoresis
analysis showed in our experiments that the SpyTag/SpyCatcher-mediated isopeptide bond
successfully coupled gp140 to the pre-assembled SC-AP205 VLPs. However, densitometric
analysis of the SC-AP205 band intensity before and after the coupling reaction SDS-PAGE
analysis suggested that the VLP binding sites were not saturated with gp140-ST trimers. In
addition, the heterogeneity in diameter of coupled AP205-gp140-ST VLPs, as evaluated by
dynamic light scattering, suggested that the VLPs were not uniformly saturated with coupled
gp140 trimers. Considering that gp140 is a large (>720 kDa) trimeric and heavily glycosylated
protein, the low coupling efficiency/capacity could be due to steric hindrance presented by the
large size of gp140 trimers; this might have led to under-saturation of the VLPs even though
gp140-ST was used in molar excess. The effect of steric hindrance on coupling efficiency is
not unexpected because it has been reported previously that the increase in the size of an
antigen was associated with a decrease in the number of coupled antigens per VLP (Thrane
et al. 2016). For example, Thrane et al. (2016) calculated an 88% coupling efficiency for a 15
kDa protein to Spy-tagged AP205 VLPs, while a 34% coupling efficiency was calculated for a
non-oligomeric 118 kDa protein (Thrane et al. 2016).

The unanticipated low incorporation of trimeric gp140 on phage particles was also observed
previously in a study that evaluated the use of lambda phage particles as a scaffold for
presentation of Env trimers in an enhanced immunological context (Mattiacio et al. 2011). In
that study, the display of Env was achieved by mixing varying molar ratios of gp140-gpD fusion
with the complementing gpD-deficient lambda phage capsid particles. In general, each lambda
phage particle (50 nm in diameter) contains 405 gpD binding sites. Unexpectedly, only 30
copies of gp140 trimers were incorporated per lambda phage patrticle, which translated to only
90 (i.e. approximately 25%) gpD binding sites that were likely used. Our results, together with
those of Mattiacio et al. (2011), suggest that the high valency of nanoparticle scaffolds does
not always translate to a high-density display of the protein of interest, especially for oligomeric
proteins. On the contrary, the successful use of AP205 VLPs for a high-density display of
different epitopes covering the alpha-helical region of HIV gp41, which were considerably
smaller (2-9 kDa) than the gp140 trimers (720 kDa) investigated in this study, has been

reported (Pastori et al. 2012); this supports the idea that the size and oligomeric nature of an



antigen can affect the displaying capacity on these VLPs. Although the stability of AP205-
gp140-ST was not investigated in this study, it was noted that the steric interference of HIV-1
trimers has not only been previously associated with the incomplete decoration of the
icosahedral 60-meric I53_dn5 nanoparticles but the overcrowding also affected the stability of
these nanoparticles (Antanasijevic et al. 2020). These results suggested that the valency of
nanopatrticle scaffolds for the presentation of HIV-1 Env trimers does not necessarily need to
be high, as the improvement in immunogenicity of ConM-SOSIP trimers displayed on low
valency T33_dn2 (4 trimers per particle) was similar to that observed for trimers presented on
60-meric 153-50 nanoparticles where autologous Tier 1 ConM virus neutralising antibodies

were detected (Brouwer et al. 2019; Antanasijevic et al. 2020).

In another study that investigated the display of different antigens with variable sizes and
symmetries (monomers, cyclic dimers, trimers and tetramers) on mi3 nanoparticles that are
immunologically similar to AP205 VLPs (Bruun et al. 2018), it was evident that in addition to
the size of the antigen, the orientation (symmetry of antigen in relation to the nanoparticle’s
symmetry) of the antigens’ subunits can impact the coupling efficiency (Rahikainen et al.
2021). These observations highlight the need to critically evaluate the geometry of

nanoparticles in relation to the antigen that needs to be presented.

The immunogenicity of the coupled SC-AP205 VLPs + gp140-ST reaction preparation (called
AP205-gp140-ST VLPs for simplicity) was evaluated in a pilot rabbit study. Two groups of
rabbits received different regimens: Group 1 was inoculated four times with unadjuvanted
AP205-gp140-ST VLPs (PPPP) while Group 2 was primed with two DNA, two rMVA (both
encoding Env+Gag) and boosted with two unadjuvanted AP205-gp140-ST VLPs (DDMMPP).
When evaluated in an autologous Env binding ELISA, both these regimens elicited anti-Env
binding titres in rabbits, with the DDMMPP regimen showing overall higher binding titres than
the PPPP regimen. The DDMMPP regimen elicited anti-Env binding titres after the second
DNA prime, and they reached a peak after the 2nd MVA boost. Further boosting with AP205-
gp140-ST VLPs did not increase the binding titres. Comparing the binding titres of rabbits that
received the PPPP regimen versus titres in rabbits that received the DDMMPP regimen, our
results further justify the narrative that heterologous prime-boost regimens improve the
immune responses (Goepfert et al. 2014; Shen et al. 2017; Excler & Kim. 2019; van Diepen
et al. 2019).

Neutralisation assays indicated that the PPPP regimen did not elicit antibodies with
neutralising activities against Tier 1B and autologous Tier 2 viruses. This suggested that
AP205-gp140-ST VLPs alone are not a suitable vaccine regimen. However, the DDMMPP

regimen elicited Tier 1B neutralising antibodies after the 2nd MVA boost and after the first and



second boost with AP205-gp140-ST VLPs. Interestingly, autologous Tier 2 neutralising
antibodies in the DDMMPP regimen were not detected after boosting with recombinant MVA
but were observed after the 1st boost with AP205-gp140-ST VLPs, suggesting that these
VLPs were an effective boost in this heterologous prime-boost regimen. The usefulness of
phage-displayed gp140 as a boost in a heterologous prime-boost regimen as compared to

when used as a sole regimen has been reported previously (Mattiacio et al. 2011).

When comparing the immunogenicity (autologous Tier 2 neutralising antibodies) of VLP-
displayed gp140-ST to the results from our previous study that evaluated the immunogenicity
of the soluble CAP256 gp140 (formulated in AlhydroGel® adjuvant) in the same prime-boost
regimen used here (van Diepen et al. 2019) the autologous Tier 2 titres were lower when
gp140 was displayed on AP205 VLPs. A notable difference between the soluble CAP256
gp140 vaccine and those tested here is that the AP205-gp140 VLPs were not formulated in
any adjuvant. The modest immunological benefits of presenting HIV-1 gp140 trimers on
AP205 VLPs echoes the ongoing hurdles of HIV Env nanoparticle vaccines that were reviewed
in a meta-analysis study that indicated that the display of the relatively complex gp140 trimers
on diverse scaffolds has not yet achieved significant enhancement in immunogenicity as
compared to other viral immunogens (Kanekiyo et al. 2013; Darricarrére et al. 2018;
Brinkkemper & Sliepen. 2019; Marcandalli et al. 2019). In addition, there is some evidence to
suggest that the composition of the vaccine candidate tested may have been sub-standard: it
is possible that the density of the gpl40 trimers displayed on the AP205 VLPs were
insufficiently dense, and there may have been an excess of uncoupled gpl40-ST in the
preparation due to a low coupling efficiency which has little potential for contributing to

immunogenicity.

To address this, we looked at maximising coupling efficiency by varying coupling ratios as well
as trying to remove excess gpl40-ST from coupled VLP preparations. Densitometric analysis
of coupled AP205-gp140-ST or SC-AP205 CP3 bands on SDS-PAGE suggested that
increasing the gp140-ST to VLP molar coupling ratio in an attempt to saturate the VLPs did
not significantly improve the coupling efficiency. Several different techniques were evaluated
to remove excess gpl40-ST from conjugated AP205-gp140-ST VLPs. Although dialysis using
a MW cut-off membrane to allow for retention of the coupled VLPs only, as well as PEG/NaCl
precipitation of the VLPs were unsuccessful in removing uncoupled gp140-ST, rate zonal
centrifugation was successful. However, after this, the yield of coupled VLPs was extremely
low, making the preparation of sufficient amounts of coupled VLPs for vaccine doses
impractical. This evidence also confirmed that the coupling efficiency of gp140-ST to SC-
AP205 VLPs was very low.



In conclusion, although the SpyTag/SpyCatcher technology used in this work is generally
considered an effective technique for generating particle display vaccine candidates, its
applicability was limited in this study by the complex nature and size of HIV-1 gp140 trimers.
The steric hindrance from gp140 trimers made it difficult to display these trimers in a high-
density manner on the surface of the AP205 VLPs. Due to the poor coupling efficiency of
gpl140-ST to SC-AP205 VLPs and subsequent low yields of coupled particles, we concluded
that the AP205 VLPs are not the most suitable scaffolds for achieving high-density display of
the trimeric gpl140. It is possible that the optimal presentation of gp140 trimers could be
achieved by using larger display nanoparticles (in diameter) with optimal spacing to reduce
steric clashes or computationally designed scaffolds such as 153-50 and a recently established
library consisting of nanoparticles with tetrahedral (T33_dn2; present four HIV-1 Env trimers
per nanoparticle) or icosahedral (153 _dn5, present 20 trimers per nanoparticle) symmetries
(Bale et al. 2016; Brouwer et al. 2019; Antanasijevic et al. 2020; Ueda et al. 2020). These
nanoparticles are designed to take into consideration two critical parameters: 1) the geometric
compatibility between the chosen scaffold and the trimeric gp140 trimers, and 2) optimal
spacing between displayed trimers to obtain nanoparticles that present the neutralisation
epitopes located at the trimer apex or the trimer base (Antanasijevic et al. 2020; Ueda et al.
2020).



CHAPTER 5: GENERAL CONCLUSION

An effective HIV-1 vaccine is expected to elicit broadly cross-neutralising antibodies against
the circulating clinically relevant Tier 2 HIV-1 strains (Haynes & Burton. 2017; Sanders &
Moore. 2017; Pauthner & Hangartner. 2020). The HIV-1 envelope glycoprotein (Env) is the
sole viral antigen that can be used in a vaccine to elicit neutralising antibodies. However,
several structural features of HIV-1 Env, including metastability of the trimer, dense arrays of
glycans that occlude the conserved Env epitopes and the low spike density per virion surface,
render Env poorly immunogenic and an atypical immunogen for induction of durable bNAbs
(Schiller & Chackerian. 2014; Kong et al. 2016; Crispin et al. 2018; del Moral-Sanchez &
Sliepen. 2019; Klasse et al. 2020; Watanabe et al. 2020). The generation of soluble HIV-1 Env
trimers, such as SOSIP- and NFL-stabilised trimers that closely mimic the native conformation
of the Env spike, has enabled the induction of autologous Tier-2 neutralising antibody
responses in animal models (Sanders et al. 2015; Sanders & Moore. 2017). However, none
of these soluble trimers has been able to elicit consistent and adequate levels of Tier 2 bNAbs
required for a broadly effective vaccine (Martinez-Murillo et al. 2017; Torrents et al. 2018;
Dubrovskaya et al. 2019; Kong et al. 2019; Brouwer et al. 2021a). This suggests that strategies
beyond the stabilisation of the trimers need to be investigated to improve the immunogenicity

of soluble Env trimers.

Presentation of otherwise soluble immunogens on self-assembling nanoparticles and virus-
like particles (VLPs) is a novel approach for enhancing their immunogenicity (Bachmann &
Jennings. 2010; Lopez-Sagaseta et al. 2016; Moyer et al. 2016; Gause et al. 2017; Irvine &
Read. 2020). Initial efforts focused on using recombinant HIV-1 Gag VLPs as a scaffold for
the presentation of Env trimers. However, the same limitations (low spike density, wide
spacing and incorporation of non-native trimers) observed on a native virion were encountered
for recombinant Gag-Env VLPs (Moore et al. 2006; Crooks et al. 2007). Even though these
issues were somewhat addressed by introducing sequence modifications to stabilise Env
trimers, removal of the gp41 cytoplasmic tail and proteolytic digestion to remove non-native
trimers (Crooks et al. 2011; Crooks et al. 2015; Stano et al. 2017), the yields of recombinant
Gag-Env VLPs were still low, limiting investigation of their efficacy in animal models (Brouwer
& Sanders. 2019).

Although the investigation of various different HIV-1 Env nanoparticle vaccine platforms has
been initiated in recent years, many studies are still exploratory and highlight both the potential
of nanopatrticle vaccines and the amount of optimisation still required to improve the outcomes
in this field. This thesis details the investigation of two different nanoparticle presentation

approaches in an effort to improve the immunogenicity of HIV-1 Env antigens.



The first approach investigated the impact of genetically fusing the protein body-forming Zera®
peptide to either the N- or C-terminus of CAP256 gp140 to generate Zera®-gp140 and gp140-
Zera® fusions, respectively. Fusion of Zera® to a protein of interest usually results in the
formation of dense endoplasmic reticulum-derived protein bodies (PBs) which comprise many
copies of the protein of interest which are also protected from degradation; this encourages
much higher yields of the recombinant protein and facilitates efficient purification using
gradient ultracentrifugation (Llop et al. 2006; Torrent et al. 2009a; Llompart et al. 2010;
Schwestka & Stoger. 2021). Even though Zera® is derived from the plant storage protein zein,
the formation of Zera®-induced PBs is not only limited to plant expression hosts. A wide range
of eukaryotic expression hosts, including mammalian cells, insect cells and filamentous fungi,
have been reported to support the production of Zera® PBs (Torrent et al. 2009a; Smith et al.
2014). In this work, the potential production of Zera®-gp140 and gpl140-Zera® protein bodies
was initially evaluated in N. benthamiana plants. This was motivated by results reported by
Medicago Inc on the rapid production of influenza vaccine candidates in plants and their
subsequent safety profiles in human clinical trials (D’Aoust et al. 2008; Landry et al. 2010;
Cummings et al. 2014; Rybicki. 2014). Molecular farming is fast becoming an accepted
method for the production of recombinant proteins and vaccines as it has advantages of ease
of scalability and cost-effectiveness (Fischer & Buyel. 2020; Tsekoa et al. 2020; Schillberg &
Finnern. 2021). In addition, our laboratory had recently established and optimised a transient
expression system in N. benthamiana using Agrobacterium-mediated infiltration for producing
soluble CAP256 gp140 (Margolin et al. 2019).

Analysis of homogenised plant leaf extracts collected post infiltration indicated successful
expression of the Zera®-gp140 protein. However, no expression of the gp140-Zera® protein
was observed despite further optimisation of the extraction buffers and harvesting at different
times post-infiltration. Whole-mount immunofluorescent staining of protoplasts prepared from
leaves infiltrated with Zera®-gpl140 indicated the presence of unexpectedly small PB-like
structures, but none were detected in protoplasts prepared from leaves expressing the
untagged gpl40, suggesting that the fusion of Zera® had an influence on the protein.
Considering that to our knowledge, gp140 (140 kDa) is the second-largest protein that has
been fused to Zera® after the +75 kDa influenza H5 (Hofbauer et al. 2016), it is possible the
complexity, extensive size, as well as low accumulation of HIV Env may have prevented

larger-sized PBs to be formed.

Unlike our soluble gp140 secreted to the cell media (Margolin et al. 2019), Zera®-gp140 was
largely targeted to the leaf plant's intracellular compartments (ER). It is worth noting that the
plasmid encoding Zera®-gp140 did not have the LPH secretion signal sequence, which drives

the translocation of the soluble gpl140 protein through the plant secretory pathway. The



retention of Zera® in the ER is thought to be facilitated by its unique sequence properties
regardless of the presence of the native zein signal peptide and the absence of an obvious
ER-retention signal (Geli et al. 1994; Kogan et al. 2001; Llop-Tous et al. 2010). Tissue
disruption or homogenisation of the infiltrated leafy biomass is a must to recover the target
protein, and this generally leads to the accumulation of plant debris that can be detrimental to

the quality of the upstream purification processes (Buyel et al. 2015).

Unfortunately, we were faced with this challenging bottleneck as well. Zera®-gp140 PBs were
unsatisfactorily separated from plant debris despite trying a variety of methods, including
aqueous chloroform precipitation and pH shift/heat precipitation of the plant leaf homogenates
before ultracentrifugation. As an alternative to using ultracentrifugation for purification of
Zera® PBs from plants, Schwestka et al. (2020) recently developed a sequential tangential
flow filtration (TFF) method for downstream purification of PBs, and this also enabled the use
of flow cytometry to separate PBs on the basis of their size (Schwestka et al. 2020). The TFF
method incorporates non-ionic Triton-X100 (2%) in the extraction buffers to aid the
solubilisation of ER membranes (which potentially causes the association of PBs with residual
leaf material remaining after the initial clarification steps) and separation of host proteins from
the target protein. The extracted homogenate for TFF is first clarified by low-speed
centrifugation, as done for ultracentrifugation. However, instead of using the supernatant that
is typically used for ultracentrifugation, in the TFF method, the protein pellet is washed several
times using the same extraction buffer and then applied to a sequential TFF system with
differently sized nylon filters. The first filtration step removes cell debris, while the second
filtration step concentrates PBs (Schwestka et al. 2020). The TFF system seems to simplify
the downstream processing of PBs without solubilising them as the buffer used does not
include reducing agents like dithiothreitol, and we will consider it in future for purification of

Zera® PBs from plants.

Taken together, the inability to achieve acceptable quality and purity of the plant-derived
Zera®-gpl140 protein for evaluating the immunogenicity of PBs containing HIV-1 gp140 in
rabbits is testament to the ongoing challenge of downstream processing (extraction and
purification from plant-specific particulates) of proteins from leafy biomass — and especially for
intracellular accumulating proteins like Zera®-tagged fusions (Buyel & Fischer. 2014; Sabalza
et al. 2014; Buyel et al. 2015).

In efforts to generate better-purified samples, the generation of Zera®-induced gp140 protein
bodies was subsequently evaluated in a mammalian expression system. Despite the high cost
of this production platform, the mammalian expression system affords proper folding and

glycosylation of glycoproteins compared to plant expression systems where complex



glycosylation is limited and may influence immune responses if used as vaccine candidates
(Margolin et al. 2018; Margolin et al. 2020). In this study, stable HEK293 cell lines that
successfully expressed Zera®-gpl140 or gpl40-Zera® were generated. Both Zera®-gp140
and gp140-Zera® proteins accumulated intracellularly rather than being secreted into the cell
media, a common phenomenon for Zera® fusions as they are retained in the ER. Unlike what
was observed in the plant expression system, gpl40-Zera® was expressed in mammalian
cells, albeit at lower levels than Zera®-gpl140. It is not clear why gpl40-Zera® was not
expressed in plants. The low expression of a C- compared to N-terminal Zera® fusion has
also been reported previously - the yields of Nef-zein were lower than zein-Nef, suggesting
that the position of Zera®/zein can influence protein expression de Virgilio et al. (2008).
Immunofluorescent staining, electron microscopy and ultracentrifugation confirmed the
presence of small PB-like structures in cells expressing gp140-Zera®. However, no PB-like
structures were observed in mammalian cells expressing Zera®-gp140. The discrepancy in
the detection of Zera®-gp140 PB-like structures in plants but not in mammalian cells is a
reflection that several factors, including intrinsic properties of the expression host, can impact
the PB-inducing capacity of Zera®. This indicates that the success of Zera® technology can
only be determined empirically. Properties of the protein fused to Zera® matter and the
suitable recombinant expression host for expression of a particular fusion requires
optimisation. In addition, considering that it has been reported that PB formation is a
concentration-dependent mechanism (Saberianfar et al. 2015): thus, the relatively inefficient

formation of Zera® PBs, in our case, could suggest that yields were too low.

Additionally, the cysteine residues in the Zera® domain are essential for oligomerisation into
PBs (Llop-Tous et al. 2010). The gp140 sequence is cysteine-rich (18 cysteine residues) and
contains N glycosylation sites. Hence, it is possible that the mispairing of the cysteine residues
could have led to the formation of aberrant disulphide bridges as a result of isomerisation with
the six cysteine residues of Zera®, thus forming misfolded protein that is targeted to the ERAD
for degradation before reaching PBs; this could potentially reduce the total protein
accumulation, meaning a threshold protein concentration optimal for assembly into PBs was
not reached. The highly N-glycosylated nature (=28 N-glycosylation sites) of HIV-1 Env could
have favoured the solubilisation of the translated protein. Both these features likely contributed
to the inadequate formation of Zera®-induced Env PBs. Rate zonal and isopycnic
ultracentrifugation was not optimal for purification of Zera®-tagged gp140 protein because of
the variable sizes/densities of gp140-Zera® or Zera®-gp140-specific proteins that separated
across a wide range of gradient concentration. The variability in size or density of PBs could
indicate that they were harvested at different developmental stages of the PBs. PB induction

is initiated by hydrophobic interaction between Zera® molecules followed by the formation of



the intermolecular disulphide bridges to stabilise PBs and subsequent growth in the size of PB
as the protein concentration increases over time, and newly formed proteins get deposited
into pre-formed PBs (Llop-Tous et al. 2010). Thus, gpl140-Zera® and Zera®-gpl140 protein
expressed from stable HEK293 cell lines were concentrated by pelleting cell lysates by
ultracentrifugation and resuspension of the protein pellet to provide sufficient amounts for
immunogenicity studies. The immunogenicity of Zera®-gpl40 and gpl40-Zera® was
evaluated by injecting two groups of 5 rabbits four times and measuring the binding and
neutralising antibody titres. Anti-Env binding antibody titres and Tier 1A neutralising serum
titres were higher for gp140-Zera® than for Zera®-gp140. Neither gp140-Zera® nor Zera®-
gp140-specific sera neutralised a Tier 1B pseudovirus or the autologous Tier 2 CAP256SU
pseudovirus, suggesting that Zera® might have compromised the structure of the Zera®-

tagged gpl40 proteins.

Overall, it is apparent that Zera® technology is a novel concept that may be suitable for protein
body formation for monomeric and small proteins only, possibly where conformation is not
critical. However, in this study, the relatively large size, oligomeric, amino acid composition
(cysteine-rich and N-glycosylation sites) and the low accumulation of gp140 could have all
contributed to the inefficient production of Zera®-induced Env protein bodies. In addition,
retaining the native-like conformation of gp140 is essential to increase the likelihood of eliciting
neutralising antibody titres. Hence it became clear that fusing Zera® to gp140 was not a good
fit for HIV Env immunogens designed to elicit neutralising responses. As an alternative to
genetically fusing Zera® to gp40 sequence, one can independently purify Env trimers to an
acceptable quality and also independently express and purify PBs. The purified trimers can
then be formulated with the PBs for immunisations. The adjuvant properties of pre-formed PBs
have been previously reported by Whitehead et al. (2014). They observed that the formulation
of empty Zera® PBs with the human papillomavirus 16E7SH immunogen provided adjuvant
effects that could not be further enhanced by adding the commercial adjuvant (Whitehead et
al. 2014). The inability of gp140-Zera® and Zera®-gp140 immunogens to elicit autologous
Tier 2 neutralising antibodies reiterated the limitations of using in vivo assembling nanoparticle

approaches for HIV-1 Env (Brinkkemper & Sliepen. 2019; Brouwer & Sanders. 2019).

The second nanoparticle approach used was to in vitro-assemble two-component virus-like
particles to display multiple copies of the soluble HIV-1 CAP256 gp140 trimers. Unlike PB
assembly, in vitro-assembling nanoparticles permit the independent expression and
purification of Env trimers and the nanoparticle scaffolds. The SpyTag/SpyCatcher-mediated
isopeptide bond (Brune et al. 2016; Aves et al. 2020) was used for coupling CAP256 gp140



to the surface of Acinetobacter phage AP205 VLPs. AP205 VLPs are 180-meric VLPs; hence
we expected a high-density display of gp140 trimers on the particles.

HIV-1 CAP256 gp140-SpyTag (gpl140-ST) was expressed in HEK293 stable cell lines, and
trimers (=720 kDa) were separated from other Env species using lectin affinity and size
exclusion chromatography (SEC). SpyCatcher (SC)-AP205 VLPs (35 nm) were produced in E.
coli and purified by ultracentrifugation. These VLPs were mixed in varying molar ratios with
HIV gpl140-ST trimers, and coupling was confirmed by SDS-PAGE, native agarose gel
electrophoresis and dynamic light scattering. These analyses suggested that the VLPs were
not saturated with gp140, i.e. not all SpyCatcher tags on the particles were bound to a
SpyTagged gp140 molecule, indicating a low coupling efficiency. It was theorised that the low
coupling efficiency could be due to the steric hindrance caused by the large size of gp140
trimers. The immunogenicity of coupled VLPs (SC-AP205 VLPs + gpl140-ST) was evaluated
in a pilot study in rabbits using two different immunisation regimens. One group was injected
four times with coupled VLPs, and the second group with DNA vaccines expressing Env and
mosaic Gag, followed by modified vaccinia Ankara (MVA) expressing the same antigens then
boosted twice with coupled VLPs. None of these immunogens was formulated with an
adjuvant. The binding and neutralising antibody responses were measured. Modest Tier 1B
and autologous Tier 2 neutralising antibody titres were observed in 2/5 rabbits primed with
DNA and MVA, but not in rabbits injected only with coupled VLPs. These results suggested
that although the coupled VLPs were not immunogenic (i.e. did not elicit autologous Tier 2
neutralising antibody titres) on their own, they could potentially be useful as a boost in
heterologously primed animals. However, the neutralising antibody titres elicited were similar
to those using soluble gp140 (unpublished results). The modest antibody titres were probably
due to the low density of the gp140 trimers displayed on a proportion of the AP205 VLPs.

Further experimentation — for example, optimising the molar coupling ratios - to increase the
density of gp140 on AP205 VLPs did not significantly improve the coupling efficiency. The rate
zonal ultracentrifugation successfully removed excess gpl140-ST from the coupled AP205-
gpl140-ST VLPs. However, the yield of coupled VLPs was low, making the preparation of
sufficient amounts of coupled VLPs for vaccine doses impractical. This evidence also

confirmed that the coupling efficiency of gp140-ST to SC-AP205 VLPs was very low.

In conclusion, the SpyTag-SpyCatcher technology is a novel coupling strategy. However, to
achieve an ordered and dense display of the complex Env trimers, it is essential to identify or
design optimally-sized nanoparticles with trimeric threefold symmetries, for example, the 153-
50 nanoparticles (Bale et al. 2016; Bale et al. 2017; Brouwer et al. 2021a). These

computationally designed scaffolds may be more suitable for displaying HIV-1 Env trimers at



a defined valency and spacing (Nguyen & Tolia. 2021). In future, we hope to explore different
nanoparticle scaffolds, including the rationally designed dodecahedral 60-meric mi3
nanoparticles derived from the aldolase of the hyperthermophilic bacterium Thermotoga
maritima (Bruun et al. 2018).

I acknowledge that there were shortcomings in this study that could be addressed in future
studies. The antigenicity of gp140 arrayed on AP205 VLPs remains to be determined. The
antigenic features of Env displayed on these VLPs are set to be determined using two assays:
1) antibody capture of the purified AP205-gp140-ST VLPs followed by detection with
native/non-native Env-specific monoclonal antibodies and 2) Octet assay based on bio-layer
interferometry. Cryo-electron microscopy and 3D reconstruction could be a valuable technique
for determining the number of gp140-ST displayed per VLP and the spacing between the
coupled trimers. Another interesting prospect is that instead of displaying the structurally
complex full-length gp140 trimers, one could decorate these VLPs with conformation-specific

Env peptides.



APPENDIX
1. General molecular biology protocols
1.1 Small-scale plasmid DNA isolation

A single recombinant colony from a freshly streaked/plated selective plate was inoculated into
3ml LB medium containing the appropriate antibiotic/s and incubated overnight at 37°C with
shaking. Bacterial (E. coli) cells from 2 ml of the overnight culture were harvested by
centrifugation at maximum speed in a table-top microcentrifuge for 15 seconds. The rest of
the overnight culture was stored at 4°C for downstream usage. The supernatant was discarded
while the bacterial pellet was gently resuspended with 250pl of the resuspension solution (P1
solution). Cells were lysed by adding 250ul of the lysis solution (P2 solution) and gently
inverting the tube 4-6 times. The neutralising solution (P3 solution), 350ul, was added before
mixing by inverting the tube several times. After centrifugation at a maximum speed for 10min,
700l of the clear supernatant was transferred to a new 1.5 ml Eppendorf tube. To precipitate
DNA, 700ul of ice-cold isopropanol was added to the collected supernatant and incubated at
-20°C for 1 hour. Precipitated DNA was harvested by centrifugation at maximum speed for
20mins. The supernatant was carefully removed without disturbing the pellet, and the DNA
pellet was washed by adding 180ul of 70% of ice-cold ethanol. The ethanol wash was removed
by centrifugation at high speed for 1 min. The supernatant was discarded, and the DNA pellet
was airdried for =5 min while ensuring that the pellet was not overdried. The DNA pellet was
resuspended with 50ul of sterile distilled water.

1.2 Large-scale plasmid DNA isolation

Large scale plasmid DNA isolations were carried out using the ZymoPURE ™ |l Plasmid
Maxiprep Kit (Zymo Research). A single recombinant colony from a freshly streaked plate was
inoculated into 100ml LB medium containing the appropriate antibiotic/s and incubated
overnight at 37°C with shaking. From the overnight culture, glycerol (15%) stocks were made
by mixing 700ul of the culture with 300ul sterile 50% glycerol and stored at -80°C. The
remaining overnight culture was transferred into 2x50ml falcon tubes, and the bacterial cells
were harvested by centrifugation (BOECO u-320, 4000 rpm, 10 minutes). The supernatant
was discarded while the pellets (pellets from both falcon tubes were pooled) were
resuspended by pipetting up and down with 14ml of ZymoPURE™ P1 (Red) buffer.
ZymoPURE™ P2 (Green) buffer (14ml) was added to the resuspension and mixed in
immediately by inverting the tubes 6 times. After adding 14ml of ZymoPURE™ P3 (yellow)
buffer, tubes were gently inverted several times to mix. The lysate was filtred using a

ZymoPURE™ Syringe Filter into a clean 50ml falcon tube. ZymoPURE™ Binding buffer



(14ml) was added to the clarified lysate and mixed by inverting the tube 10 times. The
mixture was passed through a Zymo-Spin™ V-P Column assembly by applying a vacuum.
The Zymo-Spin™ V-P Column was washed by passing through 5ml of ZymoPURE™
Wash 1 using a vacuum. The Zymo-Spin™ V-P Column was washed twice more with
2x5ml of ZymoPURE™ Wash 2. At each step, the vacuum was applied until the entire
liquid passed through the column. The Zymo-Spin™ V-P Column was removed from the
vacuum manifold, transferred into a clean 1.5ml Eppendorf tube and spun at =10 000 x g
for 1 min to remove residual wash buffer. The Zymo-Spin™ V-P Column was transferred
into another clean 1.5ml Eppendorf tube, and 400ul of ZymoPURE™ Elution buffer was
added directly to the column matrix. After incubation for 2 minutes at room temperature,
pure plasmid DNA was harvested by centrifugation at 10 000 x g for 1 minute. The plasmid

DNA concentration was measured using a NanoDrop (Thermo Fisher Scientific).
1.3 Restriction digestion of plasmid DNA

All enzymatic digestion of the plasmid DNA was achieved using the FastDigest Restriction
Enzymes (Thermo Scientific) in a single universal buffer (10X FasDigest Green Buffer). For a
double digest of a plasmid DNA, 1.5yl of 10X FasDigest Green Buffer, 1ul of each of the two
restriction enzymes and 1ug of the plasmid were added to distilled water to get a 25yl reaction.

Fast digest reactions were incubated at 37°C for 30-60minutes before analysis on an agarose

gel.

1.4 Agarose gel electrophoresis

Plasmid DNA preparations were analysed by agarose gel electrophoresis. Agarose gels
(0.8%) were prepared by dissolving SeaKem® LE Agarose (Lonza) in Tris/Borate/EDTA
(TBE) buffer. Before pouring the agarose solution into a gel casting tray, the agarose solution
was supplemented with 0.5pug/ml ethidium bromide (EtBr) (Sigma-Aldrich). The experimental
DNA samples and the 1kb DNA ladder (ThermoFisher Scientific) were loaded on a gel before
electrophoresis at 80-100 V for 90 minutes. The gels’ digital images were captured using the
UV-light Molecular Imager® Gel Doc™ XR+ Imaging System (Bio-Rad). If DNA fragments
were needed for cloning, the agarose gel was visualised using a blue light BLooK LED

transilluminator (GeneDireX).
1.5 Extraction of DNA fragments from agarose gels

The Zymoclean™ Gen DNA Recovery Kit (Zymo Research) was used to recover DNA from
agarose gels. Agarose gels were visualised using a blue-light illuminator BLooK LED

transilluminator (GeneDireX), and a razor blade was used to excise a fragment of interest.



The excised DNA-containing agarose gel was transferred into a clean 1.5ml Eppendorf tube
and weighed on a scale that had been pre-blanked with the same but empty 1.5ml Eppendorf
tube. Three volumes of the Agarose Dissolving Buffer (ADB) was added to one volume of the
excised agarose gel. The tube was inserted into a heat block set at 50°C and incubated until
the agarose was completely dissolved (=5-10 minutes). The melted agarose solution was
transferred into a Zymo-Spin™ Column in a Collection Tube. After centrifugation (15 000 x g,
1 min), the flow-through was discarded, and the Zymo-Spin™ Column was washed with 200l
of DNA Wash buffer. After centrifugation for 30 seconds, the wash step was repeated. The
Zymo-Spin™ Column was transferred into a clean 1.5ml Eppendorf before adding 30pl of pre-
warmed (50°C) DNA Elution Buffer. After incubation for 1 minute at room temperature, DNA

was eluted from the Zymo-Spin™ Column into the 1.5ml tube by spinning for 1 min.
1.6 DNA ligation

DNA fragments were ligated into respective plasmid vectors using the T4 DNA ligase (Thermo
Fisher Scientific). A typical ligation reaction contained 2ul of T4 DNA ligase buffer, 1l of
digested plasmid vector (1ug) that had been recovered from an agarose gel, 3ul DNA insert
that had also been recovered from agarose gel and 1l T4 DNA ligase. Plasmid only (no insert
but with T4 DNA ligase) and no ligase (plasmid only without T4 DNA ligase and the insert)
reactions were included as controls. Reactions were incubated for 1 hour at room temperature

before transformation into competent E. coli cells.
1.7 Transformation of plasmid DNA into competent bacterial cells

The ligation reactions or purified plasmid vectors were transformed into E. cloni 10G
chemically competent cells (Lucigen). Briefly, 15ul of competent cells were transferred into
1.5ml Eppendorf tubes in ice, 1l of ligation reaction or 1ng of plasmid DNA was added and
incubated on ice for 30 minutes. Transformed cells were heat-shocked for 30 seconds in a
37°C heat block and placed back in ice for 2 minutes. To each transformation tube, 400ul of
the recovering media was added, and the mixture was incubated at 37°C for 1hour with gently
shaking. An aliquot, 140ul, from each transformation reaction, were plated onto LB agar plates

containing an appropriate antibiotic. Plates were incubated overnight at 37°C.
2 General methods for protein analysis
2.1 SDS-PAGE analysis

Protein samples, as well as the Color Prestained Protein standards (BioLabs, New England),
were analysed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

using a method modified from Laemmli (1970). A discontinuous buffer system was used



comprising a 8% resolving gel [5.3ml distilled H.O; 2.5ml of 1.5 M Tris-HCI pH 8.8; 2ml
Acrylamide-bis ready to use solution 40%, 29.1:0.9 (Merck, Germany); 0.1ml 10% SDS; 0.1ml
of 10% ammonium persulphate (APS, Amresco®, Solon, Ohio) and 6ul tetramethyl
ethylenediamine (TEMED)] and a 4% stacking gel [3.8ml distilled H.O; 0.63ml 1.5M Tris-HCI
pH 6.8; 0.5ml Acrylamide-bis ready to use solution 40% (29.1:0.9), 50ul of 10% SDS; 50pl of
10% APS and 5ul TEMED]. Protein samples were combined with 4x sample analysis/loading
buffer (SAB) (4ml of 100% glycerol, 1.6ml of 1.5M Tris-HCI pH 6.8, 0.8g SDS, 4mg
bromophenol blue, 0.5ml 2-beta mercaptoethanol and 3.9ml dH.O) and boiled for 5min.
Following loading of samples into SDS-polyacrylamide gel wells, electrophoresis was
conducted at 200V for =1 hour using the Mini-PROTEAN® Tetra System (Bio-Rad) in the
presence of 1x running buffer (10x: 10g SDS, 30.3g Tris, 299 glycine, to 1L dH-0). Depending
on the sensitivity required for the experiment, after electrophoresis, gels were either stained
with commercially available Bio-Safe™ Coomassie Stain (Bio-Rad-Hercules) or Silver Stain
Plus kit (Bio-Rad-Hercules) as per supplier's recommendations or transferred for western
blotting (Appendix A, Section 2.2).

2.2 Western blot analysis

Western blot analysis of proteins was conducted according to the protocol described by
Towbin et al. (1979). Following separation by SDS-PAGE (Appendix A, Section 2.2), proteins
were transferred from the gel onto a PVDF membrane (Bio-Rad-Hercules) that was briefly pre-
activated in 100% methanol followed by further soaking in a transfer buffer (0.37g SDS, 5.8g
tris, 14.4g glycine, 800ml dH-0O, and 200ml methanol). Protein transfer was achieved using
the Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad, Hercules) at 20V for 1 hour. Upon
completion of protein transfer onto the PVDF membrane, the unoccupied sites on the
membrane were blocked in 2% Bovine Serum Albumin Fraction V (BSA, Roche) dissolved in
PBST [1x PBS (Lonza), 0.1% Tween-20 (VWR AMRESCO, LIFE SCIENCE)] for 1 hour at RT.
The membrane was then incubated at RT overnight with the primary antibody (1:1000 dilution
of goat anti-HIV-1 gp120 antibody (Bio-Rad)) or 1:4000 mouse anti-GFP antibody (Sigma-
Aldrich) or 1:5000 rabbit anti-Zera® serum (generously provided by the Biopharming
Research Unit lab, Molecular and Cellular Biology, University of Cape Town)). Rabbit anti-
Zera® serum was pre-adsorbed with lysates from un-transfected HEK293T cells to minimise
non-specific background. Membranes were washed (3x10 min) with PBST and incubated with
the appropriate secondary antibody conjugates [1:10 000 anti-goat/sheep-alkaline
phosphatase (Sigma-Aldrich) or goat anti-mouse alkaline phosphatase (Sigma-Aldrich) or
anti-rabbit alkaline phosphatase (Sigma-Aldrich), respectively] diluted in 2% BSA-PBST.
Following washes in PBST, the membranes were developed with 5ml of BCIP/NBT

Phosphatase Substrate (KPL). The reaction was stopped by several washes in distilled water.



2.3 Coomassie staining

After SDS-PAGE or BN-PAGE electrophoresis, gels were incubated for 1 hour with Bio-Safe™
Coomassie stain (Bio-Rad) at room temperature with gentle agitation. Gels were briefly
washed 2-3 times with water and imaged using a Molecular Imager® Gel Doc™ XR+ Imaging
System (Bio-Rad). Alternatively, gels were incubated for 1 hour with Coomassie Blue [0.125%
(w/v) Coomassie brilliant Blue G-250 (Bio-Rad), 50% (v/v) methanol, 10% (v/v) acetic acid,
40% (v/v) distilled water] whilst gentle shaking. After staining with Coomassie Blue, gels were
incubated with the destaining solution [50% (v/v) methanol, 10% (v/v) acetic acid, 40% (v/v)
distilled water] overnight at room temperature whilst shaking. If necessary, the destaining was
repeated before another detaining with water until the gel expanded to its original size. Gels
were imaged using a Molecular Imager® Gel Doc™ XR+ Imaging System (Bio-Rad).

2.4 Silver staining

In order to visualise very low amounts of protein on SDS-PAGE gels, a 30-50-fold more
sensitive (than Coomassie Blue stain) Silver Stain Plus™ Kit (Bio-Rad) was used. After
electrophoresis, gels were incubated with the fixative enhancer solution [50% (v/v) methanol,
10% (v/v) acetic acid, 10% (v/v) fixative enhancer concentrate, 30% (v/v) distilled water] for
20 minutes at room temperature with gentle shaking. Gels were washed for 2x10min with
distilled water. Proteins were detected by incubation for =15min in a freshly prepared
developing solution [2.5g Development Accelerator reagent dissolved in 50ml distilled water
+ Staining solution (35ml distilled water, 5ml Silver Complex Solution, 5ml Reduction
Moderator Solution, 5ml Image Development Solution)]. The staining reaction was stopped by
incubating gels with 5% (v/v) acetic acid for 15 min with gentle agitation. Gels were rinsed
several times with distilled water before imaging using a Molecular Imager® Gel Doc™ XR+

Imaging System (Bio-Rad).
2.5 BN-PAGE

NativePAGE™ Novex® 3—-12% Bis-Tris Gels (Thermo Fisher Scientific) were used to separate
proteins under native (non-denaturing) electrophoresis conditions. Briefly, samples were
prepared in a 4x NativePAGE™ Sample Buffer (Thermo Fisher Scientific). After rinsing the
wells of the NativePAGE™ Novex® 3-12% Bis-Tris gel 3x with 1x NativePAGE™ Light Blue
Cathode Buffer [diluted 50ml of 20x NativePAGE™ Running Buffer and 5ml of 20x
NativePAGE™ Cathode Additive (Thermo Fisher Scientific) in 945ml distilled water], gels were
placed in a Mini Gel Tank (ThermoFisher Scientific). The inner gel chamber was filled with the
1x NativePAGE™ Light Blue Cathode Buffer, while the outer chamber was filled with the 1x



NativePAGE™ Anode Buffer. Samples were loaded in parallel with the NativeMark™

Unstained Protein Standard (ThermoFisher Scientific). Gels were run at 150V for 2 hours.
3 Standard tissue culture protocol
3.1 Thawing and culturing of cells

For this study, adherent human embryonic kidney (HEK293T (ATCC® USA, CRL-3216™),
HEK293 (ATCC® USA, CRL-1573™) and immortalised cancerous (HeLa, ATCC® USA, CCL-
2™) cell lines were used for transient expression. HEK293T cells were derived by modifying
the original HEK293 cells to express the simian virus 40 large T antigen (SV40), which
enhances the transient expression of SV40-bearing plasmid vectors (Rio et al, 1985). Cells
cryopreserved in liquid nitrogen or -80°C were revived by rapid thawing in a 37°C water bath,
and transferred into pre-warmed complete medium [Dulbecco’s Modified Eagle’s Medium
(DMEM, Lonza, Basel) supplemented with 10% heat-inactivated fetal calf serum (FCS,
Gibco™, ThermoFisher Scientific, Waltham, US) and 5000 U/ml Penicillin-Streptomycin
(Gibco™, ThermoFisher Scientific, Waltham, US)]. The volume of the medium and the size of
the tissue culture vessel used for plating cells depended on the approximate cell density at
which the cells were originally frozen down per cryotube. The viability of cells was monitored
by staining with Trypan Blue Stain (0.4% Gibco™, US). Cells were grown at 37°C in a 5%
humidified CO, incubator. One day after reviving cryopreserved cells, cells were viewed using
the light microscope (Olympus, CK2, Japan), the medium was replaced with fresh complete
medium and incubated at 37°C until 60-80% confluence was reached.

3.2 Trypsinizing, splitting and seeding of cells

At the desired confluence, cells were passaged as follows. The cell medium was removed
from the confluent T75 flask, washed with 10ml PBS, trypsinised with 2ml of 0.25 % Trypsin-
EDTA (Gibco™, Paisley, UK) and incubated for a few minutes to allow cells to detach. Cell
detachment was enhanced by gently tapping the sides of the flask. Trypsin was diluted by
adding 10ml of complete medium followed by pipetting up and down to avoid cell clumping.
Depending on how confluent the cells were when split and when the cells were intended to be
used, cells were seeded into a new flask(s) at appropriate dilutions and incubated at 37°C.
Cells were maintained by passaging them every second day during the week or third day after

a weekend.
3.3 Freezing cells

For cryopreservation of cells, the confluent flasks were split as above, counted and subjected

to a short centrifugation (413 x g, 5min, 4°C) using the Allegra™ X-22R centrifuge (Beckman,



Coulter). The cell pellet was gently resuspended in a complete medium supplemented with
10% DMSO. The volume used for resuspending the cell pellets was adjusted to allow for
freezing of about 2 million cells/ml per vial. A steady rate of cooling of cells was achieved by
placing cryovials in chilled “Mr Frosty” freezing containers (Cryo 1°C freezing container,
Nalgene™) or Styrofoam boxes, and stored at -80°C for about a day. The following day,
cryovials were transferred into normal freezer boxes for further short storage (less than six
months) at -80°C. For long-term storage, cells that tested mycoplasma-free as per
manufactures protocol (MycoProbe®, R& D systems, USA) were further stored in liquid

nitrogen.
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