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1. INTRODUCTION

Molecular farming refers to large-scale production of proteins with potential pharmaceutical
and/or commercial value via plant-based production platforms (Fischer and Emans, 2000). Even
though bacterial and mammalian cells are still the most extensively used expression systems,
plants offer many advantages, especially in terms of availability, product quality, safety and cost
efficiency — a promising potential for production of both pharmaceutical and nonpharmaceutical
recombinant proteins (Tschofen et al., 2016). Among many plants available, Nicotiana
benthamiana occupies a prominent position in molecular farming due to its rapid growth, high leaf
biomass and prolific seed production. It is neither a food nor a feed crop so there is little risk of
contamination of either food or feed chains. N. benthamiana is extremely susceptible to plant
pathogens, a great advantage for establishing both stable and transient expression hosts (Twyman
et al., 2003; Bally et al., 2018).

Due to competitiveness of conventional expression systems, plant-based platforms have focused
on higher-added value biopharmaceuticals with three main product classes emerging: antibodies,
vaccine candidates and replacement proteins (Schillberg et al., 2019). Accordingly, therapeutic-
and research-grade antibodies have been successfully produced in N. benthamiana, e.g. Abs
against influenza, Ebola virus, HIV-1, hepatitis A/B/C virus, SARS coronavirus etc. (Powell,
2015).

HIV-1 is the causative agent of global epidemics of AIDS. Its potency lies in its extreme genetic
variability arising from several factors (Hemelaar, 2012): multiple cross-species transfers, rapid
replication and high mutation rates due to lack of proofreading by reverse transcriptase, intra-
subtype recombination, inter-subtype recombination and generation of circulating recombinant
forms (CRFs), development of antiviral drug resistance. Because of this, the neutralizing antibody
response should be broad. So far, classical approaches to vaccine development (pathogen mimicry
and particle-based vaccines) have been able to elicit only strain-specific and non-neutralizing
antibodies (Burton et al., 2012). Electrofusion hybridoma technology and phage display library
systems enabled identification of first generation bnAbs; studies on b12, 2G12, 2F5 and 4E10
elucidated important HIV-1 vulnerability sites (Zhang et al., 2016). These and similar Abs often
have unusual features such as high levels of somatic mutation, long CDRH3 loops, polyreactivity

and domain exchange (Burton et al., 2012). Development of high-throughput neutralization assays



(Wu et al., 2010), panels of diverse HIV-1 isolates and single B-cell cloning technology (Scheid
et al., 2009), as well as identification of individuals producing high titers of bnAbs (the elite
neutralizers; Simek et al., 2009), allowed for extensive analyses of Ab potency and target epitopes,
and subsequently the discovery of a plethora of bnAbs.

Plant-produced recombinant proteins are often subjected to proteolytic degradation by endogenous
peptidases. In order to improve yields, peptidases responsible for degradation of recombinant
proteins must be well-characterized and appropriate measures taken, e.g., co-expression of
inhibitors, gene knock-down/-out, or targeting to protease-poor subcellular compartments (Mandal
et al., 2016). Broadly neutralizing antibodies against HIV-1 undergo proteolytic cleavage when
produced in N. benthamiana (Niemer et al., 2014). The plant’s leaf secretome contains a large
number of serine, cysteine, aspartic and metallo peptidases (Grosse-Holz et al., 2018a). Recently,
two N. benthamiana apoplastic subtilases have been identified that participate in proteolysis of the
bnAbs 2F5 and PG9 (Puchol Tarazona et al., 2021).

The main aim of this thesis is characterization of two N. benthamiana subtilases suspected to be
involved in proteolytic degradation of broadly neutralizing antibodies against HIV-1 — NbPhytl
and NbP69F. Firstly, NbPhytl and NbP69F will be transiently expressed in N. benthamiana
leaves: gene(s) of interest will be integrated into the pEAQ expression vector and delivered into
the leaf apoplast using A. tumefaciens (agroinfiltration). Newly synthesized NbPhyt1/NbP69F will
be extracted from the leaf material and purified by affinity chromatography. Secondly,
NbPhyt1/NbP69F activity will be tested by activity-based protein profiling using FP-biotin and
biotinyl-YVAD-CMK probes. To test their degradation capacity, NbPhytl/NbP69F will be
incubated with bnAbs PG9, 2F5, 2G12-wt and 2G12-119R. Further characterization of proteolytic
activity will include pH and inhibition profiles. Finally, antibody cleavage sites will be analyzed

by mass spectrometry.



2. LITERATURE REVIEW

2.1. PRODUCTION OF RECOMBINANT PROTEINS IN PLANTS

Plant-based production platforms show valuable advantages over their well-established
counterparts, e.g. Escherichia coli and Chinese hamster ovary (CHO) cells, such as increased
safety concerning endotoxins and viral contaminants, lower production costs with bioreactor-free
facilities and inexpensive media, high scalability in either in-field or greenhouse cultivation,
correct and homogenous posttranslational modifications, fast production with transient systems
(Chen and Davis, 2016), to name a few. Major limitations to commercial exploitation of plant
systems, however, arise from generally low expression levels of recombinant proteins in plants.
To counter this, extensive research was/is conducted to generate efficient expression cassettes,
prevent gene silencing, improve mRNA stability and translational efficiency, improve
recombinant protein stability and optimize environmental factors (Desai et al., 2010; Twyman et
al., 2013). Even with maximum levels of expression achieved, the final protein yield greatly
depends on the efficiency of downstream processing. It is estimated that downstream processing
for plant-derived pharmaceuticals, in order to meet GMP standards, accounts for ~80% of total
production costs (Fischer et al.,, 2013). A unique advantage of some plant-produced
pharmaceuticals is the possibility of administration as partially processed or unprocessed plant
material (e.g. oral delivery of vaccines). This greatly facilitates downstream processing and
eliminates costly storage and transport requirements, thereby increasing availability of many

biopharmaceuticals (Kwon and Daniell, 2015).

2.1.1. Expression methods

Plant expression systems utilize cell suspension cultures, transgenic plants and transient expression
hosts. Cell cultures are suitable for high-grade cosmetic and research/diagnostic reagents required
in small quantities. This platform is the costliest to establish and sustain due to bioreactors, strictly
defined media, regulated environment and low product yields. Transgenic plants are ultimately the
best choice in terms of long-term production, in-field cultivation and process scalability. Yields in
whole plants can be improved by breeding and selection among the best performing primary
transformants. Lastly, transient expression allows fast production of large quantities of the product



of interest and is especially useful for ‘setting the stage’ for development of transgenic production

hosts (Tschofen et al., 2016; Burnett and Burnett, 2020).

Stable expression

Development of transgenic plants, i.e. integration of gene(s) of interest into the host genome, is a
demanding and time-consuming process, but is ultimately the platform of choice for lasting and
reproducible production of recombinant proteins. Common methods for nuclear transformation are
A. tumefaciens mediated (Hellens et al., 2000) and particle mediated gene transfer (biolistics).
Their downsides are arbitrary gene incorporation and gene silencing. This can be overcome with
gene editing techniques such as Zinc-finger nucleases, transcription activator-like effector
nucleases (TALEN) and the CRISPR/Cas9 system (Rozov and Deineko, 2019). Heterologous
DNA can be introduced into plastid genomes as well. Due to high transgene copy numbers and
absence of transgene silencing (Ma et al., 2003), high concentrations of recombinant proteins with
no adverse physiological consequences can be achieved (Bally et al., 2011), as well as
simultaneous expression of multiple genes (Desai et al., 2010) and increased biosafety (Ruf et al.,
2007). A major limitation for production of human glycoproteins, however, is the absence of

glycosylation pathways in plastids.

Transient expression

Transient expression refers to heterologous gene expression when the gene of interest is not
integrated into the host’s genome but remains in the host for only a limited period. Transient
production is a method of choice in response to emergencies like pandemics, when rapid vaccine
and drug development, production and distribution is crucial. Transiently expressed monoclonal
antibodies are one of the most valuable pharmaceutical products of this technology, e.g. ZMapp,
a mADb cocktail against Ebola virus disease that was successfully produced in N. benthamiana
leaves (Qiu et al., 2014). Transient systems are generated via plant pathogens — A. tumefaciens and
plant viruses. The former is known as agroinfiltration. Here, the sequence of interest is placed
within T-DNA borders and delivered into plant material by pressure (syringe) or vacuum
infiltration of the bacterial suspension (Stoger et al., 2014). The latter is termed full virus strategy

and utilizes wild type viral vectors, e.g. tobacco mosaic virus. Magnifection (agroinfection)



combines the two — deconstructed viruses are introduced to plant cells by agroinfiltration. The
method integrates beneficial elements of the viral machinery like RNA/DNA amplification,
enhanced translation and cell-to-cell spread, with bacteria assuming the function of primary
infection and systemic movement. Advantages of this system are fast process development and

scale-up, high product yields and improved biocontainment (Gleba et al., 2005).

2.1.2. Posttranslational modifications

Protein biosynthesis and secretory pathways are highly conserved between plants and animals,
hence production of recombinant human proteins in plant expression systems is favored over yeast
and bacterial ones. In this regard, co- and post-translational modifications (PTMs) are especially
important as most eukaryotic proteins are modified during or after synthesis on ribosomes. For a
large proportion of biopharmaceuticals, only a small subset of PTMs has so far been reported with
glycosylation being the most complex and widespread (Walsh, 2010).

Glycan structures influence protein folding, stability, half-life, solubility, oligomerization and
catalytic activity (Goettig, 2016). Early N-glycosylation steps that take place in the endoplasmic
reticulum (ER) and cis-Golgi are virtually identical in higher eukaryotes, while differences arise
further in glycan processing. Interestingly, only a small number of Golgi-processing enzymes were
identified in plants that give rise to typically two major glycan structures. In contrast, more than a
hundred enzymes are responsible for over two thousand glycan structures identified on mammalian
proteins (Loos and Steinkellner, 2014).

Both plant and mammalian glycoproteins have identical N-glycan core structures but different
terminal and side residues — plant complex N-glycans lack ((1,4)-galactose and sialic acid, carry
core a(1,3)-fucose instead of a(1,6)-fucose and have P(1,2)-xylose residues (Figure 1). Proper
glycosylation of recombinant proteins can be achieved in planta with metabolic glycoengineering
approaches (Strasser et al., 2014). Plants exhibit greater amenability to glycoengineering, as well
as increased homogeneity of glycan structures over CHO cells, the most commonly used system
for production of human therapeutics (Bosch et al., 2013). For example, RNA interference (RNAI)
technology was successfully used in N. benthamiana for production of mAbs lacking plant-specific

glycan modifications (Strasser et al., 2008).
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Figure 1. Complex glycan structures of plant and human proteins (Ma et al., 2003): blue —
residues common to both plants and humans, red — residues common to human proteins, yellow

— residues common to plant proteins.

2.2. PEPTIDASES

Peptidases (proteases, proteinases) are protein hydrolases, enzymes that carry out hydrolysis of
peptide bonds and irreversibly change their substrates. They are classified into families and clans
according to the amino-acid sequence homology and tertiary structure similarities (common
ancestor), respectively. According to the nature of their catalytic site, i.e. the chemical mechanism
of hydrolysis, there are serine (S), cysteine (C), threonine (T), aspartic (A), glutamic (G),
asparagine (N) and metallo- (M) catalytic type! peptidases. Additionally, based on the selectivity
for the peptide bond, endopeptidases cleave internal peptide bonds and exopeptidases remove up
to three residues from the N- (aminopeptidases) or C-terminus (carboxypeptidases) (Rawlings et
al., 2018; Klein et al., 2018). Information on proteolytic enzymes, their substrates and inhibitors
can be found in the MEROPS database (Rawlings et al., 2018).

In general, peptidases polarize the carbonyl group of the substrate scissile bond making the carbon
susceptible to attack by an activated nucleophile, such as hydroxyl or sulfhydryl groups of the
active site Ser, Thr and Cys, or an activated water molecule in case of Asp, Glu and metallo-
peptidases (van der Hoorn, 2008; Lopez-Otin and Bond, 2008). Some peptidases are highly

specific, while others have a broad range of substrates. Substrate specificity is determined by

! Additionally, peptidases can be classified as unknown (U) or mixed (P) catalytic type.



molecular interactions at the protein-protein (peptidase-substrate) interface in the peptidase’s

substrate binding cleft (Figure 2).

Substrate

Scissile bond
N terminus Non-primed side W Primed side C terminus

S5 S4 S3 S2 S1 S17 S2¢ S3¢ S4

Protease

Figure 2. Schematic representation of peptidase-substrate interaction (Turk, 2006). Substrate
amino acid side chains are marked starting from the scissile bond towards the N- (P1-Pn) or C-

terminus (P1°-Pn’); peptidase subsites are marked accordingly (S1-Sn and S1°-Sn”).

2.2.1. Plant specific peptidases

Peptidases have a myriad of physiologically and developmentally vital functions, from
housekeeping to regulatory ones: degradation of redundant, damaged, misfolded and potentially
harmful proteins and provision of amino acids for de novo protein synthesis (protein turnover),
site-specific limited proteolysis as a means of zymogen maturation, alteration of protein activity,
stability and localization, to name a few. Proteolysis is recognized as a vital regulator in all stages
of the plant life cycle (Schaller, 2004; van der Hoorn, 2008). Plant genomes encode several
hundred proteolytic enzymes localized in various subcellular compartments, while many are
secreted to and active in the apoplast, a default destination for recombinant proteins targeted to the
secretory pathway (Hehle et al., 2011).

The largest peptidase classes in plants are of the Ser, Cys, metallo-, Asp and Thr catalytic type
(Grosse-Holz et al., 2018a).



Subtilisin-like serine peptidases

Subtilisin-like serine peptidases or subtilases (SBTs; S8 family, SB clan) are found in Eukarya,
Bacteria and Archaea. They constitute the largest serine peptidase family in plants (Schaller et al.,
2018). The general structure of SBTs (SISBT3 as a model) is shown in Figure 3.

Subtilases are synthesized as pre-pro-enzymes, with the N-terminal secretion signal peptide
removed during co-translational translocation across the ER membrane. The prodomain is
autocatalytically cleaved during zymogen maturation. It is required for proper folding of the
enzyme and its autoinhibition through substrate-like binding to the catalytic subtilisin domain.
Plant subtilases have a protease-associated (PA) domain inserted between the His and Ser residues
of the Asp-His-Ser catalytic triad, and a C-terminal fibronectin (Fn)Ill-like domain (Schaller et
al., 2018). The former contributes to substrate recognition and selectivity, as well as
homodimerization necessary for enzyme activation. The latter enhances enzyme stability and is
functionally required for only some SBTSs, e.g. SISBT3. Unlike other subtilases, plant SBTs do not
require calcium for thermostability (Cedzich et al., 2009; Ottmann et al., 2009).

1123 113 343 473 655 761

D144 H215 N317 S538

[l signal  [[] Prodomain [} Subtilase [] PA B Frili-ike
peptide domain domain domain

Figure 3. Structure of Solanum lycopersicum subtilase 3 (SISBT3) (Schaller et al., 2018).



Plant SBTs have been best studied in Arabidopsis thaliana, where the S08 family has 56 members.
Nicotiana benthamiana also counts 56 SBTs, 28 of which were detected in the apoplastic fluid
collected from agroinfiltrated leaves. Of these, 12 were among the 10% most abundant
extracellular proteins (Grosse-Holz et al., 2018a). Besides protein turnover, subtilases participate
in specific processing of precursor proteins, generation of signalling peptides, formation of
antimicrobial peptides, and are implicated in programmed cell death (PCD), pathogen defence and
organism growth and development (Schaller et al., 2018). Phytaspases are known to be involved
in direct cleavage of target proteins, specifically after the aspartic acid residue. Although
structurally unrelated, phytaspases exhibit functional similarities to animal caspases as they are
involved in PCD, in particular the hypersensitive response induced by pathogen infection
(Chichkova et al., 2014). Tobacco phytaspase was found to be involved in plant protection during
agrobacterium-mediated transformation, its target being the agrobacterial VirD2 protein that drives
T-DNA transport into the nucleus (Reavy et al., 2007). P69 SBTs are involved in pathogen defence
as modulators of the plant immune responses. Tomato P69B and P69C are coordinately and
systemically induced by pathogen infection. The latter was found to be involved in the remodeling
of the extracellular matrix, possibly as a part of immune signaling (Schaller et al., 2018).

2.2.2. Unwanted proteolysis of plant-produced recombinant proteins

A major problem encountered during recombinant protein production in plants is proteolytic
degradation and subsequently significant reduction in product yield (Doran, 2006). It has been
shown that proteolytic processing largely occurs along the secretory pathway and in the apoplast,
a major drawback for production of recombinant glycoproteins such as monoclonal antibodies.
Interestingly, degradation during downstream processing is not as significant (Hehle et al., 2011).
Recently, N. benthamiana SBT1 and SBT2 were shown to be involved in proteolysis of transiently
expressed monoclonal antibodies (Puchol Tarazona et al., 2021).

In vivo, peptidase activity is controlled by several mechanisms: regulation of gene expression,
activation of inactive zymogens, blockade by endogenous inhibitors, subcellular targeting,
glycosylation, metal binding, S-S bridging and proteolysis (L6pez-Otin and Bond, 2008).
Approaches to counter unwanted proteolysis of plant-produced recombinant proteins are discussed

in the following section.



Peptidase inhibitors

Since peptidases irreversibly change their substrates, their activity in vivo must be strictly
regulated. This is accomplished with peptidase inhibitors that either block the enzymes’ activity
by substrate-like binding to the active site, prevent substrate access by binding to regions adjacent
to the active site or allosterically alter the conformation of the active site and thus decrease the
enzymes’ affinity for the substrate (Turk, 2006). Many peptidase inhibitors are multifunctional
and/or have a relaxed specificity, i.e. one inhibitor can interact with multiple enzymes (Grosse-
Holz and van der Hoorn, 2016). Co-expression of peptidase inhibitors with the protein of interest
is a powerful approach to reduction of unwanted proteolysis in plants (Rivard et al., 2006). For
example, increase in yield of 1IgG complexes was achieved in N. tabacum roots by co-expression
of a Bowman-Birk Ser peptidase inhibitor (Komarnytsky et al., 2006); co-expression of SICYS8,
a member of tomato cystatin family, resulted in substantial increase in accumulation of murine
C5-1 (Robert et al., 2013) and VRCO1 Abs (Grosse-Holz et al., 2018 b) in N. benthamiana leaves.

Gene knock-down/out

Unwanted proteolytic degradation of recombinant proteins can be prevented by targeting
peptidase-encoding genes and/or their transcripts. RNAI or post-transcriptional gene silencing
(PTGS) technology utilizes sequence-specific small dsSRNAs to target mMRNASs for degradation by
the RNA-induced silencing complex (RISC) (Sontheimer, 2005). Using this technology a Cys
peptidase in rice was silenced and recombinant protein synthesis thus increased (Kim et al., 2008).
Also, a stringently controlled, chemically inducible RNAIi system was produced in transgenic A.
thaliana and N. benthamiana (Guo et al., 2003), a great advantage when working with
indispensable proteins. Another antisense RNA technology utilizes ssSRNAs that complementary
bind mMRNA and inhibit translation by disrupting ribosome binding or recruiting RNaseH (Bennett
and Swayze, 2010). It was successfully used in tobacco BY-2 cells to simultaneously silence four
genes encoding peptidases of different catalytic classes (Mandal et al., 2014). Complete gene
disruption (knockout) is possible using precision genetic modification techniques such as
CRISPR/Cas, TALENSs, ZFNs etc. (Fichtner et al., 2014). This strategy, however, might prove

futile if the target proteases are indispensable for plant growth and development.
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Protein targeting

In order to obtain high yields of stable and active protein, retention in selected cellular
compartments via protein targeting is employed. The ER lumen, for example, is advantageous over
apoplast and cytosol owing to its highly oxidizing environment with abundance of chaperones and
comparatively few proteases (Ma et al., 2003). Fusion with y-zein N-terminal domain enables
protein accumulation in the form of ER-derived protein bodies, leading to e.g. an increase in yield
of subunit vaccine F1-V from Yersinia pestis produced in N. benthamiana leaves and N. tabacum
NT-1 suspension cells (Alvarez et al., 2010). A major disadvantage of protein retention in the ER,
however, is the absence of late PTMs, e.g. complex-type glycosylation taking place in the Golgi
(Benchabane et al., 2008). Another class of protein bodies in seeds are protein storage vacuoles
(PSVs). Compared to lytic vacuoles that are rich in hydrolytic enzymes, PSVs provide a mild

environment well adapted for protein accumulation and storage (Stoger et al., 2005).

Stabilizing agents

Designing recombinant variants with improved stability (e.g. removing peptidase susceptible sites
and/or integrating stabilizing conserved sequences) is difficult within the existing regulatory
framework for therapeutics since maximal identity between the recombinant protein and its
original counterpart is required (Benchabane et al., 2008). Alternatively, protein-stabilizing agents
like BSA (James et al., 2000), PVVP (Sharp and Doran, 2001), gelatin (Kwon et al., 2003) etc., can
be supplemented to culture suspensions to enhance and maintain recombinant protein stability
without changing its primary structure. This, however, complicates the purification process and

increases downstream processing costs.
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2.3. ANTIBODIES

Antibodies (Ab) or immunoglobulins (Ig) are glycoproteins bound to the surface of and secreted
by B-lymphocytes. The main functions of antibodies are neutralization of infectivity,
phagocytosis, antibody-dependent cellular cytotoxicity (ADCC) and complement-mediated lysis
of pathogens or infected cells (Forthal, 2014).

Heavy ,
chain Antigen-

binding site b) Complementarity-
determining region
(CDR) loops

Light—
chain

Fc receptor/
complement
binding sites L
| region
q - :CH3b
Tail piece/ cc — c
Disulfide bond ~----
Ig domain

Figure 4. Structure of: a) secreted IgG molecule, b) Ig variable domain (Abbas et al., 2011).

As shown in Figure 4, Abs are composed of two identical copies of light (L) and heavy (H) chains:
the L chain consists of one variable (V) and one constant (C.) region; the H chain comprises one
variable (VH) and three (or four) constant (Cn) regions. The N-terminal domains of the L and H
chains associate to form the Fab domain, carrying the antigen recognition/binding site, while the
C-terminal parts of the H chains form the Fc domain that mediates cellular and molecular effector
functions. Each V/C region folds independently in a globular motif called an 1g domain. V1 and
VL domains contain three hypervariable complementarity-determining regions (CDRs) each,
distributed between the less variable framework (FW) regions. Six CDRs constitute the antigen-
binding site, determining antigen complementarity and Ab specificity. Among these, CDRH3 is
the most diverse in structure and size (Goldsby et al., 2003; Abas et al., 2011). According to the
differences in their CH regions, five classes/isotypes of human Abs arise. Fabs and Fc of IgG, IgA
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and IgD are connected by the flexible hinge — region rich in Pro, Thr and Ser, containing disulfide
bonds between the H chains and enabling lateral and rotational movement of Fabs (Lipman et al.,
2005) — while IgE and IgM possess another Cy domain instead (Goldsby et al., 2003; Abas et al.,
2011).

2.3.1. Broadly neutralizing monoclonal antibodies against HIV-1

The HIV-1 viral envelope is composed of a phospholipid bilayer with transmembrane (gp41) and
surface (gp120) glycoproteins generated upon endoproteolytic cleavage of the highly glycosylated
gp160 polyprotein precursor. Upon cleavage, gp120 and gp41 remain non-covalently associated
as heterodimers, three copies of which form the envelope spike/knob (Env) (Pantophlet and
Burton, 2006). Env defines viral tropism, mediates the fusion process and is the main target of Ab-
mediated immune responses. Figure 5 shows Env epitopes targeted by potent bnAbs, all discussed

in the following section.

CD4-binding site
b12, VRCO1, VRCO7, NIH45-46,
3BNC117, VRC-PG04

VN2
PG9, PG16, CHO1-04,
PGT141-145, PGDM1400

V3/Asn332 glycan patch
PGT121-123, PGT125-131,
PGT135, 10-1074, 2G12

gp120/gp41-interface

PGT151, 35022, BANC195

Viral membrane MPER
2F5, 4E10, 10E8

Figure 5. HIV-1 Env epitopes targeted by bnAbs (Zhang et al., 2016)

Abs to CD4-binding site

The HIV-1 CD4 binding site (CD4bs) is a conserved conformational epitope responsible for CD4
receptor binding, the primary HIV-1 target. CD4 binding induces exposure of the chemokine
receptor (CCR5/CXCR4)-binding site and of the gp41 fusion peptide (Mao et al., 2012). In

contrast to the prefusion state, CD4-bound Env displays more glycan-free, conserved surfaces,
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therefore eliciting appropriate Ab responses more easily (Pancera et al., 2014). Still, CD4bs has
limited accessibility due to its position near the interprotomer interface and shielding by nearby V
loops and glycans of its own and adjacent protomers (Ward and Wilson, 2015).

Anti-CD4bs Abs fall into two distinct categories: CDRH3-dominated and Vn-gene-restricted
(Zhou et al., 2015). VRCO1 is a member of the latter, a CD4 mimetic that neutralizes over 90% of
tested HIV-1 isolates. Apart from receptor mimicry, VRCO1 owes its potency to the high degree
of affinity maturation (Zhou et al., 2010). The even more potent bnAb NIH45-46 was isolated
from the same donor and has a four-residue insertion in CDRH3 acquired by somatic
hypermutation, for interaction with the gp120 inner domain (Diskin et al., 2011). CDRH3-
dominated Abs are represented by the CH103 clonal lineage (Liao et al., 2013). The main
interaction with gp120 is accomplished by the CDRH3 loop. b12 was the first member of this
group to be characterized (Burton et al., 1994). Abs targeting CD4bs by non-CD4 mimetic
mechanisms are generally less potent and more selective than CD4 mimetics (West et al., 2014)
due to the high mutability of Vu-germline genes that guides Ab maturation (Bonsignori et al.,
2016).

Abs to variable regions 1 and 2 (V1/V2)

HIV-1 variable loops mask the more conserved regions underneath, tolerate high mutation rates
and are heavily glycosylated and flexible. Such are the VV1 and V2 loops connecting the strands of
the antiparallel B-sheet of the V1/V2 domain. They extend away from the trimer apex, with V1
projecting toward the high-mannose patch on the gp120 outer domain and V2 situated above the
CD4bs (McLellan et al., 2011; Ward and Wilson, 2015).

V1/V2-directed bnAbs have long protruding anionic tyrosine sulfated CDRH3s, assume [3-hairpin
conformation and are capable of penetrating an N-linked glycan shield to reach the cationic protein
surface (McLellan et al., 2011). Somatically related PG9 and PG16 Abs managed to neutralize 70-
80% of circulating HIV-1 isolates. They show preferential trimeric spike binding and recognize a
conformational epitope formed from conserved regions of the V1/V2 (and V3) loops (Walker et
al., 2009). Essential for their neutralization efficacy is interaction with the N-linked glycan Asn160
positioned centrally in the V2 loop. With its 28 residue-long CDRH3, PG9 engages with 5 out of
7 sugar moieties of the Asn160 MansGIcNAc.. Interaction with other surface glycans, such as
Asn156 and Asnl173 is also important for Ab recognition and binding. PG9 and PG16 differ in
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their preference for N-glycans, the latter being more sensitive to changes in viral glycosylation
(Doores and Burton, 2010).

Abs to variable region 3 (V3)

V3 is a 35-residue long, highly variable and heavily glycosylated region of gp120 that plays a
central role in HIV-1 tropism, i.e. the CCR5/CXCR4 coreceptor specificity (Hartley et al., 2005).
Sequence variation is restricted to ~20% of its residues, primarily within the crown of the loop.
Deletion of V3 completely abrogates virus infectivity (Zolla-Pazner and Cardozo, 2010). Epitope
masking is reported for V3 by V1/V2 (Liu et al., 2011).

PGT121 and 10-1074 are clonal variants that target a conserved epitope involving the N-
glycosylation site at Asn332 and the base of V3. Both have 24-residue long CDRH3s with a
nonpolar tip that may allow access to cryptic epitopes (Julien et al., 2013; Mouquet et al., 2012).
BnAb 2G12 recognizes a cluster of high-mannose glycans (Mans-oGIcNACc:) and binds terminal
Mana1,2Man-linked sugars utilizing an unusual domain-exchanged structure. Its (Fab), forms a
multivalent binding surface that comprises two canonical antigen-binding sites (V1/VL) involving
Asn332 and Asn392, and a third noncanonical binding site at the Vu/VH' interface involving
Asn339 (Calarese et al., 2003; Doores et al., 2010). Substitution of isoleucine with arginine at
position 19 in the 2G12 heavy chain yields its nondomain-exchanged variant 2G12-119R. This
single residue substitution disables intramolecular Fab dimerization, rendering 2G12-119R unable

to recognize and bind said trimer glycan motifs (Doores et al., 2010).

Abs to the membrane proximal external region (MPER)

The highly conserved MPER is positioned at the gp41 ectodomain C-terminus, connecting the
ectodomain to the transmembrane domain. It contains highly conserved hydrophobic and Trp
residues (Salzwedel et al., 1999). Relevant to Ab neutralization, MPER has multiple structures
which can be attributed to its structural flexibility, i.e. conformational changes during the fusion
process (Barbato et al., 2003).

2F5 has a sterically exposed, 22-residue long CDRH3 (Niemer et al., 2014) and recognizes a gp41
MPER epitope containing (primarily) the amino acid sequence ELDKWA with additional

contiguous residues important in stabilization of fusion transition conformations (Barbato et al.,
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2003). More reactive towards MPER is 4E10 that recognizes the post-fusion coiled-coil structure
(Kwong and Mascola, 2012) with its 18-residue long CDRH3, rich in Gly and Trp accounting for
its flexibility and hydrophobic nature, respectively. Only two residues are in contact with the
epitope, while others enable interactions with the viral membrane and/or other gp41l residues
(Cardoso et al., 2005). 10E8 binds MPER more efficiently than both 2F5 and 4E10. With its 22-
residue long CDRH3, 10E8 recognizes an epitope overlapping the 4E10 epitope, with additional,
crucial binding to Asn671 and Arg683 (Huang et al., 2012).

Abs to the gp120/41 interface

PGT151 recognizes only cleaved, trimeric Env. Its interaction with the gp120/41 interface is
glycan dependent — important for neutralization are conserved glycans at gp41 Asn611 and Asn637
(Falkowska et al., 2014). Further, PGT151 recognizes a conserved, complex-glycan-dependent,
quaternary epitope involving the gp120/gp41 interface of one protomer and one or more complex
glycans at gp41 HR2 of the adjacent protomer. With its 26-residue long CDRH3 extending into
the interprotomer cavity, PGT151 neutralizes the virus by stabilizing the gp4l prefusion
conformation and gpl120/gp4l interactions, thereby preventing CD4-induced conformational
changes and fusion (Blattner et al., 2014). 8ANC195 inserts its entire HC variable region into a
gap in the virus shield to form a large interface that involves >50% contacts to gp120 glycans, with
the glycans attached to Asn243 and Asn276 being crucial for Ab binding. It thereby prevents
conformational changes required for gp4l-mediated fusion. Variants of 8ANC195 may be
particularly valuable since its epitope does not overlap with the targets of CD4bs, V2, V3 or MPER
Abs (Scharf et al., 2014).
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3. MATERIALS AND METHODS

3.1. MATERIALS

3.1.1. Buffers and solutions

40 mM Tris-acetate

TAE, pH 8.2
1 mM EDTA
10 mM MES
Infiltration buffer, pH 5.6 10 mM MgSOg4

0.1 mM acetosyringone

Extraction/Wash buffer, pH 7.0

50 mM NazHPO4/NaH2PO4
200 mM KClI

20 mM imidazole

Elution buffer, pH 7.0

50 mM NazHPO4/NaH2PO4
200 mM KCI
250 mM imidazole

Final buffer, pH 7.0

50 mM NaxHPO4/NaH2PO4
200 mM KClI

Storage buffer, pH 7.0

50 mM NazHPO4/NaH2PO4
200 mM KClI
0.02 % NaNs3

SDS-PAGE sample buffer

125 mM Tris/HCI, pH 6.8
10 mM DTE

1 % (w/v) SDS

10 % glycerol

0.01 % bromophenol blue
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SDS-PAGE running buffer

0.025 M Tris
0.2 M glycine
0.1 % (w/v) SDS

(Gel) Destaining solution

50 % ddW
40 % methanol

10 % acetic acid

(Gel) Staining solution

Destaining solution

0.02 % Coomassie Brilliant Blue R-250

Transfer buffer (TOWBIN)

25 mM Tris

192 mM glycine

1 mM SDS

20 % (v/v) methanol

Ponceau S solution

3 % (v/v) trichloroacetic acid (TCA)
0.1 % (w/v) Ponceau S

Phosphate-buffered saline (PBS), pH 7.4

137 mM NaCl
2.7 mM KCI

8.1 mM NazHPO4
1.9 mM KH2POq4

PBST

PBS
0.05 % (w/v) Tween 20

Blocking solution

or

or

PBS

0.02 % (w/v) NaN3

3 % (w/v) bovine serum albumin (BSA)
3 % (w/v) milk powder

3 % biotin-free BSA2

2 When working with biotinylated samples
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Elution buffer, pH 3.0

0.1 M glycine/HCI

Neutralization buffer, pH 8.0

1 M Tris/HCI

3.1.2. Media

LB, pH 7.0

1 % (w/v) peptone

1 % (w/v) yeast extract
0.5 % (w/v) NaCl

0.1 % (w/v) D-glucose

+

0.1 mg/mL Kan (DH10pB)
or

0.1 mg/mL Kan, 0.5 mg/mL Gen
(UIA143)

LB agar

LB
1.5 % agar

SOC

2 % (w/v) tryptone

0.5 % (w/v) yeast extract
10 mM NaCl

2.5 mM KCI

10 mM MgCl>

20 mM D-glucose
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3.1.3. Reagents

Primers were custom-synthesized by Sigma-Aldrich. Restriction enzymes and DNA-modifying

enzymes were purchased from Promega, Fermentas or New England Biolabs. DNA and protein

markers/ladders were purchased from Thermo Fisher Scientific and Fermentas. The enhanced

chemiluminescence WB reagent (ECL) was purchased from Bio-Rad Laboratories. The activity-

based probes FP-biotin and biotinyl-YVAD-CMK were purchased from Santa Cruz Biotechnology

and Bachem, respectively.

Table 1. List of primers used in screening/sequencing (S) and cloning (C); forward (Fw) or reverse

(Rv) orientation; the sequence encoding the added his-tag is underlined.

Primer Sequence (5’2 3°) Purpose
GTTAAGCTTCTGTATATTCTGCCCAAA
NbPhytl_GA-Fw C,S
TTCGCGATGGCCAATTGTATTACTATG
GAAAATTTAATGAAACCAGAGTTAAAGGCCTAGTG
NbPhytl_GA-Rv CS
ATGGTGATGGTGATGCAGAGGATCCACTCTTATG
GTTAAGCTTCTGTATATTCTGCCCAAA
NbP69F_GA-Fw C S
TTCGCGATGGGATTCTTGCAAATCCT
GAAAATTTAATGAAACCAGAGTTAAAGGCCTAGTGA
NbP69F_GA-Rv C,S
TGGTGATGGTGATGTTCCACTAACAATACTACTGC
pPEAQ-Fw TTCTTCTTCTTCTTGCTGATTGGT S
PEAQ-Rv GCACAGAAAACCGCTCACCAAACA S
NbPhyt1-IntRv CTTATTTGGATTGATACGGC S
NbP69F-IntFw CTAATTTCACGACCAAGTG S
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Table 2. List of restriction enzymes used in the cloning process (C) and restriction analysis (R).

Restriction enzyme Restriction site Purpose

5°...A]CCGGT... 3
Agel-HF C
3’...TGGCCtA... 5’

5°...C|TCGAG... 3’
Xhol C
3’...GAGCT1C... 5

5°...G]GATCC... 3’
BamHl R
3’...CCTAG1G... 5’

5°...CTGCA|G... 3’
Pstl R
3’...GTACGTC... 5’

Table 3. List of antibodies/reagents used in Western blot detection.

Mouse-a-6xHis (Takara Bio, Inc.)
1° Ab
Rabbit-a-SBT1 (Andreas Schaller, Swiss Federal Institute of Technology)
Goat-a-Mouse IgG-HRP (Jackson ImmunoResearch)
2° Ab Goat-a-Rabbit IgG-HRP (Jackson ImmunoResearch)
Goat-a-Human 1gG-HRP (Sigma-Aldrich)
Biotin -
. Streptavidin-HRP (Vector Laboratories, Inc.)
detection

Table 4. List of antibodies used in Ab digest assays.

Antibody Production host Manufacturer/Provider
PG9 CHO Polymun Scientific
2F5 CHO Polymun Scientific
2G12-wt CHO Polymun Scientific
Yvonne Taubenschmid, BOKU Vienna
2G12-119R Nb
(batch from 22.4.2016)
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Table 5. List of inhibitors used in NbPhyt1 inhibitor profiling analysis.

Inhibitor Stock concentration Manufacturer
AEBSF 0.2M Carl Roth
PMSF 0.2M Sigma-Aldrich
FP-biotin 10 mM Santa Cruz Biotechnology
Ac-YVAD-CMK 10 mM Bachem
Z-VAD-FMK 10 mM Bachem

3.1.5. Organisms
Escherichia coli DH10B

The E. coli DH10B strain was used due to advantages like fast propagation, high DNA
transformation efficiency, ability to take up and stably maintain large plasmids (>10 kb) and lack
of methylation-dependent restriction systems (Durfee et al., 2008).

Transformed cells were grown in LB and on LB-agar plates supplemented with kanamycin (0.1
mg/mL) at 37°C (suspension continuously mixed on a shaker). Methods involving DH10p are

described in chapters 3.2.2.-3.2.7.

Agrobacterium tumefaciens UIA143

The A. tumefaciens UIA143 strain is a recA mutant, derivative of strain C58 (autC58
recA::EryJ40(pAtC58)): deficient in DNA repair and recombination functions but retaining its
ability to conjugally transfer and receive plasmids (Farrand et al., 1989). It harbors a pMP90 Ti-
helper plasmid containing a gene encoding GenR and an active vir region (Hamilton, 1997). Here,
expression of vir genes was induced with the phenolic compound acetosyringone (0.1 mM).
Transformed cells were grown in LB and on LB-agar plates supplemented with kanamycin (0.1
mg/mL) and gentamycin (0.5 mg/mL) at 29°C (suspension continuously mixed on a shaker).
Methods involving UIA143 are described in chapters 3.2.8. and 3.2.9.
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Nicotiana benthamiana

N. benthamiana AXT/FT plants were used for recombinant protein expression. These
glycoengineered species lack plant-specific al,3-fucosylation and f1,2-xylosylation. They are
generated by RNAi-mediated downregulation of endogenous FucT and XylT genes, in order to
produce mAbs lacking plant-specific glycosylation (Strasser et al., 2008).

Plants were grown at 24°C with a 16-hour light, 8-hour dark photoperiod, for 4-5 weeks prior to

agroinfiltration. Methods involving N. benthamiana are described in chapters 3.2.9. and 3.2.10.

3.1.4. Plasmids

The pEAQ plasmids are a series of small binary vectors designed for transient expression
(Sainsbury et al., 2009). Created from pEAQ-HT, pEAQ-IgAnc (Goritzer et al., 2017) was used to
design pEAQ-NbPhytl and pEAQ-NDbP69F expression vectors, as described in 3.2.2.-3.2.4.
PEAQ-HT is based on the CPMV-HT expression system that uses CPMV RNA-2 UTRs to direct
expression of a gene of interest placed between the (minimal) CaMV 35S promoter and the NOS
terminator. The 5’UTR is mutated (the hypertrans/HT mutations) such that the upstream AUG
(161) codon is removed, which greatly enhances translational efficiency. Insertion of foreign genes
in CPMV-HT expression cassettes is possible either by restriction-based enzyme cloning or by
using the GATEWAY recombination system. The expression cassette is placed within the
plasmid’s T-DNA region defined by the right and left border (RB/LB) T-DNA repeats. The
sequence encoding the P19 suppressor of gene silencing (prevention of host-induced foreign
MRNA degradation) and the eukaryotic NeoR/KanR resistance gene (coding for aminoglycoside
phosphotransferase; selection in plants) are also contained within the T-DNA borders. The vector
backbone contains the prokaryotic KanR gene (selection in E. coli and A. tumefaciens), the broad-
host origin of replication oriV and trfA encoding the activator of oriV (Peyret and Lomonossoff,
2013).

Plasmid maps were created in SnapGene, as shown in Figure 6.
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Figure 6. The plasmid backbone contains oriV (yellow), trfA (purple) encoding its activator and a
prokaryotic KanR gene (light green). a) pEAQ-1gAnc: positioned between LB and RB T-DNA
repeats (light pink) are genes encoding IgAnc (red), suppressor of gene silencing P19 (grey) and
eukaryotic NeoR/KanR (light green). Agel and Xhol restriction sites are marked. b) pEAQ-
NbPhytl (left) and pEAQ-NbP69F (right): like a) but with genes encoding NbPhyt1 (green) and
NbP69F (blue) ligated into the Xhol and Agel restriction sites (instead of 1gAnc). Sites for BamHI
(PEAQ-NDbPhyt1) and Pstl (pEAQ-NbP69F) restriction analysis are highlighted (orange).
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3.2. METHODS
3.2.1. Agarose gel electrophoresis

Agarose gel electrophoresis (AGE) was performed in all steps concerning DNA characterization.
AGE separates DNA fragments according to their size. Smaller fragments migrate through the
agarose gel faster than larger ones towards a positively charged electrode due to the negatively
charged DNA backbone.

1 % agarose gels were prepared. To prepare a 40 mL gel, 0.4 g agarose was mixed with 40 mL
TAE buffer in an Erlenmeyer flask and microwaved until completely dissolved. For detection of
nucleic acids, 2 pL of (20000x) peqGREEN were added to the mixture. The mixture was poured
into a gel tray and a sample well-comb was inserted (carefully to avoid air bubbles). The gel was
allowed to solidify completely at room temperature (20-30 minutes). Next, the comb was carefully
removed and the gel tray was transferred into an electrophoresis chamber. Prior to sample loading,
the gel was completely submerged in TAE buffer. Samples were mixed with the appropriate
amount of 6x loading dye (to visualize migration of DNA fragments) and loaded into sample wells.
Gel electrophoresis was performed at 120 V/30 min. Bands were visualized with a UV

transilluminator (GelDoc, Bio-Rad).

3.2.2. Isolation and restriction of pEAQ-1gAnc

The pEAQ-IgAnc plasmid was isolated and purified from an overnight DH10p culture using the
Wizard Plus SV Minipreps DNA Purification System (Promega). The expression vector pEAQ
was prepared by enzymatic restriction of pEAQ-IgAnc with Agel-HF (New England Biolabs) and
Xhol (Thermo Fisher Scientific). Restriction sites are shown in Table 2 and the reaction conditions
are listed in Table 6. The amount of enzyme required for optimal restriction depends on the amount

of plasmid DNA used and was determined according to the manufacturer’s manual.

Table 6. Restriction of pEAQ-1gAc.

Restriction enzyme Buffer Reaction Inactivation
Agel-HF 1x rCutSmart/1x Tango 37°C/2h30° 65°C/30°
Xhol 2x Tango 37°C/2h 80°C/20°
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Double-digested (dd) pEAQ was separated from the IgAnc fragment and remaining undigested
plasmid by agarose gel electrophoresis. Bands corresponding to dd pEAQ were cut from the gel,

followed by its purification using the Wizard SV Gel and PCR Clean-up System (Promega).

3.2.3. NbPhytl and NbP69F cDNA amplification

DNA sequences coding for the subtilisin-like serine proteases NbPhytl and NbP69F were
previously cloned into the cloning vector pCR4. From this template, NbPhyt1 and NbP69F cDNAs
were amplified by means of polymerase-chain-reaction (PCR) in a thermocycler. The PCR

program used is shown in Table 7. Primer sequences are shown in Table 1.

Reaction:
0.5 uL DNA template 0.2pL Q5 polymerase
0.4 uL dNTPs (10 mM) 4.0 pL 5x Q5 buffer

1.0 pL Fw primer (10 puM)  12.9 pL ddW
1.0 pL Rv primer (10 puM)
V1 =20 puL

Table 7. Amplification of NbPhyt1/NbP69F cDNA insert; PCR program.

cDNA insert NbPhytl NbP69F
Primer combination NbPhytl GA-Fw NbP69F_GA-Fw
NbPhytl_GA-Rv NbP69F _GA-Rv
Lid 105°C
1 — initial denaturation 98°C, 30>
e 2 — denaturation 98°C, 10>’
3
g» 3 — primer annealing x 35 58°C, 25> 60°C, 25’
o 4 — extension 72°C, 1’10’
5 — final extension 72°C, 5’
6 —end 10°C, 5°
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NbPhyt1/NbP69F cDNA inserts were purified using the Wizard SV Gel and PCR Clean-up System
(Promega). Agarose gel electrophoresis and NanoDrop (Thermo Scientific) spectrophotometry

were used to check their purity and determine the approximate DNA concentration.

3.2.4. Gibson Assembly

The NbPhyt1/NbP69F cDNA insert was subcloned into the dd pEAQ expression vector by Gibson
Assembly (GA), an isothermal, single-tube reaction for assembling overlapping DNA molecules
(Gibson et al., 2009). TS5 exonuclease (thermolabile) removes nucleotides from 5’ ends of dsDNA
molecules. The resulting ssDNA overhangs anneal and Phusion DNA polymerase fills the gaps,
while Tag DNA ligase joins the strands. A molar 1:2 to 1:3 vector to insert ratio was used for
optimal reaction efficiency. Double-distilled (ddW) water was used instead of the insert as a

negative control (later referred to as GA without insert).

Reaction:
3.6 uL 5x I1SO buffer
0.25 pL Phusion polymerase
2.0 uL Tag ligase
2.0 uL T5 exonuclease (1:250 in ISO buffer)
X pL pEAQ vector
X UL NbPhyt1/NbP69F cDNA insert/ddW
X pL ddw

V=20 pL

The reaction mixture was incubated in a thermocycler (lid preheated at 105°C) at 50°C/1 hour
(cool-down at 10°C/10 min).
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3.2.5. Production of electrocompetent DH103

A baffled flask containing 500 mL sterile LB medium was inoculated with 2 mL of saturated
overnight DH10B culture. The bacterial culture was incubated at 37°C/3 hours/100 rpm, that is
until an ODsoo of 0.5-0.7 was reached, indicating exponential phase of cell growth. Next, the cell
suspension was incubated on ice at 4°C/1 hour and mixed by shaking every 10 minutes. The
suspension was transferred to 250 mL GSA containers and centrifuged at 5000 rpm/4°C/15 min.
The supernatant was discarded. The pellets were resuspended and washed in 200 mL cold ddwW
(centrifugation as above, supernatant discarded). Washing was repeated with 50 mL cold ddW and
the contents of the two containers were combined (centrifugation as above, supernatant discarded).
The last washing step was performed in 5 mL 10 % glycerol (centrifugation as above, supernatant
discarded). Finally, the cell pellet was resuspended in 1 mL 10 % glycerol. 50 pL aliquots were
transferred to 1.5 mL microcentrifuge tubes, snap-frozen in liquid nitrogen and stored at -70°C.
The competency of the prepared cells was tested by electroporation with 1 ng of the plasmid
pUC18. Transformed cells were plated on LB-agar plates (containing 0.1 mg/mL Ampicillin) and
grown overnight at 37°C.

3.2.6. DH10p transformation

Competent DH10p Escherichia coli cells were transformed with Gibson assembly (GA) mixtures
by electroporation. 50 pL frozen aliquots of electrocompetent DH10p were thawed on ice, mixed
with 1 pL GA and transferred into cold cuvettes (2 mm electrode gap size). Electroporation was
performed at 2.49 kV/5 msec (MicroPulser Electroporator, Bio-Rad). Immediately afterwards,
cells were mixed with 950 uL sterile SOC medium, transferred to 1.5 mL microcentrifuge tubes
and incubated at 37°C/1 hour/180 rpm. The cell suspension was then centrifuged at 16000 g/1 min,
the cell pellet resuspended in 100 pL SOC and plated on LB-agar (0.1 mg/mL Kan) plates. Plates
were incubated overnight at 37°C.

The following negative controls were set up: cells transformed with GA without insert, cells

transformed with purified double digested pEAQ, untransformed cells.
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3.2.7. Analysis of transformants — colony PCR and restriction analysis

Colonies were resuspended in 10 uL of sterile ddW and boiled at 95°C for 10 minutes in a

thermocycler. Cooled suspensions were mixed with 15 pL colony PCR master mix.

Reaction:

2.5 uL Tag polymerase buffer

1.5 uL 25 mM MgCl.
0.5 pL 10 mM dNTPs

1.25 pL forward primer (10 uM) 10 pL colony suspension
1.25 pL reverse primer (10 puM)

0.2 puL Tag polymerase
7.8 pL ddw

Vr=25pL

Colony PCR was performed in a thermocycler. Primer combinations and PCR program are shown

in Table 8. Primer sequences are shown in Table 1. Amplified DNA fragments were separated and

visualized by agarose gel electrophoresis.

Table 8. Colony PCR.

Sequence PEAQ-NbPhytl PEAQ-NbP69F
Primer combination PEAQ-Fw + NbPhytl-IntRv | pEAQ-RV + NbP69F-IntFw
Expected fragment siz