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Abstract

Plants offer a powerful platform for recombinant protein expression, and have been used
for successful production of human immunoglobulins G (IgGs). This offers an enticing
alternative to current strategies for production of pharmaceutical antibodies. However,
degradation of recombinant proteins by endogenous proteases causes severe yield losses
and this minimises plants’ potential as viable production platforms. To tackle this issue,
we investigated the in vitro and in vivo processing of four human anti-viral IgGs by plant
proteases of Nicotiana benthamiana. Specifically, we tested anti-HIV 2F5, anti-SARS-CoV2
COVA2-15, anti-EBOV 2G4 and anti-HIV VRCO1. In vitro incubation of IgGs with apoplastic
fluids demonstrated that subtilase SBT5.2 is the sole protease responsible for 2F5
cleavage. Moreover, we found that different antibodies exhibit varying levels of
susceptibility to cleavage by subtilases. However, we also desired to ascertain if other
proteases impact IgG processing intracellularly, along the secretory pathway. We also
carried out in vivo experiments, examining the subtilases previously tested in vitro, along
with cysteine proteases, and identified varying impact on IgG accumulation. To get a
better understanding of IgG susceptibility to protease processing, we used a site-directed
mutagenesis approach on 2F5 and COVA2-15 IgGs and provide preliminary evidence that
formation of disulphide bonds enclosing the cleavage site can reduce processing. Finally,
we followed a combined immunoblotting and confocal approach to investigate the
subcellular localisation of 2F5 light and heavy chains. Furthermore, we assessed the effect
of IgG targeting to the endoplasmic reticulum or the vacuole as opposed to the apoplast.
Our results demonstrate that the ER can be a promising compartment to maximise IgG
accumulation. Cumulatively, our results indicate that individual protease depletion does
not uniformly enhance IgG accumulation in N. benthamiana and must be tested on a case-
by-case basis. Additionally, this work reveals the need to better understand IgG
subcellular localisation and their processing profile upon expression in N. benthamiana,

in order to make this a competitive production platform.
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Recombinant proteins (RPs) are used as therapeutic or diagnostic reagents,
creating an emerging demand for their production on an industrial scale. Microbial and
mammalian cell lines have been traditionally preferred for commercial protein
production, but disadvantages in terms of cost, scalability and safety make plants an
attractive alternative (Dirisala et al.,, 2016). In recent years, the advancements in plant
genetic engineering and the demand of industrial scalability has led to significant gains
in the usage of plants for pharmaceutical production. Diverse plant-based expression
systems, such as transient expression, plant cell-suspension cultures, recombinant plant
viruses, plant cell packs, BY-2 cell lysates, hairy roots or the chloroplast transgenic system
are being investigated (Fischer & Buyel, 2020; Ma et al., 2003; Sack et al., 2007; Waheed

etal, 2015; Xu et al.,, 2018).

1.1 The Chronicle of Plant Molecular Pharming

Chinese hamster ovary (CHO) cell line is the most used mammalian expression
system and are responsible for the production of 60-70% of all recombinant
pharmaceutical proteins (Wurm, 2004). Plant Molecular Pharming is considered a cost-
effective and more carbon neutral technology that has been evolving since the
advancements of plant genetic engineering in the 1980s (Shanmugaraj et al., 2020;
Figure 1.1). When it comes to heterologous hosts, plants can be a desirable chassis due
to their ability to grow by simply requiring water, carbon dioxide, inorganic nutrients and
light compared to expensive mammalian culture media. They do not demand special
facilities such as fermenters and they can grow on a field-scale, making them an ideal
candidate for developing countries (Murad et al., 2020). Moreover, plants are able to

perform types of glycosylation that prokaryotic systems such as Escherichia coli cannot
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perform. Also, glycosylation in insects and yeast is limited to high mannose forms (Chen
and H. Lai 2013) may negatively affect the function of virus-like particles (VLPs) and other
recombinant proteins. Plants, on the other hand, have been successfully genetically
engineered to “humanise” the N-glycan modification (Strasser, 2013). However, fine-
tuning of expression levels, delivery of precursors or accuracy of post-translational
modifications are some of the challenges in selecting the optimal host for heterologous
production (Smanski et al., 2017).

Various valuable therapeutic and diagnostic proteins have been produced in
Nicotiana plants, including secondary metabolites (Reed & Osbourn, 2018; Wang et al,,
2016), enzymes (Kytidou et al., 2017; Vardakou et al., 2012), viral antigens and antibodies
(Blokhina et al., 2020; Garabagi, McLean, et al,, 2012a; Pang et al., 2019). Transformation
methods and propagation in Nicotiana species are simple and reproducible (Wuest et al.,
2011). N. tabacum plant suspension cells are the most frequently used cell type in
biotechnology, grown in stirred tanks and bioreactors. Cell suspensions can be
transformed with recombinant DNA either by co-cultivation with A. tumefaciens or by
particle bombardment (Hellwig et al,, 2004). Genome editing with CRISPR/Cas9 and
TALEN have been also successful (Gao et al,, 2015; Zhang et al., 2013). N. benthamiana is
often used for transient expression, while N. tabacum is typically used for production of
stable transgenic plants, a procedure that requires a longer period of development

(Garabagi, McLean, et al., 2012b).
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Advancements & Pitfalls

First plan
made
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General Introduction
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Time

Figure 1.1 Key events of plant molecular pharming.

In 2012, the Food and Drug Administration (FDA) approved the first

biopharmaceutical protein produced in plants for use in humans: taliglucerase alfa for

treatment of Gaucher disease (Marc-André, 2016). This was the first success in Plant

Molecular Pharming, proving that pharmaceuticals can be successfully made for human

use in plants. Other pharmaceuticals are on their way to approval for human use. Recently,
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Health Canada has granted approval for a N. benthamiana-based vaccine against

coronavirus disease 2019 (COVID-19; Hager et al., 2022).

1.2 Nicotiana species for heterologous protein expression

Recombinant protein production has primarily been focused on using tobacco, as
it comprises the most promising and well-established chassis due to its amenability to
genetic engineering and its high biomass yield (Sheen, 1983). Most importantly, the
tobacco expression system minimises the risk of gene leakage via pollen or seed dispersal
into the environment, as it does not require flowering but simply leaves (Conley et al.,
2011). Moreover, tobacco is a non-food crop, eliminating the risk of plant-made
recombinant proteins entering the food chain (Twyman et al., 2003). Furthermore, while
the presence of toxic alkaloids in tobacco may limit its therapeutic applications, low-
alkaloid varieties of tobacco have been established to promote direct oral administration
of plant tissue or crude protein extracts (Joensuu et al.,, 2008). Although tobacco is
considered biosafe, it is not yet embraced by industry due to the low production yields

obtained for recombinant proteins (Doran, 2006).

To address the aforementioned issues, several attempts were made to evaluate the
ideal Nicotiana variety that possesses the most desirable agronomic features, such as fast
growth rates, high biomass yields, high concentration of soluble recombinant protein, and
low-alkaloid content. In a comparative analysis of 52 Nicotiana varieties, N tabacum (cv. |
64) generated the highest protein levels, in combination with high biomass yields and a
relatively low amount of alkaloids following Agrobacterium-mediated transformation for

transient expression of human erythropoietin (EPO) and interleukin-10 (IL-10) (Conley
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et al, 2011). In addition, Sheludko et al.,, after comparing six Nicotiana species for
transient expression of green fluorescent protein (GFP) under 35S Cauliflower Mosaic
Virus (CaMV) promoter, observed that GFP expressed in all species, but in significantly
higher levels in leaves of N. benthamiana, N. exigua, and N. excelsior (3.8, 3.7, and 2.0%
TSP, respectively; Sheludko et al., 2007). However, after using a viral-based expression
system they detected a substantial increase in accumulation of GFP in N. excelsior and N.
benthamiana (63.5 and 16.2% TSP, respectively), concluding that N. excelsior would make
the ideal candidate for both types of expression systems tested. A different promising
Nicotiana species proposed by Sindarovska et al., N. cavicola, belongs to the same
subgenus as N. benthamiana and their fully expanded leaves are larger than those of N.
benthamiana, resulting in a statistically significant enhanced GFP content under the 35S
system (Sindarovska et al., 2019). In another study, the maximum accumulation of the
anti-VEGFR2 (VEGFR2; vascular endothelial growth factor receptor 2) nanobody was
0.45% and 0.2% of total soluble proteins (TSP) in N. benthamiana and N. tabacum,
respectively (Modarresi et al., 2018). Similar levels of GFP and human papillomavirus
capsid protein were reported by Chen et al. and Mati¢ et al, respectively (Chen et al., 2007;
Matic¢ et al., 2012). Although N. benthamiana has very small biomass relative to the larger
tobacco varieties more suitable for commercial use, it remains the model plant system for
transient expression due to its rapid growth and susceptibility to agroinfiltration

(Marillonnet et al., 2005; McCormick et al., 1999; Nausch et al., 2016).

1.2 Transforming Nicotiana benthamiana

The two different approaches used for recombinant protein production consist of

stable genetic transformation and transient gene expression. Stable nuclear
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transformation results in stable expression in plant tissues by ensuring the insertion of
recombinant DNA into the nuclear or the plastid genome of the plant cell (Hwang et al,,
2017). The transfer of recombinant DNA is carried out by using direct and indirect
methods and this preference varies according to the target plant species, target genome
(nuclear or plastid), and gene construct to be introduced. Agrobacterium tumefaciens and
A. rhizogenes are used for indirect gene transfer and are generally preferred for nuclear
transformation. Biolistic transformation by microparticle bombardment, is the most
preferred direct method and is mostly used to transform plastid genomes and plant
species where transformation mediated by Agrobacteria is not applicable (Ream, 2009).
By using plant tissue culture methods, a transgenic plant or plant tissue cultures (callus,
hairy roots) can be established for recombinant protein production from various plant

tissues.

Although in general transgenic plants allow for large-scale protein production,
plant transformation is time-consuming and needs fine-tuning due to the low protein
expression compared to other plant-based expression systems (Gao & Nielsen, 2013).
Another disadvantage is that transgene expression may differ due to positional effects of
random gene integration. Additionally, multiple insertions can lead to gene silencing and
unstable gene expression. By contrast, transient expression has many advantages when
expressing recombinant proteins in plants. Transient transformation is achieved either
by Agrobacterium infiltration or by viral vector-based transient expression. These two
processes are based on the expression of transgenes delivered by bacteria or viral vectors,
and stable integration of the transgene into the genome is not required. The most
important advantage of these systems is the rapid recombinant protein production.

Expression of extra chromosomal transgenes can be detected in 3-4 hours after DNA
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transfer, while maximum protein expression levels are reached in 18-48 hours, and gene

expression can be maintained for 10-14 days afterwards (Diego-Martin et al., 2020).

A. tumefaciens exists in many genetically distinct strains that differ in their ability
to infect plants (Newell, 2000). A. tumefaciens uses plant hormone regulation to cause
tumour formation on the host plant. They are able to do this due to the presence of a
distinct plasmid called a ‘tumour inducing’ (Ti) plasmid, of which a fragment can be

transferred into host plant cells. This fragment is called transfer-DNA (T-DNA).

In natural oncogenic strains of Agrobacterium, the T-DNA carries genes for auxin
and opine production (Pitzschke & Hirt, 2010). This allows the bacteria to use hormones
to promote tumour growth and produce opine as a nitrogen source. Different strains can
produce enzymes for synthesis of different opines. For instance, the oncogenic C58 strain
produces nopaline (Hwang et al, 2017). Three of the strains commonly used in
biotechnology are AGL1, GV3101 and EHA105. These three strains share a common
background, all derived from the A. tumefaciens C58, but they do not carry oncogenes on
the T-DNA and therefore are not oncogenic. The A. tumefaciens strain GV3101 pMP90 has
had its TiC58 plasmid replaced with another Ti plasmid called pMP90, which was made
by deleting the T-region of pTiC58 containing nopaline synthesis genes. As a result, this
A. tumefaciens strain has a C58 chromosomal background and a Ti plasmid carrying a
gentamycin resistance gene. These disarmed strains lack the T-DNA of their background
strain but still express the virulence (vir) proteins, which are also encoded on the Ti
plasmid but not in the T-DNA region, that are vital for infection and T-DNA transfer.
Acetosyringone is often added to the infiltration buffer to induce the expression of the vir
genes, that promote the formation of the type II secretion system (T4SS) and T-DNA

transfer (Stachel et al., 1986).
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1.3 Monoclonal immunoglobulin G as a promising RP candidate

Monoclonal antibodies (mAbs) are a major class of pharmaceutical products with
an increasing demand worldwide (Donini & Marusic, 2019). The first mAb was
successfully expressed in tobacco plants in 1989 (Hiatt et al., 1989). Since then, different
antibody derivatives have been expressed in plants such as secretory IgA, Fab fragments,
single-chain antibody fragments (scFvs), minibodies, single variable domains, antibody
fusion proteins (immunocytokines), scFv-Fc antibodies and camelid heavy-chain

antibodies (Donini & Marusic, 2019).

Monoclonal IgG antibody production in plants requires the co-expression of two
types of polypeptides, the light (LC) and heavy chain (HC). A signal peptide to enter the
secretory pathway is essential to ensure correct folding and post-translational
modifications (Strasser, 2018). These chains are then assembled into a Y-shaped
heterodimeric structure containing four polypeptides (Figure 1.2). Light and heavy chain
are translocated to endoplasmic reticulum following translation (Bergman & Kuehl,
1979). When entering the ER, signal peptide peptidase cleaves off the N-terminal signal
peptide and folding begins before the polypeptide chains are completely translated. Most
IgGs assemble first into HC dimers ready to be covalently bound with LC via a disulphide
bond between the CL and Cu1 domains (Baumal et al.,, 1970). It has been reported that
when Cn3 domain is absent e.g. in tested HC mutants, HC dimers are not formed and HC-
LC hemimers are secreted instead (Zack et al., 1981). Fc dimerisation is dependent on the
interaction between the Cns domains and stabilised by disulphide bonds at the hinge
region. The two Cuz domains interact via N-linked glycans that control their orientation

and spacing, and ultimately the binding of downstream effectors (Feige etal., 2009, 2010).
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Figure 1.2 Immunoglobulin G structure.

IgG antibody has four polypeptide chains, comprising two identical light and two identical heavy chains.
Each of the four chains has a variable (V) domain, which contributes to the antigen-binding domain, and a
constant (C) domain, which determines the isotype G. The light chains are bound to the heavy chains by
disulphide bonds. Fab’, Fab, Fc domains are highlighted on the middle IgG structure, as well as N-

glycosylation profile shown on right structure.

1.4 Challenges of plant production platforms

Plants have many advantages compared to traditional systems for recombinant
protein production. However, immune responses due to agroinfiltration or post-
translational gene silencing might impede recombinant protein accumulation (Figure
1.3). Moreover, protein quality and stability have significant bearing on the overall
performance of a plant expression platform. Protein quality includes correct folding and
accurate post-translational modifications, such as glycosylation, whereas stability refers

to the proteolytic degradation of recombinant proteins by endogenous proteases.
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Figure 1.3 Main challenges and current research focus on optimising transient protein

expression. Adapted from previous work (Beritza et al., 2024).

Transient expression by agroinfiltration of Nicotiana benthamiana with Agrobacterium tumefaciens is

mediated by the transfer DNA (T-DNA) that enters the plant cells through the type-IV secretion system.

Immune Responses upon Agroinfiltration

Agroinfiltration of N. benthamiana leaves induces significant cellular changes,
including enhanced immune responses and reduced cell homeostasis, as revealed by
transcriptomic, proteomic, and metabolomic analyses (Table 1.1). Approximately 25%
of transcripts change in abundance post-agroinfiltration, with upregulation of genes
related to pathogen recognition, immune signalling, protein folding, oxidative stress
response, and lignin production, and downregulation of those involved in photosynthesis,
basic cellular functions, and SWEET family sugar efflux transporters (Grosse-Holz et al,,
2018; Hamel et al,, 2024). The extracellular protein profile shows a 70% increase in
proteins, often without corresponding transcript changes, suggesting post-
transcriptional control (Grosse-Holz et al., 2018). Metabolic shifts include higher levels of
phytol, a-tocopherol, and chlorogenic acid derivatives (Drapal et al, 2021). These

changes resemble a basic immune response, similar to PAMP-triggered immunity (PTI)
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(Zhang & Zhou, 2010). Improving transformation efficiencies can be achieved by
circumventing or inhibiting immune responses during agroinfiltration, such as through
silencing of the NbCORE receptor (Dodds et al.,, 2023) or expression of the bacterial

effector AvrPto (Raman etal., 2022).

Table 1.1 Differential gene expression in Nicotiana benthamiana upon agroinfiltration. Adapted

from previous work (Beritza et al., 2024).

l, significant decrease in abundance; T, significant increase in abundance; -, no significant change; n/a, not

assessed; UPR, unfolded protein response (Drapal et al., 2021; Grosse-Holz et al., 2018; Hamel et al., 2023,

2024).
Function Transcriptomics  Proteomics Metabolomics
Photosynthesis ! ! !
Cell wall remodelling (mainly f ) 1

lignification)

Sugar depletion f 1
ROS generation f ) )
Immune perception and signalling ) t n/a
Proteases and inhibitors 1 f n/a
Lipases and esterases ) I} n/a
Salicylic acid signalling and SAR ) t n/a
Chaperones and UPR-related ) ) n/a
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Post-Transcriptional Gene Silencing

Stabilising transcripts is essential, because T-DNA-encoded transcripts often
destabilise due to post-transcriptional gene silencing (PTGS), which starts approximately
three days post-agroinfiltration. PTGS initiates with small antisense RNA amounts
produced by random T-DNA insertion or RNA-dependent RNA polymerase, leading to
double-stranded RNA (dsRNA) formation. Dicer processes this dsRNA into small
interfering RNAs (siRNAs) that degrade homologous mRNAs. To counteract this, the
silencing inhibitor P19 from tomato bushy stunt virus (TBSV) is co-expressed to bind
siRNAs and inhibit PTGS (Lombardi et al., 2009). Additionally, knockout lines reducing
PTGS machinery have been developed. Eliminating dicer-like proteins 2 and 4 (NbDCL2
and NbDCL4) in N. benthamiana enhanced transient expression in dcl2dcl4 double-
knockout plants (Matsuo, 2022; Matsuo & Matsumura, 2017). Removing RNA-dependent
RNA polymerase 6 (rdr6) also increased transient GFP expression compared to wild-type
plants (Matsuo & Atsumi, 2019). However, dcl2dcl4 plants exhibited higher transient GFP
and human fibroblast growth factor-1 (FGF1) expression than both wild-type and rdr6
plants (Matsuo, 2022). Strategies to enhance mRNA stability further boost transient
expression. Plant untranslated regions (UTRs) can increase mRNA stability, even when
P19 is present (Garabagi et al., 2012). Additionally, the hypertranslatable (HT) vector
system uses virus-derived elements to enhance transcription and translation by
increasing gene copy number and inhibiting PTGS (Peyret & Lomonossoff, 2013;

Sainsbury et al,, 2009).
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Protein Quality Control in the Endoplasmic Reticulum

The endoplasmic reticulum quality control system (ERQC) in plants ensures
proper protein folding and manages misfolded proteins (Strasser, 2018). The ER lumen
contains folding factors and chaperones, such as binding protein (BiP), HSP90 family
proteins, calnexin, calreticulin, protein disulfide isomerases (PDIs), and peptidyl-prolyl
isomerases (PPIs), which aid in correct polypeptide folding (Gupta & Tuteja, 2011).
During agroinfiltration in N. benthamiana, expressing large amounts of secreted or
membrane proteins often leads to upregulation of chaperones, a primary ER-stress
response (Hamel et al., 2023; Margolin et al., 2020; Ye et al,, 2011). Proteomic studies
have confirmed increased levels of PDIs, CRT, BiP, and ER-associated degradation
components during transient expression of viral glycoproteins and IgG antibodies that
induce ER-stress (Hamel, Comeau, et al., 2024; Hamel, Tardif, et al., 2024). Different
recombinant proteins may require specific chaperones for proper folding, as evidenced
by varying accumulation and ER-stress induction of IgG antibodies (Hamel et al., 2023).
To mitigate ER stress during agroinfiltration, co-expressing molecular chaperones
alongside the target product has been employed. Human chaperones are considered
more effective at folding human proteins compared to plant chaperones due to
evolutionary differences. Co-expression with human calreticulin increased the transient
expression of HIV glycoprotein gp140 by 13-fold and the S protein ectodomain by 3-fold
while avoiding ER stress marker gene induction (Margolin et al., 2020; Song et al., 2018).
The growing consensus suggests that co-expression with specific chaperones may be
necessary to alleviate ER-stress and improve protein folding and accumulation for

different recombinant proteins.
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Plant-specific glycosylation

Specifically, N-glycosylation is important for IgGs and regulates secretion into the
apoplast. The N-glycans affect processes such as protein folding, quality control, protein
trafficking, and the interaction with other proteins (Ruiz-May et al., 2012). While the first
steps of N-glycosylation in the endoplasmic reticulum are conserved between mammals
and plants, N-glycan-processing steps differ considerably in the Golgi apparatus.
Compared to humans, the structural diversity of N-glycans in plants is reduced, which is
related to the fact that plants have fewer glycosyltransferases that elongate complex N-
glycans. Plant-produced recombinant glycoproteins carry al,3-fucose and (1,2-xylose
residues attached to the common core N-glycan, which are not found on human
glycoproteins and, therefore, are potentially immunogenic. Following maturation in the
ER and the Golgi, plant N-glycans can be further modified during the transit of
glycoproteins to their final destinations, which can include the chloroplast, vacuole, and
apoplast (Strasser, 2018). Although cargo sorting can occur in earlier secretory
compartments and also continue beyond the trans-Golgi network, it may reach a
particularly high level of complexity, where the sorting machinery controls multiple

pathways to spatially segregated acceptor compartments (de Matteis & Luini, 2008).

Recombinant protein degradation

Proteases are abundant enzymes in all organisms that hydrolyse peptide bonds,
releasing peptides or amino acids. Proteolysis may occur in planta or during protein
extraction, requiring the addition of protease inhibitors during extraction to improve
protein stability and yield (Pillay et al,, 2014). In N. benthamiana, about 1200 putative

proteases act in different subcellular compartments, including the cytosol, the vacuole,
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the chloroplast, the mitochondria and the lysosome, or they are delivered extracellularly,
residing in the apoplast. However, not all proteases degrade recombinant proteins, as
some are organelle-specific, others are not expressed in leaves, or are inactive at
molecular pharming conditions (Jutras et al, 2020). The papain-like Cys proteases
(PLCPs), subtilisins (SBTs), and pepsin-like Asp proteases are abundant in the apoplast

and might process recombinant proteins.

1.5 Tackling unintended proteolysis of recombinant proteins

The most straightforward approach to avoid proteolysis is to deplete or silence the
endogenous proteases (Buyel et al, 2021). RNAi-mediated gene silencing for
downregulation of certain proteases increases the accumulation of recombinant proteins
in rice (Kim et al., 2008), tobacco BY-2 cells (Mandal et al., 2014), and tobacco leaves
(Duwadi et al., 2015). Moreover, gene knockout by the CRISPR/Cas9 system can also be
an effective strategy. For instance, Hoernstein et al., knocked out a specific subtilisin
family protease from Physcomitrium by gene editing, resulting in considerable reduction
of extracellular proteolytic activity and a small increase in protein production yields, with

insignificant impact on growth and development (Hoernstein et al., 2018).

Furthermore, several studies demonstrated that co-expression of broad- spectrum
protease inhibitors along with the desired recombinant protein can minimize proteolysis
activity. Specifically, most studies focus on chymotrypsin and trypsin-like protease
inhibitors (Goulet et al., 2012; Pillay et al., 2014). However, a single protease inhibitor can
be effective against several, even unrelated, proteases (Grosse-Holz & van der Hoorn,

2016). Moreover, protease inhibitors can be targeted to the same subcellular
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compartment as the desired recombinant protein (Pillay et al., 2014), but it is important

to control their expression to avoid affecting plant development.

It is possible to simultaneously remove several genes by CRISPR/Cas9 to identify
protease depletions that enhance the accumulation of pharmaceutical proteins in N.
benthamiana. Goulet et al. showed that aspartic and serine protease inhibitors are the
main modulators for protease activity in the apoplast of N. benthamiana leaves.
Consequently, they transiently expressed two broad-spectrum inhibitors in tobacco
leaves, resulting in an increase of the recombinant murine antibody by 70%-80%.
Similarly, Robert et al. showed that co-expression of protease inhibitors led to a yield
increase by up to 40%. In another study, the expression of the tomato cysteine protease
inhibitor SICYS8 enhanced the accumulation of antibodies transiently expressed in N.
benthamiana leaves (Jutras et al., 2016) and has also been used as a stabilizing fusion
partner for other recombinant proteins (Sainsbury et al., 2013). More recently, two N.
benthamiana protease inhibitors (NbPR4, NbPot1) and one of human origin (HsTIMP)
increased the accumulation of transiently expressed o- galactosidase, erythropoietin,
and an IgG antibody in agroinfiltrated N. benthamiana leaves (F. Grosse-Holz, Madeira,
et al,, 2018). Taken together, all these results suggest that these plant broad-spectrum Pls
are effective companion proteins for the in planta protection of recombinant proteins
transiently expressed in leaves (Clemente et al., 2019). Moreover, better knowledge of the
linkage between senescence and protease activity can be particularly helpful as there is
evidence that infiltration with Agrobacteria leads to leaf senescence and overexpression
of senescence-related proteases, such as cysteine proteases (Pillay et al., 2012; Roberts et

al, 2012).
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Recombinant protein retention in the endoplasmic reticulum is another strategy
to avoid degradation in the apoplast (Benchabane et al, 2008; Torrent et al., 2009;
Yoshida et al., 2004), but this changes the type of N-glycosylation of the recombinant
protein. C-terminal ER retention signal sequences like KDEL and HDEL are used to retain
the proteins in the ER and minimize protein degradation. The plant ER contains very few
proteases and provides a relatively protective environment (Desai et al., 2010). Also,
targeting protein production either to oil bodies, roots or seeds are attractive approaches

for limiting proteolysis (Buyel et al., 2021; Drake et al., 2009; Nykiforuk et al., 2011).

Several methods have paved the way for generating plant chasses with improved
recombinant protein yields. Despite the potential to increase the sustainability of
recombinant protein manufacturing, plant molecular pharming strategies have yet to be

embraced broadly by industry.
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1.6 Research aims and rationale

In the context of these aforementioned facts, there is a necessity of modulating
endogenous protease activity and investigating proteases involved in recombinant
protein processing. In addition, it is important to understand the timeline and localisation
at which IgG antibodies accumulate upon transient expression to be able to address
degradation by co-localised proteases accurately. This work investigated the in vitro and
in vivo processing of various anti-viral IgGs, as well as their subcellular localisation and

mistargeting in N. benthamiana, in pursuit of optimising IgG protein production in planta.

In Chapter 2 we investigated the processing of the hinge region specifically or of fully
assembled IgGs following incubation in apoplastic fluids. These apoplastic fluids derived
from plants that were either depleted for various proteases or were previously expressed

protease inhibitors.

In Chapter 3 we tested several protease-depleted plants that were either proved to be
involved in IgG processing or displayed high accumulation in the secretory pathway

and/or apoplast.

In Chapter 4 we investigated the stability of the complementarity-determining region H3

(CDR H3) loop of 2F5 and COVA2-15 IgG antibodies, following site-directed mutagenesis.

In Chapter 5 we examined the secretion efficiency of IgGs. We also tested different IgG
mistargeting strategies and explored an extended ER phenotype and its possible effect
on IgG accumulation. The expanded ER was attempted by two approaches: a naturally
expanded ER based on endogenous phosphocholine cytidylyltransferase increased levels,
or a synthetically expanded ER based on the dimerisation of polyprotein complexes

anchoring on the ER membrane.
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The IgGs tested in this work were anti-viral IgGs such as the anti-HIV 2F5, the anti-

COVID-19 COVA2-15, the anti-Ebola 2G4 and the anti-HIV VRCO1 (Figure 1.4). The 2F5

antibody consists of an exemplary IgG antibody since it has a long history of published

data both from the immunology side and from the successful plant expression side

(Bryson et al., 2009; Julien et al., 2008; Niemer et al., 2014; Ofek et al., 2004; Sack et al,,

2007).COVA2-15IgGis amore recently isolated IgG that appears to be more stable among

its isotypes (Goritzer et al., 2024; Brouwer et al., 2020), while 2G4 IgG is found in the

ZMapp cocktail, one of the first plant-produced IgG cocktails that was approved for

human use (Davidson et al,, 2015). VRCO1 is considered a relatively stable IgG as it does

not display an extended CDR H3 loop and has been produced in planta (Teh et al., 2014).

Lastly, a synthetic anti-GFP IgG was constructed only for the purposes of investigating the

expanded ER interactions in Chapter 5.
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Figure 1.4 Structure of the Fab’ domains of IgG antibodies used in this work.

(a) Side and top views of the antiviral IgGs (Fab’ domain) of interest, obtained from Protein Data
Bank (PDB) or predicted by AlphaFold. Light chain is depicted with purple colour, heavy chain
with cyan and the antigen of 2F5 with grey. Multiple sequence alignment of the IgGs at the site of

the variable heavy chain near the CRD H3 loop, where the 2F5 is cleaved (red asterisk).
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2.1 Introduction

The core protease repertoire of N. benthamiana includes 1,243 potential proteases
(NbD), with another 512 found in an additional dataset (NbE; Jutras et al., 2020). Thus,
recombinant proteins such as antibodies are exposed to multiple different proteases,
ultimately leading to lower yields upon their overexpression in N. benthamiana. However,
not all of these proteases contribute to recombinant protein degradation, especially those
confined to organelles, while papain-like cysteine proteases (PLCPs), subtilases (SBTs),
and pepsin-like aspartic proteases are most likely to affect degradation as they are
prevalent in leaves and often target glycosylated proteins (Jutras et al., 2020). To date,
various molecular tools have been created to assess protease activity in vitro, such as
activity-based probes, synthetic peptide substrates, or in vivo within the protease
microenvironment (Soleimany et al., 2022). In vitro assays have been used extensively to
identify the substrate and/or the cleavage fragments upon proteolysis by a plant protease

(Escandén et al.,, 2022; Niemer et al., 2014; Paulus et al., 2020).

Many studies have reported IgG processing upon expression in planta, often
leading to the processing of the heavy chain (HC) (De Muynck et al., 2009; Hehle et al,,
2015; Lombardi et al., 2009; Niemer et al., 2014; Sharp & Doran, 2001; Stevens et al,,
1994). A common cleavage site is located close to the hinge region in the HC, as observed
for the 2G12 and H10 IgG antibodies (Donini et al., 2015; Hehle et al., 2015). PLCPs and
other proteases can cleave IgGs at this hinge region, resulting in Fab and Fc fragments
(Gorevic et al., 1985; Porter, 1959). In addition, the HC of antiviral IgGs are often cleaved
within the variable region (Puchol Tarazona etal., 2021), likely because these IgGs contain

extended H3 loops that are sensitive to proteases. HIV-neutralising 2F5, for instance, is
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cleaved in the H3 loop when incubated with apoplastic fluids isolated from Nicotiana

benthamiana leaves by PMSF-sensitive proteases (Puchol Tarazona et al.,, 2021).

To investigate the responsible proteases for the processing of antiviral IgGs, we
initially set up in vitro assays using apoplastic fluids to simulate the apoplast (Sueldo et
al., 2023; Wang et al., 2021). According to literature, secreted proteins are expected to
reside in the apoplast and since all the antibodies we expressed in N. benthamiana leaves
carry the N-terminal PR1a signal peptide, we expect that the IgGs will be secreted (Diego-
Martin et al., 2020; Goulet et al., 2012a; Ocampo et al., 2016; Robert et al., 2013a;
Schillberg et al., 1999). This Chapter investigates the processing of different antiviral IgGs
such as the anti-HIV 2F5, the anti-COVID-19 COVA2-15, and the anti-Ebola 2G4 (Figure
2.1). The 2F5 antibody consists of an exemplary IgG antibody since it has a long history
of published data both from the immunology side and from the successful plant
expression side (Bryson et al., 2009; Julien et al., 2008; Niemer et al., 2014; Ofek et al,,
2004; Sack et al., 2007). COVA2-15 IgG is a more recently isolated IgG that appears to be
more stable among its isotypes (Goritzer et al., 2024; Brouwer et al., 2020), while 2G4 IgG
is found in the ZMapp cocktail, one of the first plant-produced IgG cocktails that was

approved for human use (Davidson et al,, 2015).

To date, several strategies have been implemented to prevent recombinant
protein degradation in planta, with protease inhibitor co-expression being amongst the
most promising (Table 2.1). Before testing the in planta effect of inhibitors, in vitro
incubation of the protein of interest with and without inhibitor candidates can help
identify target proteases, e.g., serine proteases, and have been used extensively in the past
(Hehle et al., 2011; Jutras et al., 2019; Niemer et al., 2014; Puchol Tarazona et al., 2021;

Robert et al., 2015).



45 Chapter 2 - In vitro processing of IgGs

(a)
N\ - S %
anti-HIV (gp41) anti-COVID19 (S protein) anti-EBOV (EBOV GP)
2F5 COVA2-15

Top view

Top view

Side view

mLe (PDB:2P8L) (Alphafold-predicted) (Alphafold-predicted)
H HC

Top view Top view

Side view Side view

Model Confidence
M Very high (pLDDT > 90)
High (90 > pLDDT > 70)
Low (70 > pLDDT > 50)
I Very low (pLDDT < 50)

pLDDT: 95.8

pLDDT: 95.1
iPTM: 0.895

iPTM: 0.917

(c)

2F5 VMR VEIR V A BVNAM ||V 168
COVA2-15 IM IL RAI A | RGEP ILv 165
LRA - ------------ RAM 157

Figure 2.1 Structure of the Fab’ domains of 2F5, COVA2-15 and 2G4 IgG antibodies.

—-<H

(a) Side and top views of the antiviral IgGs (Fab’ domain) of interest, obtained from Protein Data Bank
(PDB) or predicted by AlphaFold. Light chain is depicted with purple colour, heavy chain with cyan and the
antigen of 2F5 with grey. (b) Predicted Fab’ structures of COVA2-15 and 2G4, coloured by model confidence
according to AlphaFold predictions. (c) Multiple sequence alignment of the three IgGs at the site of the

variable heavy chain, where the 2F5 is cleaved (red asterisk).
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Table 2.1 Co-expression with protease inhibitors can lead to increased recombinant protein

levels. Ser: serine, Asp: aspartic, Cys: cysteine, LC: light chain, HC: heavy chain.

Protease Inhibitor Target Proteases  IgG Accumulation Reference

SICDI; SICYS9 Ser/Asp; Cys C5-1 IgG antibody (LC; 70-80%) Gouletetal, 2012
SICDI Ser/Asp C5-1 IgG antibody (HC; 85%) Gouletetal, 2012
SICYS8 Cys C5-1 IgG antibody (40%) Robertetal, 2013
SICYS8 Cys H10 IgG antibody (HC; 7.5-fold) Jutrasetal, 2016
NbPR4, NbPot1 & HsTIMP Cys/Ser/Metallo VRCO1 IgG antibody (2-10-fold) Grosse-Holz et al, 2018




47 Chapter 2 - In vitro processing of IgGs

Results

2.2 The hinge region of IgGs is susceptible to proteolysis from
apoplastic proteases

Besides the complementarity-determining region (CDR) H3 loop, IgGs are also
often cleaved upstream the hinge region (Deveuve et al., 2020; Robotham & Kelly, 2020;
Suzuki et al., 2018). To study the processing of the hinge region, quenched peptide was
commercially synthesised by GenScript (cleavage site peptide: KVD246|/K247KVEP). When
the peptide remains intact, the quencher is near the fluorophore, effectively suppressing
fluorescence emission, whereas if protease(s) cleave the peptide, the fluorophore and
quencher are separated, allowing fluorescence to be emitted and detected (Neefjes &
Dantuma, 2004). To confirm that cleavage of the hinge peptide can be blocked by
chemical protease inhibitors, we pre-incubated apoplastic fluids with either Cys protease
inhibitor E-64 or Ser protease inhibitor phenylmethylsulfonyl fluoride (PMSF) and then
added the quenched peptide. Plate reader analysis revealed that processing of this
peptide resulted in emission of fluorescence, as seen when incubated with wild-type
apoplastic fluids (Figure 2.2a,b; grey). Addition of protease inhibitor PSMF blocked
cleavage of the quenched peptide, whereas E-64 cysteine protease inhibitor did not affect
cleavage (Figure 2.2a,b). To test if subtilases are responsible for cleaving the hinge
region of IgGs, we incubated the quenched peptide with apoplastic fluids from Epil
expressing leaves and the empty vector control (Figure 2.2c), as Epil is a subtilase
protease inhibitor. Processing of the quenched peptide was reduced by Epil compared

to the empty vector control, suggesting a role of subtilases in processing the hinge region.
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Additionally, we incubated the peptide with apoplastic fluids from leaves
expressing a variety of protease inhibitors protease inhibitors, namely HsTIMP, SICYSS,
SICDI, NbPot1, NbPR4, Epil12, and two mutant inhibitor controls AlaHsTIMP and SICYS8-
Q47P (Grosse-Holz et al.,, 2018; Figure 2.3a,b; Table 2.2), including PMSF and Epil that
were previously tested as a comparison with the diverse inhibitors. All inhibitors apart
from PMSF were transiently expressed in N. benthamiana, and apoplastic fluids from
these plants were used in the assays. PMSF was added in wild-type apoplastic fluids as
previously. None of the rest of the inhibitors tested was able to impede peptide

processing in a significant manner.
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Figure 2.2 Quenched-IgG peptide cleavage is hindered by PMSF and Epil protease inhibitors.

The quenched peptide was incubated with apoplastic fluids isolated from (a, b) wild-type N. benthamiana

leaves, previously incubated with chemical inhibitors PMSF or E-64 or (c, d) with apoplastic fluids isolated

from plants expressing the Epil protease inhibitor. A DMSO or empty vector control was used in each

experiment. Graphs (a, c) were normalised for the first measurement (t=0), while graphs (b, d) depict the

raw intensity values at zero and fifteen minutes. Data were tested for normal distribution, while

significance was determined with one-way ANOVA (b) or t-test (d), following multiple comparisons and

Tukey’s post-hoc test where applicable. Error intervals: mean +SE of n=3 technical replicates.
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Figure 2.3 Quenched-IgG peptide cleavage is hindered by PMSF and Epil protease inhibitors.

The quenched peptide was incubated with apoplastic fluids isolated from wild-type N. benthamiana leaves,
overexpressing a different protease inhibitor. PMSF pre-incubation with apoplastic fluids from non-
infiltrated leaves was used as a positive control, whereas empty vector was used as a negative control. The
top graphs were normalised for the first measurement (t=0) while the bottom graph depicts the raw
intensity values at zero and fifteen minutes. Data were tested for normal distribution, while significance
was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error

intervals: mean +SE of n=3 technical replicates.
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Table 2.2 Secreted protease inhibitors used for in vitro assays, transiently expressed in N. benthamiana

and previously validated in Grosse-Holz et al., 2018.

Protease Inhibitor Target Proteases Family (MEROPS) Origin

HsTIMP Metallo 135 Homo sapiens

SICYS8 Cys 125 (Cystatin) Solanum lycopersicum
SICDI Ser/Asp I3 (Kunitz) Solanum lycopersicum
NbPotl Ser 113 Nicotiana benthamiana
NbPR4 Cys 143 Nicotiana benthamiana
Epil2 Ser/Cys 11 Phytophthora infestans
Epil Ser/Cys I1 Phytophthora infestans

Since PMSF and Epil prevented cleavage, a subtilase protease is most likely
responsible for this processing. Among serine proteases, subtilases are abundant in the
apoplast with SBT5.2 being the most abundant (Grosse-Holz, Kelly, et al., 2018; Jutras et
al, 2019). Hence, our next assay contained incubation of the hinge peptide with
apoplastic fluids from protease-depleted plants. Our first approach was to obtain CRISPR-
Cas9 knockouts of different subtilases, where apoplastic fluids were used to determine
hinge peptide cleavage. Two different subtilase knockout lines, sbt1.4 and sbt5.2 were
used for this assay (Figure 2.4a,b). Incubation with apoplastic fluids from both knockout
lines resulted in significant interruption of the hinge peptide processing. Further
information on these knockout lines can be found on Figures 2.8, 2.10, and Table 3.2.

The other approach was to deplete proteases by virus-induced gene silencing

(VIGS; Liu et al., 2002). Using VIGS, the following subtilase family proteases, SBT1.73,
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SBT1.7c, and SBT1.9a were depleted. When apoplastic fluids from these subtilase-
depleted plants were used, all three resulted in reduced hinge peptide cleavage, with
SBT1.9a displaying the most effective cleavage prevention (Figure 2.4c,d). These
proteases were depleted according to the phylogenetic tree on Figure 2.8 and Table 3.2.
It is noteworthy that SBT5.2, SBT1.7a, SBT1.7c, and SBT1.9 are the four most abundant

subtilases in the apoplast (Jutras et al., 2019; Puchol Tarazona et al., 2021; Sueldo et al,,
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Figure 2.4 Quenched-IgG peptide cleavage is hindered in apoplastic fluids from SBT-silenced

plants.

The quenched peptide was incubated with apoplastic fluids isolated from SBT-depleted N. benthamiana

leaves, following knockout (a, b) or knockdown (c, d) approach. Wild-type plants or plants infiltrated with
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TRV::GFP were used as negative controls, respectively. Graphs (a, c) were normalised for the first
measurement (t=0), while graphs (b, d) depict the raw intensity values at zero and fifteen minutes. Error
intervals: mean +SE of n=3 technical replicates. Data were tested for normal distribution, while significance
was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error

intervals: mean +SE of n=3 technical replicates.

2.3 Fluorescent 2F5 is also cleaved in apoplastic fluid

To increase speed and accuracy of detecting in vitro processing of IgGs, we have
established another method for rapid visualisation of IgGs in protein gels. The amine-
reactive dye from the DyLight® series (Thermo Fisher Scientific), reacts with the
antibody’s lysine residues, leading to a fluorescent IgG, which can be detected by a
fluorescence image scanner. Incubation of the dye with the pure IgG antibody for an hour
is enough for in vitro assays. Fluorescent labelling does not prevent processing by
proteases, enabling an efficient and fast way to screen for IgG processing patterns (Figure
2.5¢). The cleavage site TTLF1071G108VP is located at the variable heavy chain of 2F5 and
can be recognised as an exposed loop as it is part of the extended H3 loop of the CDR
(Figure 2.5a). We found that when 2F5 was incubated with apoplastic fluid from wild-
type plants, an additional band at approximately 40 kDa was apparent, consistent with
the published study (Figure 2.5b,c), which is the expected molecular weight of a heavy
chain fragment after cleavage by the most abundant serine protease in the apoplast,

NbSBT1 (Puchol Tarazona et al., 2021).
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Figure 2.5 Amine-reactive dye labelling does not affect 2F5 cleavage in vitro.

(a) Side and top views of the 2F5 IgG (Fab’ domain), obtained from PDB (left-hand side). The cleavage site

is located at the exposed loop which is part of the extended H3 loop (cyan; front/back views at right-hand

side). (b) Schematic representation of IgG antibody 2F5 with two LC and two HC, with the red arrow

indicating the previously described cleavage site TTLF1971G198VP (Puchol-Tarazona et al., 2021), caused by

cleavage of 2F5 in the variable region of the HC, resulting in 12 and 40 kDa fragments. The detected 40 kDa

F1 fragment is highlighted with a red box. (c) Processing of labelled and unlabelled 2F5 in apoplastic fluids.

2F5 was incubated with and without apoplastic fluids for 0 or 6 hours, separated on reducing protein gels

and analysed by fluorescence scanning and western blotting using anti-HC antibodies.

2.4 2F5 processing is blocked by serine protease inhibitor PMSF

To confirm that cleavage of fluorescent 2F5 can be blocked by chemical protease

inhibitors, we pre-incubated apoplastic fluids with either Cys protease inhibitor E-64 or
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Ser protease inhibitor phenylmethylsulfonyl fluoride (PMSF) and then added fluorescent
2F5. Gel-based analysis revealed that PMSF but not E-64 can completely block processing
of fluorescent 2F5 (Figure 2.6a,b), consistent with previous reports (Niemer etal., 2014).

This indicates that a Ser protease is required for cleaving 2F5.

2.5 2F5 processing is blocked by subtilase inhibitor EPI1

To further test the effect of candidate protease inhibitors on IgG proteolysis, we
tested the Kazal-like subtilase protease inhibitor Epil, derived from Phytophthora
infestans (Tian et al., 2005). Apoplastic fluid from Epil expressing plants was incubated
for zero and six hours with the 2F5 antibody. Epil blocks 2F5 degradation, suggesting

that subtilases cleave 2F5 in apoplastic fluid.

To test the effect of candidate protease inhibitors on IgG proteolysis, we isolated
apoplastic fluids from leaves transiently expressing protease
inhibitors HsTIMP, SICYS8, SICDI, NbPot1, NbPR4, Epil2 and Epil, and two mutant
inhibitor controls AlaHsTIMP and SICYS8-Q47P (Grosse-Holz et al., 2018; Figure 2.6c¢;
Table 2.2). Apart from Epil, no other protease inhibitor was able to completely inhibit

processing of 2F5 in vitro, but rather some delay it compared to EV control.
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Figure 2.6 PMSF and Epil block 2F5 processing in apoplastic fluids.

(@) PMSF blocks 2F5 processing. Apoplastic fluids were incubated with Cys protease inhibitor E-64, Ser
protease PMSF, AF+DMSO or water from left to right (negative controls) and 2F5 was added for 0 or 6 hours,
separated on reducing protein gels and analysed by fluorescence scanning and western blotting using anti-
HC and anti-LC antibodies. (b) Same as (a), run under non-reducing conditions. (c) Apoplastic fluids from
plants transiently expressing various inhibitors were incubated with fluorescent 2F5 for 0 or 6 hours,

separated on reducing or non-reducing protein gels and analysed by fluorescence scanning and western
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blotting using anti-HC and anti-LC antibodies. Water and apoplastic fluids from empty vector (EV)

agroinfiltrated plants were used as positive and negative controls from left to right. PI: protease inhibitor.

2.6 2F5 processing is hampered in SBT5.2-silenced plants

2.6.1 VIGS-mediated protease depletion

To examine which subtilase is responsible for 2F5 processing, plants were
depleted of different subtilases using VIGS. We selected four subtilases that were
consistently detected as active proteases in the apoplast of Nicotiana benthamiana by
activity-based proteomics (Jutras et al., 2019; Puchol Tarazona et al., 2021; Sueldo et al,,
2023). Plants were inoculated with tobacco rattle virus (TRV) carrying 300 bp fragments
targeting these subtilases and a fragment of GFP as a negative control. Apoplastic fluids
were isolated three weeks post TRV infection and incubated with fluorescent 2F5
antibody. Cleavage of the IgG is absent in apoplastic fluids isolated
from TRV::SBT5.2 plants and not from TRV::GFP, TRV::SBT1.7a; TRV::SBT1.7c or
TRV::SBT1.9a plants (Figure 2.7), indicating that SBT5.2 is required for 2F5 processing in

the apoplast.
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Figure 2.7. SBT5.2 silencing prevents 2F5 processing in apoplastic fluids.

Apoplastic fluids from plants silenced for different subtilases were incubated with fluorescent 2F5 for 0 or

6 hours, separated on reducing protein gels and analysed by fluorescence scanning and western blotting

using anti-HC and anti-LC antibodies. Water incubated with the antibody was used as a negative control.

2.6.2 CRISPR-Cas protease depletion

SBT5.2 is the most abundant active protease in the apoplast of N. benthamiana,

and was therefore also called SBT1 (Puchol Tarazona et al., 2021). Phylogenetic analysis

of N. benthamiana subtilases, however, classifies this subtilase robustly in the SBT5.2

subfamily (Grosse-Holz et al., 2018; Paulus et al.,, 2020; Figure 2.8a). Analysis of our

transcriptomic data (Grosse-Holz et al, 2018) revealed that there are three genes

encoding SBT5.2, which are all expressed in agroinfiltrated leaves (Figure 2.8b). The 300

bp fragment designed by lab member Dr Pierre Buscaill and used for SBT5.2 silencing,

has sufficient homology to silence all three SBT5.2-encoding genes (Figure 2.9).
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To generate knock-out Nicotiana benthamiana plants lacking all three SBT5.2
subtilases, we used CRISPR-Cas9 genome editing using six guide RNAs targeting all three
genes. The homogeneity of mutants was confirmed by lab member Dr Shi-Jian Song. We
were able to select two different triple knockout lines that have identical mutations in
SBT5.2a and SBT5.2b but carry different mutations in SBT5.2¢ (Figure 2.10). The mutant
lines grew indistinguishable from wild-type plants (Figure 2.10b). However, activity-
based labelling of Ser hydrolases with FP-TAMRA (Liu et al., 1999) on apoplastic fluids
isolated from these plants revealed that the major subtilase signal at 68 kDa is absent
from these lines, with weak signals remaining at 70-74 kDa, presumably caused by other
subtilases (Figure 2.10c). These data confirm that SBT5.2 proteases are the most
abundant active subtilases in the apoplast of N. benthamiana leaves. Importantly,
incubation of fluorescent 2F5 with these apoplastic fluids revealed that 2F5 processing is
absent in apoplastic fluids from sbt5.2 mutant plants (Figure 2.10d). These data are
consistent with the TRV::SBT5.2 experiments and further demonstrate that SBT5.2 is

required for 2F5 processing in the apoplast.
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LAB360 Mock (mean) Mock (SD) Agroinfiltrated (mean) Agroinfiltrated (SD)  Final name
NbL03g17160.1 0 0 0.093467031 0.042122779 NbSBT5.2a
NbL16g29730.1 9.744890966 2.14370341 4.553243162 0.921318851 NbSBT5.2b
NbL16g29740.1 0.618187564 0.27390427 0.523724281 0.303865567 NbSBT5.2c

Figure 2.8 Phylogenetic analysis of subtilases and RPKM values for three NbSBT5.2 genes.

(a) Phylogenetic analysis of subtilase-specific S8 domain protein sequences from N. benthamiana (bold,
Nb), Arabidopsis thaliana (At), Oryza sativa (Os), Physcomitrium patens (Pp), Solanum lycopersicum (SI), and
Zea mays (Zm). Subtilases form six subfamilies, SBT1-6. Phylogenetic tree was provided by Dr Pierre
Buscaill. (b) Reads Per Kilobase of transcript per Million mapped reads (RPKM) values of NbSBT5.2a,

NbSBT5.2b, and NbSBT5.2¢c in mock-treated or agroinfiltrated plants (Grosse-Holz et al., 2018).
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5BTS.2a ARTGGTGGTACCAGRCATGATCARGCEOGECTTATCRGCTCCTTGATCAGARGEARCARGCATGCAGTGETACACAGC TRCARCARTGGETT TCTCAGGATTCGCGHCACGT TTATCAGARTCTGAAGC TRARTCCATHGCTCARRGRCLT
5BT5.2¢ ARTGGTGGTACCAGGCATGATCARGCGCAGC T TRTCRGLCTCAT TGAT TARARGARRCCAGARTGCAGTGATRCATCGC TRATGARRATGGETT TCTCTGGAT T TGCGECGLGT TTATCAGARTCTGRAGCCCARTCCATTGECTCARAGRCCT
SBTS.2b  ARCE------CTAARAATCATCARRCAGACCTTATGAGCTCTGTAAT TAGARGEARARRAGATGCTRT TGTACACAGC TRCARGAATGGTTTCTCAGGATT TGLGGCGCGT TTATCAGRAGT TGAGGCGARCTCTRTTGCTCARRARCCT
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5BTS.2a GGAGTTATCTCCGTRATTTCCTGATCCAGTACTGCAACTCCACACTACACAT TCATGGGATTTCT TGAAGTATCARACTGATGAARARATCAART TCARGTCCARGCTCTGGT TCTGATTCATCATTAAT TGGAGC TGRTACCATART TGGC
5BTS.2c GGAGTTGTCTCTGTTTTCCCTGATCCAGTGCTGCAACTCCACACTACGCGT TCATGEGATTTCT TGAAGTATCARACCGTTGACGARRCCART TCARGTCCARGCTATGGT TCTGATTCATCACCARATGGAGE TGRCACCATAGT TGGA
S5BTS5.2b GGAGTCATCTCRAGTRATTCCCTGATCCRAGTGT TGARACTCCACACARCACGT TCATGEGATTTCT TGCARGATCARACTGATGTAGARRT TACTTCTGGTCCAGTCTCTGTT TTTGATTCATCACCARARGGAGL TGRCACCATARTCGGR

300bpSETS, 2
Ci FRat. Lebe, gt kL Li. ac.c.ticabpppabtictle.a. .atcaaac, g.by. . .03, .a.bte. gteca. .ot bbb . Lgatbcatea, .aa, . grapclea. accata. L.pp.
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SBTS5.2a ATAT TTTGGCTCT TTTAT

S5BTS.2c I'l'lllT'IHERTRIIGEHIHTI'I'llﬁ[CWHTCTIIHHBT'l'll:Hl'l'lEll:il'ﬁWIRIWICEMITCEDEIIEMIGEMMM‘EI TGCATGGATGGTCATGATT TTGGLGCT TCCAARTGCARCARGAAGATAGT TGGTGCARGATTTTAC
5BT5.2b  ATCTTGGATACAGGAATATGGCCTGARTCAGAGAGT TTTAGTGACARTGATATGAGTGCAGTCCCCTCCCGGTGGAGAGGARCT TRCATGC TRRGTCATGATT TCAGCTCT TCCARATGCARCARGRRAGLTAGT TGETGECARGATT TTAT

300bp5BTS, 2
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amg?ézg GATGACTCTGE TGAGGACGACAGARRRCC TTTTREC TCAGT TAGGGATCARAACGGACATGEARCTCATGT TGCATC TRACAGCAGE TGGGAATCCART TTCAGEAGCATCT TATTATGGCC TAGCGGLTGGGAC TGCARAGGGTGGETCG
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SBTS.2¢ TCRRGAATCGCTGTGTATCETGTCTGCACATC TAATGGATGCCGTGGARGCGEE TATCATGAARGCAT TTGATGATGCAAT TGCAGATGGEGT TGATGTTTTATCTCTATCACT TGGT TCATCACC TGEAC T THAR-——
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SBT5.2a CCARGCARTCCTATTGCCATAGGAGCATTTCATGCTGTRGARARGEGCATTACTGTTGTTTGCTCTGCTEGRARTAGTEGCCC TGEACCARARRCTGTTGTCARTACAGCTCCT TGGATTCTTACTGTTGCAGCCACCACCATTGATCET
SB815.2¢  TCARAGRATCCTATTGCCATAGGAGCAT TTCATGCAGTGGARARGEGCATTGT TGT TGTCTET TCTGECTGGARATAGTGGCCCTGATCTCARARCTET TGTCAATGCAGCTCCTTGGAT TCTTACAGT TGCAGCTRCCACCAT TGATCET

SBTS.. TCGARTGATCCTATTGCTATTGGAGCAT TTCATGCTGT TGARARGGGAATTCTTGT TGTCTGT TCTGCTGGRAARTGATGGACC TRGDGCGARARGTGT TGTCARTGTTECTCCTTGGAT TCTCACAGTGGGAGE TRCTACART TGACCET
300bpSETS,2
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SBTS5.2a GRCTTCGAGACAGATATTGTCT TTR TGGTRACATGACARRATCGTCAGTCTACCCTTTGAT TCATGGCART TCARCCAART CAAR==-(
SBTS.2¢ mﬁT'IL‘GHEEBGMIST'IRTC'ITRM'IIHEIIIHI.‘GFHI'IGHI'lﬂﬂiﬁﬁ'lﬁﬁmﬁ'lll'lm TGGTGATATGACARRATCTGCGGTCTACCCCTTGAT TCAGL
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SBT5.2a I'I]EIIEI TGTGTTCCTGGT TCATTAGATGARRRCARRG TCARGEGGARGATTGTCCTTTRTGRARATCT TGATGATGGTEGAATAT TTTCCCAGTGACRAGE TAGATGRAGTGARRAGCCGAGG TRGAGT TGGAT TTATACTTATAGATGAT
SBTS5.2¢ AGGGGTTGCGTTCCTGATTCATTAGACARARRCARAGTCARGGGGARAATTGT TGTATGTGRARACCT TCAGARCGATGGATTT TCACTCAGTGACAGEL TAC TCGAAGTGRAAGAGCGGAGGTGGAGT TGGAT TTATACTARTAGATGAT

SBT5.2b AGGAGT TGCGTTCCGGATTCATTAAATGARARGARAG TARAGGGGARRATTGTTCTTTGTCATAATC—— TAT
300bpSETS.2
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5BT5.2a GRTGARRGARC TGTGGCACCCARATTCARTTCCTTCTCAGCTGGTGTAGTC TCTARRARGGATGGARATGAGATCC TCGCC TACAT TRACTE:
SBTS.2¢c W'IC'lI'I'lEllii:IIETGE[ﬁECCIIIHT'ICmIITI:I'l'l'ICCl:llEE'IEC'IE'-T‘HETETCTI'ISIIIHEGFCTGIi'lHll'lI:I'ISFlTI:E'II:TCET‘HEl'l'lllﬁm'l[l:RﬂlFlliWWWWEIHWBCEWWETTHEMIBGMM[WM
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SBT5.2a e GRACGAGGARTCCAGTTGCATCART TTTACCARCTGTATCCATAACARAGTACARACCAGCTCCAGT TGTGRCT TACTTCTCATCARGAGGCCE TGCGTACARCACCCC TARCC TCETCARACCRGATATT

SBTS.2c CATGCARATCCARCARRARAGECARGGARTCCAGTTGCATCAAT TCTACCARCTGT TTCCACARC TRAGTATARRCCAGCTCCTGT TRTGCCT TACTTCTCATCARGGGGCCC TGCAGGARRCACCCC TARCC TCCTCARRCCAGATATT
=emmmmm e e~ ARCARGEARTCCAG TTGCATCAAT TCTACCARC TGT TTCARRARCCARGARCARACCAGCTCCTGT TRTGGCT TACTTCTCATCARGGEGTCCTGEATACARCACT TATARCCTCCTCARRCCAGATATT
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SBT5.2c  ACAGCACCAGGGGTRACAATTCTTGCTGCTTGRCC RACCARTETTCAATATACTCTCTGGETACTTCCATGTCCTGECC TCACGTTTCCGGTAT IGCTGCARCTGTCARGELG
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SBTS.2a E"IIRfl:ETIi[l:IIIEHIIEE"ERII]EI[HRI"EIIE[TRI TATGACCACAGC TAT TCAGACARACAAT T TGARGEC TCCARTCAC TRCAGTCTCAGGATCCARRAGCARCACCATATGACA TRGGT GLAGGRGAAGCARGCACT TCRGET
SBTS.2¢  CRAARATCCCACCTGGGGTCCCTCCGCTATCARATCAGCTAT TATGACCACTGCTAT TCAGACARACRAT TTGARGGC TCCARTCAC TRCAARCTTTGGATCCARGGCARCACCGTATGACATAGGT GLAGGAGARGCARGCACTTCAGHT
SBTS5.2h I:ﬁl:llﬁl'tETI[TIIIEFIEIEI:"I:NIEIITEIIRIITEMETRI TATGACCACAGC TATACAGAC TAACART TTGARGGC T TCARTCACARCAARRT TCTGGEATCCATAGCARCACCATACGATAT TGGAGCCGGAGARGCARGCCCTTCGEGE
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S5BTS5.2a CCATTARARCCAGGTCTRAGTCTACGAGACAGATGTCGLCGACTACT TGCRAGTTCCTATGTTCTGTTGGTTT TRARCATATCACAGAT ARAGC TGATCTCAAT TRCAGT TCCTGARGACTT TTCATGCCCARARARCTCARCCTCTGARTTG
SBTS.2¢  CCATTARARCCAGGTCTAGTCTACGCGACAGRTGTCGCCARTTACT TGCAGTTCCTCTETTCTATTGGC TATGACAARTCARAGATARAGC TGATCTCARGTACAGTTCCTARRGACTT TTCATGCCCARARARCTCARGCTCTGARTTG
SBT5.2b  GCARTTRATCCTGGATTGETCTACGAGACTTACGCTGCAGRACTACT TGCARTTCCTATECTCARTCEGC TATGACACAT TRARAGATARARC TCATCTCARRRACAGTTCCTGATGATTTTTCATGTCCCACCARCTCARGT TCAGAATCA

Conzensus  ,ca,b,aa,c0. 2. b LCLACE. §aC, .8, ¢, . §C., .8, Lactbgea, bheet b, be.  Lgi. L.t aca.al ,a, agat.aaa, ot . akcbcaa, Lacagtiect .8, ga, Litbeat g, cc 8, Laackcaa, Lo, gaat., .

2101 2125 2150 2175 2200 2225 2250

SBTS5.2a GITTCTAATATGAATTATCCATCAATRAGCTATTTCTRGTCTCARAGARARCGAGCCGARGRRRGTTACTAGRAC TGTARCARATAC TGETGARGARGCATCAGTATATACTACAGT TAT TGAGGCACCARARGGAT TGGARCTCCARGTG
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SBTS.2b IIII:TEIIIRIIHI(:H!ITIII:ECHICEI“ ARAGARRATGARACCARGARAG TRARCCAGRATGATTACTAATGT TGCAGAAGAAGA ACTGCART TATARAGGCACCARC TGGAT TGGARGTTCARGTG
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SBT5.2c lﬁTﬂEl’EﬁClﬂﬂ
SBT5.2b  ACTTACTTATAR
300bpSETS.2  f--—~GCRACTA
Consensus  fl...gcoacTa

Figure 2.9 Alignment of VIGS fragments with three SBT5.2 genes.

The 300bp fragment used for SBT5.2 silencing has sufficient homology to silence all three SBT5.2-encoding

genes.
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Figure 2.10 Triple sbt5.2 knockouts lack the major active subtilase and cannot process 2F5 in

apoplastic fluids.

(@) Schematic representation of the three SBT5.2 isoforms encoded in wild-type plants and the triple sht5.2
knockout lines. The protease comprises of a signal peptide (white), inhibitor domain (magenta), protease
domain (blue), fibronectin type-IIl domain (FNIII; grey), the out-of-frame translation caused by frameshift
mutations (red), and the non-translated ORF (dashed line). The positions of the sgRNAs used for gene
editing are indicated in white arrows and the active site Ser with black arrows. (b) Both triple sbt5.2
knockout lines grown indistinguishably from wild-type plants at 4-week growth. (c) The sbt5.2 triple
knockout lines lack the major active subtilase in the apoplast. Apoplastic fluids from four independent
plants of wild-type or knockout lines were labelled with FP-TAMRA and separated on a 12% reducing SDS-
PAGE gel and scanned for fluorescence. (d) 2F5 is not cleaved in apoplastic fluids of 2F5 knockout lines.
Apoplastic fluids from wild-type and sbt5.2 triple knockout plants were incubated with fluorescent 2F5 for
0 or 6 hours, separated on reducing protein gels and analysed by fluorescence scanning and western

blotting using anti-HC and anti-LC antibodies. Water incubated with the antibody was used as a control.
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2.7 COVA2-15 is more stable than the 2F5 antibody, while both E-
64 and PMSF inhibitors can delay its processing

Compared to 2F5, degradation of which occurs within a few minutes, COVA2-15
appears to be stable when incubated in apoplastic fluids for at least 24 hours (Figure
2.11b), with processing being visible after 32 hours of in vitro incubation with apoplastic
fluids (Figure 2.11c). COVA2-15 is partially degraded after 32 hours and this was also
reduced by both Cys inhibitor E-64 and Ser inhibitor PMSF (Figure 2.11d), but not
completely hindered. Regarding Epil-expressing leaves, apoplastic fluids added in with
COVA2-15 did not lead to blocking proteolysis after 48 hours as the IgG appears to get
completely degraded at the 48-hour timepoint, leaving no traces of cleavage products

(Figure 2.11e).
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Figure 2.11 E-64 and PMSF can delay COVA2-15 processing in apoplastic fluids.

(a) Side and top views of the COVA2-15 IgG (Fab’ domain), from AlphaFold prediction (left-hand side). The
coloured loop is the aligned sequence with 2F5 IgG at the exposed loop where 2F5 cleavage site is located
(red; front/back views at right-hand side). (b) Apoplastic fluids were incubated with COVA2-15 without
protease inhibitors for 0 or 24 hours, separated on reducing protein gels and analysed by western blotting
using anti-HC and anti-LC antibodies. (c) Apoplastic fluids were incubated with Cys protease inhibitor E-
64, Ser protease PMSF, AF+DMSO or water from left to right (negative controls) and COVA2-15 was added
for 0, 24 or 48 hours, separated on reducing protein gels and analysed by western blotting using anti-HC
and anti-LC antibodies. (d) Apoplastic fluids were incubated with Cys protease inhibitor E-64, Ser protease

PMSE, AF+DMSO or water from left to right (negative controls) and COVA2-15 was added for 0, 24 or 32
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hours, separated on non-reducing protein gels and analysed by western blotting using anti-HC and anti-LC
antibodies. (e) Apoplastic fluids from plants transiently expressing Epil was incubated with COVA2-15 for
0, 24 or 48 hours, separated on reducing protein gels and analysed by western blotting using anti-HC and
anti-LC antibodies. Apoplastic fluids from empty vector (EV) agroinfiltrated plants or water were used as

negative controls. PI: protease inhibitor.

2.8 2G4 processing is likely not mediated by SBT5.2

Compared to 2F5, 2G4 also appears to be stable when incubated in apoplastic
fluids for at least 6 hours (Figure 2.12b,c). Regarding the chemical inhibitors E-64 and
PMSEF or in Epil-expressing apoplastic fluids, no difference can be observed, because 2G4

is stable for the duration of the in vitro assay (Figure 2.12b,c).
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Figure 2.12 E-64 and PMSF can delay 2G4 processing in apoplastic fluids.

(a) Side and top views of the 2G4 IgG (Fab’ domain), from AlphaFold prediction (left-hand side). The

coloured loop is the aligned sequence with 2F5 IgG at the exposed loop where 2F5 cleavage site is located
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(vellow; front/back views at right-hand side). (b) Apoplastic fluids were incubated with Cys protease
inhibitor E-64, Ser protease PMSF, AF+DMSO or water from left to right (negative controls) and 2G4 was
added for 0 or 6 hours, separated on reducing protein gels and analysed by fluorescence scanning. (c)
Apoplastic fluids from plants transiently expressing Epil was incubated with 2G4 for 0 or 6 hours,
separated on reducing protein gels and analysed by fluorescence scanning. Apoplastic fluids from empty

vector (EV) agroinfiltrated plants or water were used as negative controls. PI: protease inhibitor.



67 Chapter 2 - In vitro processing of IgGs

Conclusions and Discussion

In this Chapter, we first examined the effect of inhibitors or protease silencing on
the processing of the site upstream the hinge, a domain which is common across different
IgGs and is located between the CH1 and CH2Z domains of the constant heavy chain
(Vidarsson et al., 2014). Protease inhibitors PMSF and Epil could inhibit hinge cleavage,
confirming that in apoplastic fluids subtilases are responsible for this processing (Figure
2.2, 2.3). After testing several SBT-depleted plants, they all exhibited inhibition of the
peptide processing, with sbt1.4 and sbt5.2 mutants leading to the strongest inhibition
compared to the control (Figure 2.4). This same cleavage site was also confirmed by the
literature in different antibodies such as a truncated form of the 2F5 heavy chain, leaving
a 30 kDa degradation fragment (Niemer et al., 2014), the IgG antibodies 2G12 and H10
(Hehle et al., 2015). However, as our assay only contains the peptide in question, the way
that each whole IgG antibody is folded, could affect the accessibility of the CH1-hinge

domain to proteases in vivo, ultimately leading to different degradation patterns.

In these experiments the plant protease-mediated degradation pattern of different
IgGs, 2F5, COVA2-15 and 2G4, was investigated using gel-based approaches to identify
their fragmentation. The in vitro assays consisted of incubation of pure antibodies with
apoplastic fluid (AF) from e wild-type plants, plants expressing the protease inhibitors,
or plants depleted of proteases. When incubating pure 2F5 with AF from wild-type plants,
the effect of the chemical protease inhibitors PMSF and E-64 was assessed. Detecting
antibody degradation was accomplished by western blotting, Coomassie staining, or by
detecting fluorescence from an appropriately labelled, pure 2F5 antibody. When the 2F5

antibody was incubated in vitro with AF from WT plants in the absence of chemical
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inhibitors, or from plants expressing an empty vector, an additional band at
approximately 40 kDa was apparent, consistent with the recent study where it is
demonstrated that subtilisin-like protease NbSBT1, which is homologous to Arabidopsis
thaliana SBT5.2, can cleave 2F5 at one position, resulting in an intact light chain and two
heavy chain fragments arising from cleavage at TTLF107/G108VP that were detected by
mass spectrometry (Puchol Tarazona et al.,, 2021). This cleavage site is located at the CDR
H3 extended loop. Importantly, addition of PMSF or apoplastic fluid containing the Epil
protease inhibitor suppresses cleavage. Cleavage is also prevented in apoplastic fluids of
SBT5.2-depleted plants, confirming this hypothesis. Taken together, these experiments
demonstrate that SBT5.2 is responsible for processing the H3 loop of fully assembled 2F5

in apoplastic fluids.

Surprisingly the COVA2-15 antibody is more stable than 2F5 for at least 24 hours
in apoplastic fluids, with degradation fragments possibly resulting from processing of the
light chain instead. For the heavy chain, although this is degraded at later timepoints,
there is no readily discernible fragment compared to the water control that could indicate
protease processing. The fragments observed might be due to long incubation at room
temperature due to the assays’ setup (Figure 2.11c). On the contrary, the light chain
resulted in an additional fragment (F fragment) at around 20 kDa with is smaller than an
intact light chain of 25-28 kDa (Figure 2.11d). However, the addition of chemical
protease inhibitors did not alter the fragmentation pattern, but rather delayed its
processing which might indicate processing by different types of proteases or sequential
processing. Mass spectrometry analysis for fragments released after degradation is
needed to confirm the protease cleavage sites. The 2G4 antibody appeared to be more

stable than 2F5 and less stable than COVA2-15, as degradation was observed after 24
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hours of its incubation with apoplastic fluids (Figure 2.12). However, in this case no
specific proteolytic patterns were detected that were different to the water control,

making it difficult to draw a conclusion about candidate proteases or cleavage products.

IgG degradation is generally examined using in vitro assays and western blot
analysis for the light and heavy chains. However, this method does not exclude antibodies
with incomplete epitopes, which can result in underestimation of the extent of IgG
proteolysis (Hehle et al., 2015). Moreover, some IgG fragments being observed can
represent assembly intermediates of IgGs, such as free heavy or light chains, Fab, Fab’, H/L
heterodimers or H/H homodimers making the determination of cleavage fragments more
complex. Antibody sequencing has been used to provide a more detailed profile of
antibody fragments, with strategies such as Edman degradation for N-terminal peptide
sequencing or mass spectrometry (MS)-based methods (Mao et al., 2019; Peng et al,
2021; Vlasak & Ionescu, 2011). MS-based methods for antibody sequencing consists of a
bottom-up liquid chromatography tandem mass spectrometry (LC-MS/MS) workflow,
where antibodies are cleaved in even smaller fragments with specific protease cocktails
for subsequent analyses (Peng et al., 2021). Another caveat would be determining the
existence of a proteolytic cascade. Although in plants sequential processing research is
fragmentary, there are examples in eukaryotes that validate this theory. For example,
furin, which is a subtilisin-like S8 protease residing in the Golgi can further activate
MMP11 (stromelysin-3) and MMP14 (MT1-MMP) (Pei & Weiss, 1995). Another example
comes in response to injury, where tissue factor is released and forms a complex with the
serine protease FVII, activating it and triggering the activation of protease FX, which then
activates thrombin to cleave fibrinogen into fibrin, forming a blood clot (Amara et al,,

2008). Subtilisin and pepsin protease families are extended protease families that may
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have been evolved to participate in proteolytic cascades (Paulus & Van Der Hoorn, 2019).
Moreover, there are additional caveats to take into account when it comes to using
apoplastic fluids from plants expressing different protease inhibitors, as shown on
Figures 2.2, 2.3, and 2.6. The lack of information on the expression levels of co-expressed
protease inhibitors introduces several limitations in interpreting the impact on IgG
degradation. Without quantifying these inhibitors, it is unclear whether they are present
in sufficient amounts to effectively prevent recombinant protein degradation, leading to
uncertainty about their actual protective role. Variability in transient expression can
result in fluctuating levels of the inhibitor, making it difficult to ensure consistency across
experiments. Additionally, some protease inhibitors may have off-target effects on plant
metabolism, potentially influencing protein production or plant fitness in unintended

ways.
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3.1 Introduction

Proteases are abundant enzymes found in all organisms that degrade proteins
irreversibly, thus terminating their function and removing it from the cell (Thomas & van
der Hoorn, 2018). In N. benthamiana, about 1,243 putative proteases act in different
subcellular compartments, including the cytosol, the vacuole, the chloroplast, the
mitochondria, and the lysosome, or they are delivered extracellularly, residing in the
apoplast (Jutras, Dodds, et al., 2020). However, not all proteases are thought to degrade
recombinant proteins. For instance, as organelle-specific proteases that are not present
along the secretory pathway the recombinant proteins usually travel to ultimately reach
the extracellular space. Moreover, some proteases are not expressed in leaves where
overexpression occurs in transient expression techniques. Several studies have reported
recombinant protein processing along the secretory pathway by proteases residing in the
endoplasmic reticulum, the Golgi, the vacuole and ultimately the apoplast (Badri et al,,
2009; Benchabane et al., 2008; De Muynck et al., 2009; Jutras, Sainsbury, et al., 2020;
Schiermeyer etal., 2005). Subtilase-like proteases, papain-like Cys proteases (PLCPs), and
pepsin-like Asp proteases are the key proteases that seem to be involved in recombinant
protein processing, with the majority of these protease families being associated with
plant senescence (Roberts et al., 2012). There is also evidence that ex vivo processing
might occur during extraction and purification due to tissue disruption releasing
proteases that recombinant proteins would not normally be exposed to during in vivo
expression (Drake et al., 2009; Hehle et al,, 2011; T. G. Kim et al., 2008; Nykiforuk et al.,
2011). To tackle unwanted proteolysis, several strategies to prevent recombinant protein
degradation have been implemented, such as co-expression with protease inhibitors,

fusion proteins, stabilising agents, protease gene knockdown/out and subcellular
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targeting (Duwadi et al., 2015; Goulet et al,, 2012; F. Grosse-Holz, Madeira, et al., 2018; N.

S. Kim et al., 2008; Pillay et al., 2014).

Protease inhibitor (PI) co-expression is a promising approach to reduce protease
activity for various reasons. Some Pls can target multiple protease families, overcoming
redundancy (Grosse-Holz et al., 2018; Grosse-Holz & van der Hoorn, 2016). PIs can also
be targeted to the apoplast accompanying recombinant proteins through the secretory
pathway(Goulet et al., 2010; Jutras et al., 2016). During agroinfiltration conditions, Pls are
only overexpressed temporarily and in localised leaf areas without affecting other tissues
and potentially causing undesirable effects on plant health. Another promising strategy is
protease depletion of proteases involved in the processing of recombinant proteins.
Together, these two approaches have been explored previously in pursuit of increasing

IgG accumulation (Table 3.1).

Table 3.1 Co-expression with protease inhibitors or protease depletion can lead to increased recombinant
protein levels. Ser: serine, Asp: aspartic, Cys: cysteine, LC: light chain, HC: heavy chain. Approximate accumulation

according to authors' statements, — indicates no significant change, n/s indicates not specified.

Approach Description IgG Accumulation* Component Reference
Protease RNAi and gene editing ~ CAP256 IgG antibody (-) NbVPE-1a, Singh etal, 2022
knockdown/out NbVPE-1b, and
NbCysP6

2F5 IgG antibody (3-fold) NbSBT5.2 Beritza et al,, 2024
Protease Co-expression with C5-1 IgG antibody (LC; 70-80%) SICDI; SICYS9 Gouletetal, 2012
inhibitor protease inhibitors C5-1 IgG antibody (HC; 85%) SICDI Gouletetal, 2012

C5-1 IgG antibody (40%) SICYS8 Robertetal, 2013

H10 IgG antibody (HC; 7.5-fold) SICYS8 Jutrasetal, 2016

VRCO1 IgG antibody (2-10-fold) NbPR4, NbPotl Grosse-Holzetal, 2018
& HsTIMP
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In this Chapter, by using the information of in vitro studies (Chapter 2) and of
existing literature, we investigated the impact of PI co-expression or protease depletion
on IgG accumulation and/or processing. We first screened several Pls targeting different
protease families. Since the in vitro studies strongly suggested the involvement of SBT5.2
subtilase in 2F5 IgG processing, the next step was to examine SBT5.2 depletion along with
other subtilases to determine if a sole protease is responsible for 2F5 and/or other IgG
processing. Plants were initially depleted for different subtilases using virus-induced
gene silencing (VIGS). Following VIGS, we tested CRISPR-Cas9 knockout lines of proteases
we previously screened with VIGS and some additional proteases as these lines were
becoming available. We selected four subtilases (Ser proteases) and two Cys proteases
(Table 3.2) that were either consistently detected as active proteases in the apoplast of
Nicotiana benthamiana by activity-based proteomics or confirmed to be involved in
protein processing in the literature (Jutras etal., 2019; Puchol Tarazona et al., 2021; Singh

etal, 2022; Sueldo et al.,, 2023).
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Table 3.2 Protease knockouts tested in this Chapter for effect on IgG processing and IgG overall

accumulation. Exemplary protease domains and structures from InterPro and AlphaFold,

respectively. Ser: serine, Cys: cysteine, FNIII: fibronectin type-III, PSV: protein storage vacuole.

Name &
Protease
Family

sbt1.4

Localisation
GO Annotation

apoplast

Protein Domains
InterPro

Structure
AlphaFold

Ser-active site

subtilisin-like 1.4  cytoplasm
(Ser) vacuole 1 subtilase S8 (cucumisin-ike)
1 gene secretory vesicles i e o
s mIme - . - —_—
sbt1.7 apoplast Seractive site
subtilisin-like 1.7  secretory vesicles
(Ser) 1 757
4genes il 25 an B A o A
i 21 -_—
Sbtl 9 apoplast Ser-active site
subtilisin-like 1.9
(S er) 1 S“Irmf:;o’:‘ﬁ;”’ subtilase S8 (cucumisin-ike)
2 genes
-_—
sbts 2 apoplast Ser-active site
subtilisin-like 5.2
(Ser) 1 —‘ LT sublilase S8 (cucumisin-fike) “ 770
3 genes [ %0 4t 560 ) o
Em L 1] e 3 | & & & _ & | &8 11§}
rd21 VaCllOle Cys-active site
responsive to Golgi apparatus
desiccation 21 apoplast | m— |nhibitor 129 —| cysteine C1A (papain-like) H granulin I_ 468
(Cys) cytoplasm 5 o I o = 80 o - o
3 genes plasma membrane — =
plasmodesma
nucleus
secretory vesicles
vpeabc vacuole Creaegeste
vacuolar PSV
processing 1 legumain C13 (asparaginyl endopeptidase) H legumain prodomain F 419
enzyme ) 100 150 200 2% 00 5 00
a
(Cys) !
3 genes
vpeld
vacuolar
processing
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Results

3.2 Different antiviral IgGs exhibit distinct overexpression profile
during transient expression

To investigate the expression of different antiviral IgGs in the days following infiltration,
the light and heavy chains of 2F5, COVA2-15 or 2G4 were co-expressed in the same batch
of wild-type plants. Samples were harvested at three, five and seven days following
infiltration (Figure 3.1). Each sample corresponds to six leaf discs (6 x 1 cm? diameter)
pooled from six different plants, with each leaf representing the same developmental
stage. 2F5 antibody was successfully expressed as free light (LC) and heavy (HC) chains
on day 3, however the fully assembled form was more abundant on days 5 and 7. F1
fragment that was previously detected and is due to processing by endogenous proteases
is also visible in all three timepoints. On days 5 and 7 IgG intermediates are more visible,
with day 7 exhibiting the highest relative concentration of both the fully-assembled 2F5
but also of its intermediates. While free LC is observed in all three timepoints, free heavy
chain on days 5 and 7 is less abundant. Regarding the COVA2-15 antibody, the fully-
assembled IgG and its intermediates are formed and are abundant in all three timepoints.
Similarly, free HC seems stable and in similar abundance in all three timepoints, while free
LC accumulates more as days progress. 2G4 antibody full complex is more abundant on
day 5, as are the intermediate complexes. 2G4 free HC accumulates more as days progress,

while free LC has a peak increase on day 5 but decreases on day 7.
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Figure 3.1 Overexpression profile of antiviral IgGs upon transient expression.

LC and HC of (a) 2F5, (b) COVA2-15, or (c) 2G4 IgG antibody were transiently co-expressed in N.

benthamiana for 3, 5, and 7 days post infiltration (d.p.i.). Total extracts were generated and separated by
reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG antibody. Coomassie staining
of the large subunit of Rubisco (RbcL) was used to show loading. H/L complexes are non-reduced
immunoglobulin aggregates or covalently linked heavy chain and light chain, potentially due to incomplete

reduction, interchain disulfide bonding, or protein-protein interactions.

3.3 Co-expression with NbPotl or SICDI protease inhibitors might

lead to reduced 2F5 IgG levels

To test whether protease inhibitors against different proteases have an impact on 2F5
accumulation, 2F5 LC and HC were co-expressed with various inhibitors, previously listed
on Table 2.3. None of the tested protease inhibitors led to significantly higher yields of
2F5 antibody, while some demonstrated lower yields of 2F5 when compared to the empty

vector control (Figure 3.2). Specifically, the Cys/Asp inhibitor SICDI (Family 13) and the
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Ser inhibitor NbPotl led to less accumulation of 2F5 antibody. The F1 fragment signal at
40 kDa is relatively weak, while we also detect a second fragment of the HC, F2, which was

previously described as a truncated form of the HC (Niemer et al., 2014).
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Figure 3.2 Co-expression of 2F5 with protease inhibitors in vivo.

The LC and HC of 2F5 were transiently co-expressed by agroinfiltration for 5 days in triplicate with
inhibitors (a) HsTIMP, SICYS8, SICDI, (b) Epil, NbPot1, NbPR4 and Epil2, as detailed in Table 2.2. Empty
vector (EV) was used as the positive control, while AlaHsTIMP, and SICYS8-Q47P were used as negative
controls of HSTIMP and SICYS8, respectively. Total extracts were generated and separated by reducing 12%
SDS-PAGE and analysed by western blot using whole anti-IgG antibody. F1 and F2 indicate two different

fragments of the 2F5 HC. Coomassie staining of the large subunit of Rubisco (RbcL) was used to show
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loading. Band intensity quantification of 2F5 accumulation (LC+HC) is depicted in graphs next to the
respective blot. Data were tested for normal distribution, while significance was determined with one-way
ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error bars represent SE of n=3

experimental replicates. *p<0.05 ,**p<0.01, ***p<0.001.

3.4 2F5 processing in SBT-depleted plants by VIGS (knockdown)

To examine which subtilase is responsible for 2F5 processing, plants were depleted for
different subtilases using virus-induced gene silencing (VIGS). We selected four subtilases
that were consistently detected as active proteases in the apoplast of Nicotiana
benthamiana by activity-based proteomics (Jutras et al., 2019; Puchol Tarazona et al,,
2021; Sueldo etal., 2023). Plants were inoculated with tobacco rattle virus (TRV) carrying
300 bp fragments targeting these subtilases or a fragment of GFP as a negative control.
Three weeks following inoculation with TRV, plants were agroinfiltrated with the LC and
HC of 2F5. SBT1.9a-depleted plants demonstrated a dwarf phenotype, while the rest of
the SBT-depleted plants grew indistinguishably from TRV::GFP control plants. Sampling
targeted non-senescent leaves of the same developmental stage, while leaf discs from
multiple plants per were collected and pooled to account for localised differences
following VIGS silencing. Cleavage of the IgG is absent in apoplastic fluids isolated
from TRV::SBT5.2 plants and not from TRV::GFE TRV::SBT1.7a; TRV::SBT1.7c or
TRV::SBT1.9a plants (Figure 3.3b), indicating that SBT5.2 is required for 2F5 processing
in the apoplast. Surprisingly, western blot analysis of total extracts from agroinfiltrated
plants revealed no difference in the pattern of 2F5 processing upon SBT5.2 depletion
when compared to the controls in independent experiments (Figure 3.3b,c). Besides a
relatively weak F1 signal at 40 kDa, we detect a second fragment of the HC, called F2, and

relatively strong signals for the HC and LC.
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Figure 3.3 Co-expression of 2F5 in SBT-silenced plants.

(a) TRV::SBT1.7a, TRV::SBT1.7c, and TRV::SBT5.2 grew indistinguishably from TRV::GFP plants. TRV::SBT1.9a
plants showed a dwarf phenotype compared to TRV::GFP. Shown are four 7-week-old N. benthamiana plants,
following three weeks from TRV infection and on the day of agroinfiltration with bacteria harbouring the
LC and HC of 2F5. (b) LC and HC of 2F5 were transiently co-expressed for 5 days using agroinfiltration in
TRV::GFP, TRV::SBT1.7a, TRV::SBT1.7c, TRV::SBT1.9a, and TRV::SBT5.2 plants. One representative replicate of
the triplicate is shown. Quantification of 2F5 accumulation (LC+HC) is depicted in graph. Total extracts were
generated and separated by reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG
antibody. F1 and F2 indicate two different fragments of the 2F5 HC. Coomassie staining of the large subunit
of Rubisco (RbcL) was used to show loading. Data were tested for normal distribution, while significance
was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error
bars represent SE of n=3 experimental replicates. (c) All three triplicates shown of LC and HC transient
expression in TRV::GFP, TRV::SBT5.2 plants. Total extracts were generated and separated by reducing 12%
SDS-PAGE and analysed by western blot using whole anti-IgG antibody. F1 and F2 indicate two different
fragments of the 2F5 HC. Coomassie staining of the large subunit of Rubisco (RbcL) was used to show

loading.



86 Chapter 3 - In vivo processing of IgGs

3.5 Cytoplasmic GFP accumulation is not altered in protease

mutants (knockouts)

To determine whether various protease-depleted plants would result in cytoplasmic GFP
increase, 4-week-old wild type or protease-depleted plants were co-infiltrated with
cytosolic GFP and 2F5 IgG, and leaves were scanned for fluorescence at five days post
infiltration, because this timepoint was used for subsequent transient expression
experiments for IgGs. The protease-depleted lines used were sbt5.2#4, sbt5.2#8, rd21,
vpeabc and vpeld as described in Table 3.2. Although the vpe-mutants exhibited a
tendency of increased accumulation, there was no significant increase in accumulation in
any of the mutants compared to wild-type plants (Figure 3.4). Finally, it is noteworthy

that a trend of decreased GFP accumulation was observed in rd21 mutant plants.
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Figure 3.4 Co-expressed 2F5 IgG with cytoplasmic GFP, shows that the latter is not different

between WT and different protease mutants.

GFP fluorescence (488 nm) was measured from six different half-leaves in three experimental replicates in
WT, sbt5.2#4, sbt5.2#8, rd21, vpeabc, and vpeld knockout plants. One representative replicate of the
triplicate is shown. Quantification of cytoplasmic GFP is depicted in the graph. Data were tested for normal
distribution, while significance was determined with one-way ANOVA, following multiple comparisons and

Tukey’s post-hoc test. Error bars represent SE of n=3 experimental replicates.
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3.6 2F5 is significantly increased in SBT1.4 and SBT5.2-depleted
lines (knockouts)

To study 2F5 accumulation upon protease depletion, the LC and HC of 2F5 were co-
expressed in various protease mutants, such as sbt1.4, sbt1.7, sbt5.2, rd21 and the vacuolar
protease mutants vpeabc and vpeld. Western blot analysis of total extracts from
agroinfiltrated plants revealed no difference in the pattern of 2F5 processing upon
SBT1.4, SBT1.7, SBT5.2, RD21, or VPE depletion when compared to the controls (Figure
3.5). Besides a relatively weak F1 signal at 40 kDa, we detect a second fragment of the HC,
called F2, and relatively strong signals for the HC and LC. Interestingly, however, the
accumulation of 2F5 in sbt1.4 is consistently 4-fold higher, and in both sbt5.2 mutants is
consistently 3-fold higher. Regarding the vpe mutants, neither of the two lines seemed to

have increased 2F5 accumulation or have an impact on the processing pattern.
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Figure 3.5 SBT1.4 and SBT5.2 depletion increases overall accumulation of 2F5 in vivo.

(a) LC and HC of 2F5 were transiently co-expressed for 5 days by agroinfiltration in WT, sbt1.4#11, sbt1.7
and rd21 knockout plants. One representative replicate of the triplicate is shown. (b) All three triplicates
shown of LC and HC transient expression in WT, sbt5.2#4-4 and sbt5.2#8-11 plants. (c) LC and HC of 2F5
were transiently co-expressed for 5 days by agroinfiltration in WT, vpeabc and vpeld knockout plants One
representative replicate of the triplicate is shown. Total extracts were generated and separated by reducing

12% SDS-PAGE and analysed by western blot using whole anti-IgG antibody. F1 and F2 indicate two
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different fragments of the 2F5 HC. Coomassie staining of the large subunit of Rubisco was used to show
loading. Band intensity quantification of 2F5 accumulation (LC+HC) is depicted in respective graphs. Data
were tested for normal distribution, while significance was determined with one-way ANOVA, following

multiple comparisons and Tukey’s post-hoc test. Error bars represent SE of n=3 experimental replicates.

3.7 Accumulation of other anti-viral IgGs in protease depleted

plants by CRISPR-Cas9 (knockout)

To study the accumulation of other IgGs upon protease depletion, the LC and HC of COVA2-
15 (anti-CoV-SARS-2), VRCO1 (anti-HIV), or 2G4 (anti-Ebola) were co-expressed in
various protease mutants, such as sbtl.4, sbtl.7, sbtl.9, sbt5.2, rd21 and the vacuolar
protease mutants vpeabc and vpeld, where available (Figure 3.6). SBT1.4 depletion
contributes to substantial 2G4 accumulation, while it seems to have no effect on COVA2-
15 yields. Interestingly, SBT1.4-depleted plants result in less accumulation of VRCO1 IgG
compared to wild-type. SBT1.7 depletion seem to have a negative impact on accumulation
of all three IgGs, while SBT5.2 depletion has a trend of increasing COVA2-15 IgGs and
significantly increasing 2G4 IgG by a maximum of 3-fold. SBT5.2-depleted plants
accumulate similar levels of VRCO1lcompared to wild-type plants. The RD21-depleted
plants had no effect on COVA2-15 accumulation. However, VRC0O1 overexpression resulted
in approximately 2-fold increase in these same mutants. VPE-depleted plants resulted in
increased accumulation of both COVA2-15 and 2G4, and more specifically more than 2-
fold increase of COVA2-15 in vpeabc mutants, and approximately 3- or 2-fold increase of
VRCO1 in vpeabc and vpeld mutants, respectively. It is worth noting that additional
fragmentation (F fragments) that might be due to processing was observed in COVA2-15

overexpression in vpeabc mutants, in VRCO1 overexpression in both vpeabc and vpeld
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mutants that are approximately 35-40 kDa. Similarly, 2G4 overexpression in all mutants

and wild-type tested generated 30-40 kDa fragments.
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Figure 3.6 Overexpression of other IgGs in subtilase (Ser) or Cys mutants.

(@) LC and HC of COVA2_15 were transiently co-expressed for 5 days by agroinfiltration in WT, sht1.4#11,
sbt1.7, sbt5.2#4-4, sbt5.2#8-11, rd21, vpeabc and vpeld knockout plants. (b) LC and HC of VRCO1 were
transiently co-expressed for 5 days by agroinfiltration in WT, sbt1.4#11, sbt1.7, sht5.2#4-4, sbt5.2#8-11,
rd21, vpeabc and vpeld knockout plants. (c) LC and HC of 2G4 were transiently co-expressed for 5 days by
agroinfiltration in WT, sbt1.4#11, sbt1.7, sbt1.9, and (d) sbt5.2#4-4, knockout plants. Total extracts were
generated and separated by reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG
antibody. F (or F’) fragments indicate processing products. Coomassie staining of the large subunit of
Rubisco was used to show loading. One representative replicate is shown. Quantification of IgG
accumulation (LC+HC) is depicted in respective graphs. Data were tested for normal distribution, while
significance was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc

test. Error bars represent SE of n=3 experimental replicates.
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Conclusions and Discussion

This Chapter explored the accumulation and processing patterns of different anti-
viral IgGs in various proteas-depleted mutants. The focus was primarily on subtilases,
which are Ser proteases with high activity in the apoplast, and Cys proteases RD21 and
VPE all which had been previously identified in the literature as prime candidates
involved in protein processing (Jutras et al., 2019; Niemer et al., 2014; Paireder et al,,
2017; Puchol Tarazona et al,, 2021; Singh et al., 2022; Sueldo et al., 2023; Zheng et al,,
2024). Before investigating the impact of protease depletion on IgG yields, we examined
the timeline of transient expression of three IgGs that were also used in the protease-
depletion screen to determine general recombinant IgG fragmentation and accumulation
upon agroinfiltration. Hence, we used wild-type plants to transiently express 2F5,
COVAZ2-15, and 2G4 over three, five, and seven days, with varying patterns of assembly
and proteolytic processing being observed. The 2F5 antibody was expressed as free light
chain (LC) and heavy chain (HC) by day 3, with more fully assembled IgG and
intermediates appearing by days 5 and 7. COVA2-15 showed stable assembly across all
timepoints, with the fully assembled IgG and intermediates present throughout. Free LC
increased over time, while free HC remained consistent. For 2G4, the fully assembled
form peaked on day 5, with free HC increasing steadily and free LC peaking at day 5 before
decreasing by day 7. This pattern suggests that the faster transcription and/or translation
rate of the smaller LC, or its lower susceptibility to proteases, may account for the
differences in accumulation between LC and HC over time. Our observation that the fully
assembled 2G4 peaked on day 5 correlates with the notion that younger tissues, which
are typically more metabolically active, offer higher yields of recombinant proteins

(Bashandy et al.,, 2015). Similarly, the increase in fully assembled 2F5 by days 5 and 7
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correlates with other studies showing that harvesting around 5-7 days post-infiltration
often yields the best expression results due to optimal conditions for protein
accumulation and minimal leaf damage (Halfhill et al., 2003; Munné-Bosch & Alegre,
2002). Kim et al., reported that antibody fragment Fc expression levels increased in the
top and middle leaves until around 5 dpi, after which they began to decline (K. Kim et al,,
2021). This decline was attributed to transient stress in the plant cells, such as
endoplasmic reticulum stress or activation of proteases, which likely interferes with
continued high-level protein expression (Howell, 2013). High levels of recently identified
SARS-CoV-2 IgGs can also be achieved at 7 or even 14 days post infiltration (Diego-Martin
et al., 2020). However, when it comes to recombinant protein yields, it has also been

reported that later timepoints exhibit higher variability across plants (Arzola etal., 2011).

Our next step was to examine the impact of protease inhibitors co-expression on
IgG processing. The use of protease inhibitors in plants can help protect recombinant
proteins from degradation (Goulet et al., 2012; Grosse-Holz et al., 2018; Jutras et al., 2016;
Robert et al, 2013). However, inhibiting proteases may disrupt normal protein
biosynthesis or turnover, which can either positively or negatively affect the overall yield
of proteins (Mangena, 2022). In our case, none of the protease inhibitors resulted in
higher accumulation of 2F5 compared to the empty vector control plants. In response to
protease inhibition, plants may increase the transcription of protease-encoding genes to
maintain homeostasis and hence, counteract the effect of a promising protease inhibitor.
For example, when the proteasome is inhibited by syringolin A, the expression of
proteasome-related genes is upregulated (Michel et al., 2006). This suggests that protease
inhibition might not only protect recombinant proteins but could also induce an immune

response. Another caveat is that protease inhibitors might not be accumulating in the
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same compartments as the other recombinant protein, or might even be inactive in

certain pH levels.

When it comes to transient expression in N. benthamiana, several studies
confirmed high protease activity (Jutras etal., 2019; Puchol Tarazona et al., 2021; Roberts
et al,, 2012) and fluctuations of protease RPKM (reads per kilobase of transcript per
million mapped reads) values upon agroinfiltration (Grosse-Holz et al., 2018). The
protease-depleted lines we examined were either consistently detected as active
proteases in the apoplast of N. benthamiana or were involved in protein processing
according to literature (Jutras et al., 2019; Puchol Tarazona et al,, 2021; Singh et al.,, 2022;

Sueldo et al.,, 2023).

Regarding the protease-depleted plants, each IgG was transiently co-expressed
with GFP, as GFP can act as a control recombinant protein. GFP fluorescence of
agroinfiltrated leaves was not significantly different in the any of the tested mutants,
indicating that increased or decreased levels of IgG expression is not caused by increased
transformation or transgene expression efficiency. It is essential to highlight that when
using multiple T-DNAs derived from multiple agrobacterium cultures, the frequency at
which all T-DNAs are simultaneously transferred into the cell is high (Carlson et al,,
2023). However there is still a possibility that fluctuating T-DNA transfer or insertion
levels can lead to chimeric expression across epidermal leaves (Pereman et al., 2019;
Verhage, 2021). Additionally, immune reactions in N. benthamiana, triggered by
Agrobacterium cold shock proteins, can limit T-DNA delivery during transformation (Saur

etal,, 2016).

Our data from in vitro studies in Chapter 2 confirmed that the protease SBT5.2 is

responsible for cleaving the H3 loop of the 2F5 antibody in isolated apoplastic fluids. This
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finding is supported by prior work showing that the Ser protease inhibitor PMSF blocks
2F5 processing and that purified SBT5.2 is PMSF-sensitive (Puchol Tarazona et al., 2021).
However, when 2F5 is expressed in vivo, only a small portion of the heavy chain (HC) is
cleaved into two fragments (F1 and F2), even in the absence of SBT5.2, indicating that

other proteases may be responsible for this cleavage.

Most of the transiently expressed 2F5 does not undergo processing in wild-type
plants, which suggests either that 2F5 is not exposed to SBT5.2, or that plant-specific 2F5
N-glycans could confer protection from cleavage. Interestingly, however, the accumulation
of 2F5 in both sht5.2 mutants is consistently 3-fold higher. Similarly, 2G4 was also
increased in SBT5.2-depleted plants upon transient expression. Although 2F5 and 2G4
were not tested in in vitro incubation with apoplastic fluids from SBT1.4-depleted plants,
their in vivo overexpression in these mutants resulted in significantly higher levels. In
contrast, COVA2-15 and VRCO1 IgGs displayed significantly higher levels in vpe mutants,
but no significant increase was observed in the various SBT-depleted mutant plants.
These data suggest that mapping the processing profile across different IgGs, across
different protease mutants can enlighten the complex network of unintended proteolysis

from proteases.

More research on where different IgGs accumulate upon transient expression, and
establishing their proteolytic processing patterns can provide a wider picture of how to
tackle unwanted proteolysis more accurately. In some cases, protease mutants resulted in
significantly lower levels of the IgGs, for example in sbt1.4 and shtl.7 mutants when
VRCO1 was transiently expressed, or in shtl.7 mutants when 2G4 was transiently
expressed. Proteomic data suggest that agroinfiltration alters the proteolytic

environment of N. benthamiana, possibly inducing protease synthesis involved in
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degrading recombinant proteins (Grosse-Holz et al., 2018). However, the SBTs we tested
remain abundant and active in both mock and agroinfiltrated leaves, indicating that these
proteases are not specifically upregulated by agroinfiltration. Other proteases, such as
papain-like cysteine proteinases and legumains, are known to be upregulated during
agroinfiltration and are implicated in recombinant protein degradation (Duwadi et al,,
2015; Niemer et al., 2014; Paireder et al.,, 2017; Pillay et al., 2016). Moreover, protease
depletion might alter the levels of other proteases, in an attempt of the cell to ensure
homeostasis. RNA-sequencing of these protease mutants could reveal upregulated or
downregulated genes of other proteases or other proteins e.g. chaperones that might be
involved in the processing, correct folding and ultimately accumulation of transiently
expressed IgGs. Additionally, SBT5.2 mediates the degradation of elicitors of both
flagellin and cold shock proteins and that these elicitors are more stable in these sht5.2
mutants, causing increased disease resistance to Pseudomonas syringae (Buscaill et al.,
2024; Chen et al,, 2024). We also previously found that SBT5.2 silencing would prevent
the maturation of tomato immune protease Rcr3 from its precursor protein (Paulus et al.,
2020). According to the aforementioned it might be possible for sbt5.2 knockout to lead
to enhanced immune response when infected with agrobacteria such as wound

responses, hence indicating more efficient T-DNA transfer (Pitzschke & Hirt, 2010).
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4.1 Introduction

In protease-substrate interactions, amino acid positions surrounding the cleavage
site are designated using the Schechter and Berger nomenclature (Schechter & Berger,
1967). The cleavage site is the bond hydrolysed by the protease, and the residues on
either side of it are labelled relative to this point. Amino acids located upstream (N-
terminal) of the cleavage site are referred to as P1, P2, P3, and so on, while those
downstream (C-terminal) are labelled as P1’, P2’, P3’, etc (Figure 4.1a). The P1 position is
the residue immediately before the cleavage site, whereas P1’ is the first residue after it.
Proteases typically have specificity for certain residues at these positions, particularly P1,
which often plays a crucial role in determining cleavage efficiency. These substrate
positions interact with corresponding regions in the protease, known as S1, S2, S1, etc,,
which form the enzyme’s substrate-binding pockets and contribute to recognition and

cleavage specificity.

Endopeptidases exhibit diverse sequence specificities in their cleavage sites
(Rawlings et al., 2012). While many plant subtilases have a broad substrate specificity
(Hamilton et al., 2003), some only cleave after aspartic acid residues (Coffeen & Wolpert,
2004; Galiullina et al.,, 2015; Figure 4.1b). For instance, trypsin specifically cuts after Lys
or Arg residues at P1 (Olsen et al., 2004). However, this action is typically inhibited if Pro
is present in the P1' position, immediately following the scissile bond. On the contrary,
plant proteases such as pepsin and papain display a much wider specificity in their

cleavage patterns (Rawlings et al., 2012).

Antibodies can be susceptible to proteases depending on their primary sequence,
structural features, or subcellular location (Hehle et al., 2016; Hehle et al., 2015; Niemer

et al,, 2014; Obregon et al., 2006). This vulnerability of antibodies might derive from the
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fact that these heterologous proteins have not evolved within the host's protease
environment. Previous studies on antibody proteolysis revealed that the cleavage sites
are typically at exposed areas in the interdomain regions of each antibody chain (Hehle
et al, 2015). Many broadly neutralizing antibodies have developed exceptionally
elongated complementarity-determining region (CDR) H3 loops to access their peptide
epitopes (Doria-Rose et al, 2014; Zemlin et al, 2003). For example, human
immunodeficiency virus 1 (HIV-1) virions are enveloped by a dense glycan shield that
conceals numerous antigenic sites on the envelope glycoprotein, dictating the elongated
CDR H3 loop (Alam et al., 2009). As this loop is exposed in many IgG antibodies, mutating
amino acids near the CDR H3 loop could reduce susceptibility to processing from plant
proteases. Strategically introducing de novo disulphide bonds could improve
accumulation by shielding the reactive hydrophobic core, which is typically vulnerable to

proteolytic enzymes (Zabetakis et al., 2014).

Moreover, the unique domain-swapped architecture in 2G12 antibody might be
responsible for its stability, and this has been validated by site-directed mutagenesis to
display a standard Y-shaped quaternary structure instead (Hehle et al., 2016). This
architecture of 2G12 refers to the structural rearrangement in which the variable domains
of one Fab arm exchange positions with those of the other Fab arm, forming a rigid,
interlocked dimer. This unique configuration enhances avidity by clustering antigen-
binding sites, allowing 2G12 to simultaneously bind multiple high-mannose glycans on
the HIV-1 envelope glycoprotein, improving its neutralisation potency. This observation
highlights that the low flexibility of Fab domains could in general restrict access to the

CDR H3 loops, preventing their proteolysis.
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(a) Cleavage site
(Par{P31P2 l P1'-’-P3' P4)—

S4 S3 S2 S1 SI' S2' S3' S4'

PEPIN

substrate pockets

Figure 4.1 Representation of protease substrate specificity pockets.

(a) Protease-substrate interactions, amino acid positions surrounding the cleavage site are designated
using the Schechter and Berger nomenclature (adapted from Ochoa et al., 2020). (b) AlphaFold-predicted
models of P69B subtilase without inhibitor (top panel), or with Phytophthora infestans protease inhibitor
PiEpil (bottom panel). P69B is shown in a grey surface with the hyper-variant residue (créeme) and the
active site (red). Substrate binding pockets are depicted (S4-S2-S1-S2’) with the respective

substrate/inhibitor pockets P4, P2, P1 and P2’ (adapted from Homma et al., 2023).

In this Chapter, we investigated the stability of the CDR H3 loop of 2F5 and COVA2-
15 IgG antibodies, following site-directed mutagenesis. Mutations were carried out
according to two observations. Firstly, since the 2F5 cleavage site on the CDR H3 loop is
known, we tested mutations of the cleavage site at P1 position. Secondly, we detected that
COVA2-15 is stable when incubated in apoplastic fluids, while 2F5 is consistently cleaved.
Following multiple sequence alignment between 2F5 and COVA2-15 CDR H3 loops (MSA;
Clustal Omega), we observed the formation of a disulphide bridge in the region of the
COVA2-15 loop that aligns with the region where 2F5 is cleaved. Hence, we examined the
substitution of residues to Cys residues near the 2F5 cleavage site that would potentially
result in disulphide bridge formation, in an attempt to protect the 2F5 CDR H3 loop from

processing. Additionally, we tested a variant of COVA2-15 in which the Cys residues
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responsible for forming the disulphide bridge in the CDR H3 loop were modified. All
mutated versions of both antibodies were tested in vivo and/or in vitro for their

proteolytic processing and overall accumulation compared to the wild-type IgGs.
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Results

4.2 Compared to 2F5, COVA2-15 is stable in apoplastic fluids

To examine the relative stability over time of the 2F5 and COVA2-15 IgG antibodies, the
IgGs were incubated in apoplastic fluids for 0, 6, 24 and 30 hours and separated on a
reducing protein gel (Figure 4.2b). The assay was repeated (see Chapter 2) with
additional timepoints to better assess the degradation of IgGs over time, providing a more
detailed understanding of their stability at different stages. Additionally, 2F5 and COVA2-
15 were added together in apoplastic fluids, while 2F5 and COVA2-15 were previously
labelled using Alexa Fluor 488 nm and 650 nm. Following in vitro incubation of 2F5 with
apoplastic fluids, an additional band at approximately 40kDa is apparent, as previously
stated. In contrast, COVA2-15 remains intact for at least 30 hours following incubation in
apoplastic fluids. The alignment of 2F5 with COVA2-15 Fab’ domains containing the CDR
H3 loops was carried out on ChimeraX using the Matchmaker option (Figure 4.2a). 2F5
is characterized by extended CDR H3 loops consisting of 22 amino acids (Zwick et al,,
2004). Similarly, the CDR H3 loop of COVA2-15 (22 residues) is also an extended CDR H3
loop considering the average length which is 12-15 amino acids (Brouwer et al., 2020).
These data correlate with our in silico alignment, showing that both 2F5 and COVA2-15
CDR H3 loops are extended. However, when looking at the amino acid sequence and the
in silico model, a disulphide bridge is formed within COVA2-15 loop. This disulphide
bridge formation in the COVA2-15 exposed loop might be responsible for the stability of
this IgG in both apoplastic fluids in vitro (Figure 4.2b) and when expressed in vivo
(Figure 4.4b, lane 2). Hence, we next examined 2F5 CDR H3 mutants that could
potentially form a disulphide bridge near the cleavage site or 2F5 CDR H3 mutants at the

P1 cleavage site.
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Figure 4.2 Compared to 2F5, COVA2-15 is very stable in apoplastic fluids.

(a) MSA of 2F5 and COVA2-15 including the CDR H3 loops are depicted (asterisk: known 2F5 cleavage site).
Side views of the 2F5 IgG (dark grey: Fab’ domain; heavy chain), obtained from PDB ID: 2P8L (left-hand
side). The cleavage site is located at the exposed loop (cyan). Side views the 2F5 exposed loop in alignment
with the COVA2-15 exposed loop in red (light grey: Fab’ domain; heavy chain), obtained from AlphaFold
prediction (right-hand side). (b) 2F5 or COVA2-15 IgG antibodies were incubated simultaneously in
apoplastic fluids (WT) for 0, 6, 24 or 30 hours, separated on reducing protein gel and analysed by

fluorescence scanning. Incubation in water was used as a control (-).
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4.3 2F5 mutations of the CDR H3 loop near the cleavage site

To test whether mutations near the cleavage site of the 2F5 CDR H3 would have an impact
on 2F5 processing, we produced five different mutants using site-directed mutagenesis.
The promoter, terminator and backbone vectors remained the same for all constructs.
Two mutants, m1 [T104C, 1111C] and m2 [L106C, V109C] were made to examine the
potential of disulphide bridge formation enclosing the cleavage site. In this case, two
amino acids (double mutation) in the CDR H3 loop and near the cleavage site were
mutated to Cys (C) residues. To account for disulphide bridge formation, 2F5 mutants
were modelled on ChimeraX by editing the original 2F5 (PDB: 2P8L) using specific
rotamers (Figure 4.3a). These specific rotamers were chosen based on the shortest
distance between S atoms in Cys to increase the probability of forming a disulphide
bridge. The cutoff S-S distance on PDB is set to 3.0 A (Sun et al., 2017), while the distance
of Ca atoms is between 3.5 A and 7.0 A (Gao et al., 2020). However, the shortest possible
S-S distance was 3.117 A for m1 and 2.436 A for m2. Additionally, three mutants were
made by mutating one amino acid at the P1 site. In this case m3 [F107A], m4 [F107D]
and m5 [F107R] mutants had a single mutation from Phe (F) to Ala (A), Asp (D) or Arg
(R), respectively. In this case, the rotamers with the highest prevalence were chosen. The
five 2F5 mutated HC or the wild-type HC of 2F5 were co-expressed with the 2F5 wild-
type LC in Nicotiana benthamiana and total extracts were isolated at 5 days post
infiltration. Crude extracts (CE; total extracts), flowthrough following protein A beads
purification (FT) and elution (E) samples are shown in Figure 4.3b. From this point
forward observations were mainly made by comparing FT or E samples which
demonstrated a similar band profile. In Figure 4.3b, WT and m3 had the lowest

accumulation. F1 fragment which was previously observed in the WT HC (Figure 4.2b)
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was also observed in all mutants m1, m2, m3, m4 and m5. F2 fragment signal previously
reported in in vivo 2F5 WT expression (Figure 3.5) was clearly apparent in m1, m2, m3
and m4 FT and E but only in m5 CE. F3 and F4 fragments were also seen in crude extracts
of m1, m2, m4 and m5. Eluted WT, m1 and m3 are either nearly completely degraded or
poorly expressed/purified. In parallel, the total or crude extracts of these samples were
tested by indirect ELISA to confirm binding to HIV glycoprotein 41 (gp41). However, most
data points were lower than the data points acquired from the standard curve of a
commercial CHO 2F5. Hence, the raw absorbance intensities were plotted for every
sample (Figure 4.3c). Absorbance of m1 and mZ was significantly higher and this
observation is supported by the relative accumulation previously seen on the protein blot
of the same samples (Figure 4.3b). However, all the above observations were made from
one independent experiment. In another set of three independent experiments, 2F5 m1
HC and 2F5 m2 HC transient expression with the 2F5 WT LC resulted in 2.5 and 3.5-fold
increase of 2F5 (LC+HC) compared to the WT HC, respectively (Figure S4.1).
Interestingly, F1 fragment accumulation was not different across samples. F2 fragment
was in similar levels to WT HC in m1 HC mutant, while it was almost 6-fold more in the
mZ2 mutants. Taken all the above observations into account, m1 and mZ2 mutants are the
most promising to be tested in vitro for their proteolytic processing in WT and protease-

depleted apoplastic fluids as they consistently accumulate in higher yields.
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Figure 4.3 2F5 mutations of the CDR H3 loop near the cleavage site.

(@) MSA of 2F5 WT with the five mutants m1, m2, m3, m4, and m5. The sequences shown include the CDR
H3 loop (asterisk: known 2F5 cleavage site). Side view of the 2F5 IgG (dark grey: Fab’ domain; heavy chain),
obtained from PDB ID: 2P8L (in box). Side views of 2F5 mutants, are numbered from m1 to m5 The cleavage
site is located at the exposed loop (cyan). Mutated amino acids are either shown on MSA graph or as
underlined above the respective structure. Putative S-S bond of m1 and m2 are highlighted between the Cys
residues (yellow), with S-S distance at 3.117 A for m1 and 2.436 A for m2. (b) Crude extracts (CE),

flowthroughs (FT) and elution products (E), from leaves agroinfiltrated with 2F5 WT LC and 2F5 WT HC,
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m1 HC, m2 HC, m3 HC, m4 HC and m5 HC. (c) Absorbance at 450nm from crude extracts shown in western
blot (n=3 technical replicates from one independent experiment, p-value ****<0.0001). Samples CE, FT and
E were generated and separated by reducing 12% SDS-PAGE and analysed by western blot using whole
anti-IgG antibody. F1 fragment is a known cleavage product at approximately 40kDa. F2, F3, and F4 are
additional degradation products. Coomassie staining of the large subunit of Rubisco was used to show
loading. Significance was determined with one-way ANOVA, following multiple comparisons and Tukey’s

post-hoc test. Error bars represent SE of n=3 technical replicates from one independent experiment.

4.4 Elimination of the disulphide bridge on COVA2-15 exposed loop
leads to HC processing

We previously mutated the 2F5 CDR H3 loop, where we introduced Cys residues within
the loop to allow for interdomain disulphide bridge formation. Correspondingly, we
mutated COVA2-15 two Cys (C) to Ala (A) at the respective CDR H3 loop, producing one
mutant COVA2-15 HC m1 [C103A, C107A]. The promoter, terminator and backbone
vectors remained the same for both constructs. To visualise COVA2-15 m1 we used
ChimeraX and edited the original COVA2-15 Cys to Ala (AlphaFold-predicted), keeping the
Ala rotamers with the highest prevalence (Figure 4.4a). The mutated HC or the wild-type
HC of COVA2-15 were co-expressed with the COVA2-15 wild-type LC in N. benthamiana
and total extracts were isolated at 5 days post infiltration. Total extracts were separated
under reducing conditions. When produced in vivo, WT COVA2-15 remains stable.
However, following mutations of the two Cys at the CDR H3 exposed loop, a 40 kDa
fragment is evident (Figure 4.4b). In paralle], the same total extracts were tested by
indirect ELISA to confirm binding to SARS-CoV-2 S protein. While WT and m1 COVA2-15
appear to have comparable accumulation levels in protein blot, the concentration of the

mutated COVA2-15 binding to the antigen drops dramatically compared to the WT
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version. Similarly, when m1 COVA2-15 is incubated in vitro with apoplastic fluids for 6

hours, it results in a fragment of the same size seen in in vivo processing.
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Figure 4.4 Elimination of the disulphide bridge on COVA2-15 exposed loop leads to HC

processing, while also impeding antigen binding.

(a) MSA of COVA2-15 WT with the respective mutant m1. The sequences shown include the CDR H3 loop
with Cys highlighted in yellow. Side view of the COVA2-15 IgG (light grey: Fab’ domain; heavy chain),
obtained from AlphaFold prediction (in box), or of the COVA2-15 m1, with their respective exposed loops
in red. Mutated amino acids are either shown on MSA graph or as underlined above the respective structure.
S-S bond of WT is highlighted between the Cys residues (yellow), with S-S distance at 2.477 A. (b) Total
extracts from leaves transiently expressing COVA2-15 WT HC or COVA2-15 m1 HC. Western blot depicts one
representative replicate of the triplicate. Absorbance at 450nm from crude extracts shown in western blot
(n=3 independent experiments, p-value **0.0021). (c¢) COVA2-15 IgG antibody was incubated in apoplastic
fluids for 0 or 30 hours, separated on reducing protein gel and analysed by western blotting. Incubation of

the mutant m1 in water was used as a control. Total extracts in (b) and (c) were generated and separated
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by reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG antibody. F fragment is a
cleavage product at approximately 40 kDa. Coomassie staining of the large subunit of Rubisco was used to
show loading. Significance was determined with t-test. Error bars represent SE of n=3 experimental

replicates.
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Conclusions and Discussion

In this Chapter we investigated site-directed mutagenesis of the exposed CDR H3
loop in 2F5 antibody. We also determined the impact of intradomain disulphide bridge
presence on IgG stability. Initially, we established that IgG antibodies COVA2-15 and 2F5
showed differences in stability, with COVA2-15 remaining stable for up to 30 hours in
apoplastic fluids in vitro. This increased stability is explained by a distinct disulphide
bridge in the COVA2-15 CDR H3 loop which is consistent with the literature. For example,
the VRCO1 CDR H3 loop is characterised for its restrained flexibility due to the presence
of a disulphide bridge (Zhou et al., 2010). This could explain why the distinct 40 kDa
fragment we see in 2F5 is not present in VRCO1 when expressed in planta (Teh et al,,
2014), showing that structural changes can have a major effect on antibody stability. Our
mutation strategy examined the formation of disulphide bridges near the cleavage site

(m1 and m2), or targeting the P1 cleavage site (m3 m4 and m5) directly.

Disulphide bridges have been demonstrated to stabilise proteins my maintaining
overall tertiary structure through interdomain and intradomain interactions (Bechtel &
Weerapana, 2017; Sevier & Kaiser, 2002). Several studies testing disulphide bridge
formation on peptide or protein stability have been described (Liu et al., 2008; M.
Mansfeld & Toth, 2012; Rozek et al,, 2003; Sun et al,, 2017). It has previously been
reported that antibodies could be stabilised by mutations that lead to disulphide bond
formation (Peters et al,, 2012). 2F5 m1 HC and 2F5 mZ2 HC transient expression with the
2F5 WT LC resulted in 2.5 and 3.5-fold increase of 2F5 (LC+HC) compared to the WT HC,
respectively (Figure S4.1). However, no distinct differences were observed in F1
fragment accumulation that represents the fragment following CDR H3 loop processing.

Increased accumulation seen in these mutants might be explained by better overall
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stability or more efficient folding and not necessarily due to protection of the cleavage
site. In any case, confirming that a disulphide bond is indeed formed should be validated
through more experimentation and cannot be confidently predicted solely based on in

silico structures.

Moreover, we have established that the sole protease that cleaves 2F5 after in vitro
incubation with apoplastic fluids is SBT5.2 (Beritza et al., 2024; Puchol Tarazona et al,,
2021). Although it is known that subtilases have a very broad substrate specificity,
preference for large hydrophobic residues at the primary specificity site has been
reported (DeSantis et al., 1999; Peterle et al., 2020; Siezen & Leunissen, 1997). Regarding
P1 mutagenesis, m3 (F107A) mutant resulted in drastic decrease in accumulation (Figure
4.2b). This might be either due to overall structure instability and/or inefficient protein
folding following this mutation. Hence, a mutation from a bulky hydrophobic residue (P)
to a small one (A) could lead to instability. Similarly, m5 exhibited vulnerability to
processing in vivo as most heavy chain was cleaved resulting in F1 fragment generation
(Figure 4.2b CE), leaving only traces of full HC in purification samples. Since this
mutation was from the hydrophobic Phe to the hydrophilic Arg, this increased hydrophilic
nature on the tip of the CDR H3 loop can make the cleavage site of 2F5 more accessible to
proteases. In contrast, m4 mutant demonstrated higher accumulation than m3 and m5,
with still however resulting in F1 fragment. This might again be the case due to changes

in overall stability and folding.

Accordingly, when the Cys residues in the COVA2-15 antibody are mutated to Ala,
an F1-like 40 kDa fragment arises, indicating cleavage in the CDR H3 loop. However, this

mutation appeared to be detrimental for antigen binding as shown in Figure 4.3b. This
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proves that indeed the disulphide bond is responsible for COVA2-15 stability, however

this is not necessarily indicative of a one-size-fits-all solution for all IgG stability.

These results clearly indicated that site-directed mutagenesis of antibodies can be
a promising strategy for enhanced stability against processing from proteases. However,
this data also demonstrates that such mutations can potentially decrease antibody
binding activity. Thus, careful consideration is required to ensure that the modifications
do not compromise antigen-binding efficacy or virus neutralisation (Alam et al., 2009;

Ofek et al., 2010; Zwick et al., 2004).
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Supplementary Data

Figure S4.1 - Co-expression of 2F5 LCwr with 2F5wr, 2F5 m1, or 2F5m..

Total extracts were isolated at 5d.p.i. and samples were loaded under reducing conditions. 2F5
accumulation was significantly higher in both mutated HC versions, where m1 was approximately 2.5-fold
and m2 approximately 3.5-fold more compared to WT HC respectively. F1 fragment accumulation was not
different across samples. F2 fragment was not significantly more in m1 mutant, while it was almost 6-fold
more in the m2 mutants. Total extracts were generated and separated by reducing 12% SDS-PAGE and
analysed by western blot using whole anti-IgG antibody. F fragment is a cleavage product at approximately
40kDa. Coomassie staining of the large subunit of Rubisco was used to show loading. Significance was
determined with t-test. Error bars represent SE of n=3 experimental replicates (adjusted p-values from left

to right: F2 **0.0015; **0.0019, LC+HC *0.0334; **0.002).
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5.1 Introduction

One crucial step towards understanding which proteases might cleave different
IgGs or where this processing occurs upon expression is to understand where these IgGs
accumulate. To visualise the intracellular movement of the HIV-neutralizing monoclonal
antibody 2G12 in plant systems, a previous study fused 2G12 light and heavy chains (LC
and HC) with fluorescent proteins (Irons et al., 2008). LC fusions were found in mobile
pre-vacuolar compartments (PVCs) and vacuoles, with some apoplast labelling. HC fusion
remained in the endoplasmic reticulum (ER), while no HC was observed in the apoplast.
Co-expression of LC and HC fusions resulted in larger, distinct punctate structures
associated with the ER that partially overlapped with PVC markers, without increased
apoplast labelling. Similarly, 2F5 HC localises to the ER without apoplast secretion,
whereas the 2F5 LC/HC complex exhibits variable cytoplasmic mobility and localisation,
indicating post-Golgi and vacuolar localisation. This observation contradicts another
study of electron microscopy data on untagged 2G12 in plants, in which the antibody was

detected in the apoplast (Arcalis et al., 2013).

The secretory pathway includes various protease classes, with the most common
being pepsin-like (A1), papain-like (C1), trypsin chymotrypsin-like (S1), subtilisin-like
(S8), and serine carboxypeptidase-like (S10) (Goulet et al.,, 2012; Pillay et al., 2014).
Targeting recombinant proteins to other compartments for molecular pharming
purposes has been extensively used due to various potential benefits (Nausch et al., 2012;
Niemer et al.,, 2014; Ocampo et al.,, 2016; Ponndorf et al., 2021; Thomas & Walmsley,
2014). First, directing foreign protein synthesis to the ER rather than the cytosol reduces
proteolytic degradation (Doran, 2006; Jan et al., 2014). Second, the ER has a high

concentration of molecular chaperones that promote protein folding (Edkins &
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Blatchheditors, 2023; Gupta & Tuteja, 2011). Third, protein accumulation in the ER
prevents plant-specific N-glycan modifications in the Golgi apparatus, which yields N-
glycosylated proteins with consistent high-mannose glycan structures (Bosch etal., 2013;
Strasser, 2018). To accumulate recombinant proteins in the plant ER, an N-terminal ER
targeting or secretion signal peptide can be used with a C-terminal retention sequence
(Gutiérrez et al,, 2013; He et al,, 2012; Nausch et al., 2012; Shin et al., 2022; Soni et al,,
2022). ER-targeted-2G12 antibody increased by 2.5 fold when expressed in N.
benthamiana (Sainsbury & Lomonossoff, 2008). In addition to the conventional C-
terminal HDEL/KDEL retention signal, the development of protein bodies within the
endoplasmic reticulum can greatly enhance the accumulation of recombinant proteins.
This process is typically initiated by specific protein tags, such as the N-terminal proline-
rich domain of y-zein (Zera). Protein bodies accumulation due to Zera leads to an
approximately 5-fold increase in the recombinant Yersinia pestis F1-V antigen in N.

benthamiana leaves (Alvarez et al., 2010).

The plant vacuole in fully developed tobacco leaf cells comprises 80-90% of the
cellular volume (Eisenach et al., 2015), which is promising for storing recombinant
proteins. Various vacuolar sorting signals (VSSs) have been identified for directing
proteins to vacuoles in tobacco. These include sequence-specific (ss) signals, which are
short amino acid sequences such as NPIR or NPIXL (Ocampo et al., 2016; Xiang et al.,
2013), and hydrophobic C-terminal (Ct) signals that lack a specific consensus sequence
but are consistently found at the protein's C-terminus (X. Zhang et al., 2021). When the
heavy chain of mAb 14D9 was combined with either the Ct VSS (KISIA) or ss VSS
(NIFRGF), it resulted in a 10- to 15-fold increase in vacuolar mAb accumulation compared
to the secreted mAb version in N. benthamiana (Ocampo et al., 2016). Hence, mistargeting

to these compartments might be promising for Molecular Pharming purposes.
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In this Chapter, we initially investigated the effect of single antibody chain
expression, as well as using a single multi-gene vector to express both chains from a single
T-DNA . We then validated that some IgGs transiently expressed in N. benthamiana and
carrying a secretion signal peptide are not found in the apoplast in expected levels. Next,
we examined the use of alternative signal peptides in pursuit of increased secretion
efficiency. Moreover, as we proved that IgGs like 2F5 are likely trapped intracellularly, we

tested depleting various intracellular proteases found along the secretory pathway.

Additionally, we explored the impact of retention to the ER or mistargeting to the
vacuole on the processing and overall accumulation of 2F5 and VRC01 antibodies. Finally,
following optimisation of ER retention of 2F5, we also examined the concept of an
extended ER phenotype and its possible effect on IgG accumulation following two
approaches: a naturally expanded ER based on endogenous phosphocholine
cytidylyltransferase increased levels, or a synthetically expanded ER based on the
dimerisation of polyprotein complexes anchoring on the ER membrane (Sandor et al.,

2024).
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Results

5.2 The 2F5 F2 fragment originates from HC overexpression

To assess the assembly of the 2F5 IgG and its intermediates, the light chain alone, the
heavy chain alone or both light and heavy chains of 2F5 were transiently expressed by
agroinfiltration in N. benthamiana and total extracts analysed five days post infiltration
(d.p.i,; Figure 5.1a). Total extracts were also used for enzyme-linked immunosorbent
assay (ELISA) to determine antigenicity of the plant-produced 2F5. When light chain
was expressed no degradation products are visible. On the contrary, in HC
overexpression an F2 fragment at around 32 kDa was the dominant band while full HC
expected at 55 kDa was not present. Also, a less accumulated product of approximately
60 kDa was observed, possibly a hyperglycosylated free HC (grey arrow). When both
chains were expressed, both light and heavy chains accumulate more compared to
when they were expressed on their own. F2 fragment was also less abundant than in
lone HC overexpression, while the F1 fragment derived from H3 loop cleavage was also
evident. The samples from leaves expressing both chains were also run on a non-
reducing gel to ensure the fully assembled 2F5 (HzL2) formed, this was observed at

approximately 150 kDa (Figure 5.1b).
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Figure 5.1 2F5 F2 fragment originates from HC overexpression (caption on next page).
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(a) The light chain, the heavy chain or both light and heavy chains of 2F5 were transiently expressed by
agroinfiltration in N. benthamiana and total extracts were generated five days later in triplicate and
separated by reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG antibody:.
Coomassie staining of the large subunit of Rubisco was used to show loading. Total extract samples were
also used for indirect ELISA assay, using a CHO-2F5 as a control for concentration calculations with n=3 for
both control and test samples. (b) Transient overexpression of 2F5 LC + HC, where total extracts were

analysed in triplicates under non-reducing conditions.

5.3 Light and heavy chains of 2F5 in the same T-DNA leads to
increased accumulation

To examine whether the multiplicity of T-DNA vectors impacts IgG overexpression, the
light and heavy chains were cloned into the same vector (L2::LC/HC) to be used for
transient expression. As a comparison, two vectors carrying the light or the heavy chain
(L1::LC + L1::HC) were mixed in 1:1 ratio before infiltration (Figure 5.2a). To account for
same final optical density of agrobacteria cultures and for equal T-DNA insertion
competition, L2 vector was mixed 1:1 with an empty vector control. Total extracts were
collected five days post infiltration and samples were run on a gel under reducing or non-
reducing conditions to ensure assembly of the full IgG complex (Figure 5.2b). In both
cases, the full IgG complex was observed (non-reducing), as well as both light and heavy
chains (reducing). Under reducing conditions the relative 2F5 (LC + HC) accumulation
was calculated, with L2 vector resulting in a 8-fold increase compared to the 1:1 mix of
L1 vectors. While both F1 and F2 fragments are visible in both samples, F1 and F2
proportionally accumulated in L2 samples, as the full HC accumulation is higher to begin

with.
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Figure 5.2 Light and heavy chains of 2F5 in the same T-DNA leads to increased accumulation.

(a) T-DNA of LC, HC, or LC/HC used for transient expression by agroinfiltration in N. benthamiana. In both
cases both LC and HC coding sequences were under the Cauliflower mosaic virus 35S (35S) promoter and
the nopaline synthase (Tnos) terminator. (b) Total extracts were generated and separated by reducing 12%
SDS-PAGE and analysed by western blot using whole anti-IgG antibody. Left and right blot were generated
following 10 and 20 seconds of exposure, respectively to allow for the higher molecular weight bands to be
distinct. F1 and F2 fragments indicate processing products. One representative replicate of the triplicate is
shown. Coomassie staining of the large subunit of Rubisco was used to show loading. Quantification of IgG
accumulation (LC+HC) is depicted in respective graphs. Data were tested for normal distribution, while
significance was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc

test. Error bars represent SE of n=3 experimental replicates.
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5.4 2F5 is not efficiently secreted into the apoplast

5.4.1 Estimating 2F5 secretion by western blot analysis

To test whether 2F5 is secreted to the apoplast when expressed by agroinfiltration, we
co-expressed the HC and LC of 2F5 with cytonuclear Green Fluorescent Protein (cGFP,
(Jutras et al., 2021) as a cytonuclear control and secreted Red Fluorescent Protein (sRFP,
Samalova et al., 2006) harbouring a signal peptide as a secretion control (Figure 5.3a).
Apoplastic fluids and total extracts were generated from the same agroinfiltrated leaves
co-expressing 2F5, sRFP, and cGFP and analysed by western blotting. Consistent with
their predicted subcellular localisation, most cGFP was detected in total extracts (Figure
5.3b and 5.3c), whereas sRFP was mostly detected in apoplastic fluids (Figure 5.3b and
5.3d). 2F5, however, is hardly detected in the apoplast and both the HC and LC
accumulated to high levels in total extracts, similar to cGFP (Figure 5.3b and 5.3e).
Calculated back to the same leaf area, these data indicate that 3.4%, 43%, and 3.6% of the
cGFP, sRFP, and 2F5 detected in total extracts of wild-type plants were present in
apoplastic fluids, respectively.

A similar low apoplastic accumulation was detected for cGFP, sRFP and 2F5 in the
sbt5.2 triple mutants, except that 3-fold more 2F5 accumulated in the triple sbt5.2 mutant,
both in apoplastic fluids as in total extracts (Figure 5.3b-e), consistent with previous data
from Chapter 3 (Figure 3.5b). Calculated back to the same leaf area, these data indicate
that 3.9%, 41.3%, and 2.8% of the GFP, RFP, and 2F5 detected in total extracts of the
sbt5.2#4-4 mutant were present in apoplastic fluids, respectively. Similar numbers were
found for the sht5.2#8-11 mutant (5.1%, 47.1% and 3.6% for cGFP, sRFP and 2FS5,

respectively).
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When analysing the separate signals originating from 2F5, we noticed that the F1
fragment distributes over the samples in a similar way as the HC, both being detected
only in trace amounts in apoplastic fluids (Figure 5.3f,g), representing only 2.4% and
2.3% of the HC and F1 signals detected in total extracts. By contrast, the LC was more
readily detected in apoplastic fluids (Figure 5.3i), representing 5.5% of the signal
detected in total extracts. In addition, although weak, the F2 fragment is even more readily
detected in apoplastic fluids (Figure 5.3h), representing 18.7% of the signal detected in
total extracts. These data indicate that HC and fragment F1 accumulate at much lower

relative levels in the apoplast when compared to the LC and fragment F2.
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Figure 5.3 Transiently expressed 2F5 is not in the apoplast of agroinfiltrated leaves (caption on

next page).
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(a) T-DNAs for the expression of cytonuclear GFP (cGFP), secreted RFP (sRFP) and the HC and LC of 2F5.
(b) Both HC and LC of 2F5 were co-expressed with a positive control (secreted sRFP), and a negative control
(cytonuclear cGFP) for secretion. Total extracts and apoplastic fluids were isolated after 5 days from the
same leaves in triplicate, separated on reducing 12% SDS-PAGE gels and analysed by western blotting using
antibodies against GFP, RFP and IgG. One representative replicate of the triplicate is shown. *, background
signal. Coomassie staining was used to show the large subunit of Rubisco in total extracts. (c-i)

Chemilluminescence signals quantified from western blots quantified over the three replicates.

5.4.2 Assessing 2F5 secretion by confocal microscopy

To test whether 2F5 is secreted to the apoplast we used a different approach by
estimating the co-localisation of previously tested markers with fluorescently-labelled
2F5 using confocal microscopy. The markers were the same used for western blotting
(Figure 5.3), with cytonuclear Green Fluorescent Protein (cGFP, Jutras et al.,, 2021) as a
cytonuclear control and secreted Red Fluorescent Protein (sRFP, Samalova et al., 2006)
harbouring a signal peptide as a secretion control. Light chain and heavy chain of 2F5
were re-cloned in separate vectors as previously (L1, Figure 5.2a), with enhanced GFP
(eGFP) or monomeric Scarlet (mScarlet, RFP derivative) in the C-terminus of the LC or HC
coding sequences, respectively. The LC and HC were linked to the respective fluorophores
using the GGGSGGG heptapeptide linker. To ensure that the fully assembled IgG would
exhibit as close to native behaviour as possible, the corresponding chain that was co-

expressed in untagged form.

To conduct co-localisation analysis, the following fluorescent construct pairs
sGFP+sRFP or cGFP+cRFP were co-expressed as positive co-localisation controls in the
apoplast and the cytosol, respectively. Similarly, cGFP+sRFP were co-expressed and was

used as a negative co-localisation control. LC::eGFP was co-expressed with either cRFP or
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sRFP, and untagged HC, while HC::mScarlet was co-expressed with either cGFP or sGFP,
and the untagged LC. All samples were harvested 5 days following infiltration and imaged
on a confocal microscope. Three representative images from each combination were used

to conduct post-acquisition co-localisation analysis (Figure 5.4; Table 5.1).

The HC::mScarlet construct displayed a primarily cytosolic distribution (Figure
5.4; panels sGFP+HC::mScarlet and cGFP+HC::mScarlet), with the majority of mScarlet
fluorescence co-localising with the cytosolic GFP marker. However, there are some
notable regions (see white arrowheads) at the cell periphery where only mScarlet signal
was detected, consistent with apoplastic localisation. This observation is not clearly
supported by the correlation co-efficients (Table 5.1). The Pearson’s correlation co-
efficient for both sGFP+HC::mScarlet and cGFP+HC::mScarlet are approximately zero,
suggesting no correlation. For cGFP+HC::mScarlet, Manders M1 and M2 values were close
to 0.5, indicating moderate correlation, while, interestingly, for the sGFP+HC::mScarlet
combination, the M2 value was much higher than the M1 value, indicating that a greater
proportion of HC::mScarlet is co-localised with sGFP than the opposite. Another
interesting observation is the apparent absence of HC::mScarlet in putative trans-
vacuolar strands (Figure 5.4, see blue arrowheads). Overall, the HC::mScarlet
distribution exhibits a similar behaviour as the negative control cGFP+sRFP, suggesting
that only a small proportion of the HC localises to the apoplast with the majority remains

in the cytosol.

The LC::eGFP construct displayed strong co-localisation with both the cytosolic
and the apoplastic markers, as can be seen both in the representative images and all co-
localisation co-efficients, which are highly similar to both positive control combinations.

More specifically, the Pearson’s correlation coefficient of 0.47 was observed between
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sRFP+LC::eGFP and 0.31 between cRFP+LC::eGFP, suggesting stronger correlation with
sRFP. Additionally, Manders’s M1 coefficient was 0.84 and 0.6 for both the previous
combinations, respectively, while the M2 coefficients were correspondingly 0.93 and 0.97.
The Manders’s coefficients indicate that a greater proportion of LC::eGFP correlates with
sRFP than with cRFP, while the majority of both sRFP and cRFP correlate with LC::eGFP
equally. These results together suggest that there is greater correlation of LC::eGFP with
sRFP, and in the case of cRFP+LC::eGFP, a large amount of both fluorophores correlate
however there remain regions of the images (and presumably the cells or apoplast) where
LC::eGFP is present alone. Moreover, the LC::eGFP construct localises to putative nuclear
structures (Figure 5.4, see pink arrowheads), similar to the cytosolic RFP marker,
suggesting that a large portion of this construct remains in the cytosol. It is also
noteworthy, that LC::eGFP displayed localisation in small punctate structures (Figure 5.4,

see orange arrowheads).
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Figure 5.4 Co-localisation analysis of fluorescently-labelled 2F5 with cGFP,

markers (caption on next page)
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GFP and RFP channels of co-expressed HC::mScarlet or LC::eGFP with markers, along with their merged
images. Co-localised areas of GFP/RFP in the merged images are shown in grey. Scatter plots of pixel
intensities in the RFP channel (x axis) and GFP channel (y axis) for their respective images. One
representative replicate of the triplicate is shown. Analysis was conducted according to (Bolte &

Cordeliéres, 2006)

Table 5.1 Co-localisation co-efficient values of 2F5 upon transient expression with cytosolic and

apoplastic markers.

Mander’s M1 represents the proportion of GFP-containing pixels which also contain RFP signal. Mander’s
M2 represents the proportion of RFP-containing pixels which also contain GFP signal. Values represent the

average of n=3.

Pearson’s correlation Manders’s M1 Manders’s M2
sGFP+sRFP 0.27 0.4 0.39
cGFP+cRFP 0.14 0.33 0.43
cGFP+sRFP -0.08 0.64 0.41
sGFP+HC::mScarlet -0.02 0.16 0.51
cGFP+HC::mScarlet 0.06 0.43 0.57
sRFP+LC::eGFP 0.47 0.84 0.93
cRFP+LC::eGFP 0.31 0.6 0.97

5.5 Macroscopic fluorescence intensity of fluorescently-tagged 2F5

In an independent experiment, to macroscopically assess the fluorescence intensity, the
constructs of LC::eGFP and HC::mScarlet were co-expressed with the respective constructs of the
untagged chain. EV (empty vector), LCeGFP+HC, LC+HCmScarlet or LCeGFP+HCmScarlet were
transiently expressed in N. benthamiana leaves and scanned for fluorescence 5 days later (Figure
5.5a). Although fluorescence intensities are low, the merged image shows the successful co-

expression of both chains. Recording macroscopic fluorescence enables the non-invasive and fast
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visualisation of fluorescence signals across larger sample areas of leaves. Its main advantages
include capturing spatial distribution patterns, detecting heterogeneity across samples, and

allowing for faster analysis before sampling for total extracts and western blotting.

Moreover, to examine the shift of the tagged HC compared to the untagged HC,
LC+HC::mScarlet or LC+HC samples were run on protein gels and analysed by western blotting
(Figure 5.5b). The tagged HC sample resulted in multiple different fragments (grey arrowheads),
with possibly the band of HC-mScarlet protein appearing at approximately 80 kDa and potential
proteolytic fragments in lower molecular weight. However, the F2 fragment was still visible,
indicating that the truncated form of 2F5 HC that was previously reported (Figure 5.1) is present

and/or some of the C-terminal mScarlet of HC might be cleaved off.
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Figure 5.5 Macroscopic fluorescence intensity of fluorescently-tagged 2F5.

Fluorescence intensity was measured at 488 or 561 nm for GFP or mScarlet (RFP), respectively western
blot analysis of the 2F5 LC+HC::mScarlet compared to untagged 2F5 LC+HC. Grey arrowheads indicate
putative HC::mScarlet and respective cleavage products. Total extracts were generated and separated by

reducing 12% SDS-PAGE and analysed by western blot using whole anti-IgG antibody.
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5.6 Arabidopsis thaliana basic chitinase signal peptide results in
increased 2F5 accumulation

To test various signal peptides (SPs) for secretion, 2F5 L.C and HC were cloned with
distinct SPs in the N-terminal (Figure 5.6a). The promoter CaMV 35S and the nos
terminator were used for every construct as well as an identical backbone vector. NtPR1a
from N. tabacum is a common SP used to ensure travelling of recombinant proteins into
the secretory pathway (Grosse-Holz, Madeira, et al.,, 2018; Zheng et al., 2024). NbSBT5.2
SP was selected since SBT5.2 protease accumulates in the apoplast (Jutras et al., 2019;
Puchol Tarazona et al., 2021). Another common SP for secretion that was tested is basic
chitinase signal peptide from Arabidopsis thaliana, particularly tested in virus-like
particles expression (Peyret et al., 2020; Ponndorf et al., 2021). Human gastric lipase
signal peptide has been reportedly used for secretion in various species including tobacco
(Gruber et al., 2001a; Najjar et al., 2011; Sams et al., 2017). Finally, attempts to increase
IgG secretion efficiency in Chinese hamster ovaries (CHO) cells has given rise to multiple
engineered SPs, including CHOH7 for the heavy and CHOL1 for the light chain,
respectively (Haryadi et al., 2015). In all cases except for CHO SP, same SPs were used for
both light and heavy chains. LC and HC of 2F5 were co-expressed in N. benthamiana
leaves. Apoplastic fluids and total extracts were generated from the same agroinfiltrated
leaves and analysed by western blotting. Basic chitinase SP led to about 7-fold increase in
accumulation, followed by CHO SP with 3-fold increase compared to PR1a SP. However,
SBT5.2 SP HC was not present in either total extracts or apoplastic fluids, while GL SP
demonstrated lower levels in total extracts. Proteolytic processing of 2F5 to F1 fragment
was present in all SPs tested (Figure 5.6b). Although F2 fragment was also present in all

total extracts of SPs used, human gastric lipase SP exhibited higher F2 accumulation
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compared to the control, regardless of the low HC accumulation. When it comes to
secretion and accumulation in apoplastic fluids, basic chitinase demonstrated an almost
5-fold increase in 2F5 accumulation followed by CHO SP with almost 3-fold accumulation.
However, this could be representative of the overall higher accumulation also observed in
total extracts. Interestingly, LC was present in apoplastic fluids of all combinations and
was comparable to the respective LC accumulation in total extracts. F2 fragment, a

truncated form of 2F5 HC, was also present in apoplastic fluids of all SPs used.
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Figure 5.6 Different signal peptides lead to differences in expression levels rather than altered

secretion of 2F5.

(a) T-DNAs used for 2F5 expression depicting the different signal peptides. The open reading frame of all
constructs was tested for localisation prediction on DeepLoc/SignalP, with the respective confidence scores
for extracellular localisation shown. (b) Total extracts and apoplastic fluids were isolated after 5 days from
the same leaves in triplicate, separated on reducing 12% SDS-PAGE gels and analysed by western blotting
using antibodies against IgG. One representative replicate of the triplicate is shown. *, background signal.

Coomassie staining was used to show the large subunit of Rubisco in total extracts. Quantification of IgG
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accumulation (LC+HC) is depicted in respective graphs. Data were tested for normal distribution, while
significance was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc

test. Error bars represent SE of n=3 experimental replicates.

5.7 Expression of 2F5 in intracellular membranous protease-
depleted plants does not impact HC processing

As observed in Chapter 3, 2F5 CDR H3 is still cleaved in sht5.2 mutants (Figure
3.5b) even though SBT5.2 has been proven to be the only protease to cleave 2F5 in
apoplastic fluids (Figure 2.11d). For this reason, we screened candidate intracellular
proteases along the secretory pathway by depleting various proteases. For the initial
selection, we downloaded the available peptidase library of N. benthamiana from
MEROPS (Rawlings et al.,, 2012) and selected for ER/Golgi localisation (DeepLoc), and
high abundance (RPKM value, Grosse-Holz et al., 2018). The shortlisted proteases were
either membranous or soluble proteases along the secretory pathway where the IgGs
supposedly travel in before reaching the apoplast. The membranous protease shortlist
was then analysed via phylogenetic analysis of the membranous intracellular proteases
(data not shown), and 15 membranous proteases that were selected were successfully
cloned into a TRV2 vector (Table 5.2). Plants were inoculated with tobacco rattle virus
(TRV) carrying 300 bp fragments targeting these proteases or a fragment of GFP as a
negative control. Three weeks following inoculation with TRV, plants were co-infiltrated
with the LC and HC of 2F5. Due to time constraints, only one independent experiment
was carried out. Most protease-depleted plants exhibited moderate to severe dwarfism
(S5.1 Figure). Total extracts and apoplastic fluids were isolated 5 days post infiltration

with 2F5 and run under reducing conditions. In all samples, HC expression was
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particularly low while no protease-depletion resulted in preventing 2F5 CDR H3 cleavage

(Figure 5.7). Overall accumulation of 2F5 in protease-depleted plants for presenilins 1

and 2, rhomboids 2, 4 and 6 was comparable to the TRV::GFP control. However,

accumulation in all remaining protease-depleted plants demonstrated a descending trend

compared to the control.

Table 5.2 Membranous intracellular proteases screened for 2F5 processing and overall

accumulation.

Intracellular proteases were selected for their putative localisation along the secretory pathway (DeepLoc)

and their abundance upon infiltration (Grosse-Holz et al., 2018).

Intracellular protease Protease Localisation Target Gene(s)

Site-1 protease (S1P) Ser ER, Golgi NbD028212/NbD030510
Presenilin 1 (Pres1) Asp ER, Golgi NbD002262/NbD016859
Presenilin 2 (Pres2) Asp ER, Golgi NbD009258/NbD050610
Rhomboid 1 (R1) Ser ER NbD004525/NbD023046
Rhomboid 2(R2) Ser ER NbD025824/NbD051472
Rhomboid 3 (R3) Ser ER, vacuole NbD027617/NbD052150
Rhomboid 4 (R4) Ser ER NbD031761/NbD039509
Rhomboid 5 (R5) Ser ER, vacuole NbD036820

Rhomboid 6 (R6) Ser ER NbD046698/NbD048580
Rhomboid 7 (R7) Ser ER NbD048625

Signal peptide peptidase 1 (SPP1) Asp ER, vacuole, Golgi  NbD003119/NbD048409
Signal peptide peptidase 2 (SPP2) Asp ER NbD005385/NbD048687
Signal peptide peptidase 3 (SPP3) Asp ER NbD029194/NbD043687
Signal peptide peptidase 4 (SPP4) Asp ER, vacuole, Golgi  NbD013337/NbD017110
Signal peptide peptidase 5 (SPP5) Asp ER NbD032031/NbD043189
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Figure 5.7 Expression of 2F5 in intracellular membranous protease-depleted plants does not

impact HC processing.

15 different intracellular proteases were depleted in N. benthamiana by VIGS, using TRV vectors. Total
extracts and apoplastic fluids were isolated after 5 days from the same leaves, separated on reducing 12%
SDS-PAGE gels and analysed by western blotting using antibodies against IgG. Coomassie staining was used
to show the large subunit of Rubisco in total extracts. Quantification of IgG accumulation (LC+HC) is

depicted in respective graphs. *, background signal.

5.8 Mistargeting of 2F5 or VRCO1 leads to hampered antigenicity
and/or accumulation

To explore the impact of subcellular mistargeting on IgG proteolysis and overall
accumulation, ER- and vacuolar-targeting constructs were used. 2F5gr and VRCO1gr
carried a KDEL C-terminal for targeting to the ER, or a KISIA C-terminal for targeting to
the vacuole immediately following the last amino acid of the heavy chain. However, in
both cases only the HC carried these C-terminal sequences, as it has been previously
validated that targeting signal to the HC alone can be enough to target the fully assembled
IgG (Ocampo et al,, 2016). All constructs, LC and HC of both antibodies also had the PR1a
N-terminal signal peptide to enter the secretory pathway. LC and HC of 2F5 or VRCO1

targeting the apoplast (sec), the ER or the vacuole (vac) were co-expressed in N.
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benthamiana leaves. Total extracts were isolated from the same agroinfiltrated leaves for
each biological replicate at 5 d.p.i. and analysed by western blotting (Figure 5.8). When
2F5 HC is designed to be retained to the ER, the same F1 fragment as seen in apoplastic
2F5 HC is present (Figure 5.8a). However, both ER HC and ER F1 demonstrate a slight
shiftin molecular weight, possibly due to the attached C-terminal KDEL peptide. Although
no significant increase in accumulation is observed in the ER construct (protein blot), the
concentration of binding to antigen is reduced. In the case of the 2F5 vacuolar construct,
the HC was in significantly lower levels, while the LC remained to the same levels as the
ER and apoplastic combinations. Similarly, the ER- or vacuolar-targeted VRCO1 HC was
severely degraded compared to the apoplastic HC (Figure 5.8b). Although VRCO1 LC for
both targets was significantly less that the secreted one, it was still much higher in
accumulation than the respective HC they were co-expressed with. Interestingly, the ER-

targeted HC + secreted LC co-expression sample demonstrated a shift of approximately 5

kDa of the LC.
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Figure 5.8 Mistargeting of 2F5 or VRCO1 leads to hampered antigenicity and/or accumulation.

Total extracts of (a) 2F5 secreted, ER- or vacuolar targeting combinations (b) or of the respective VRCO1

were isolated after 5 days from the same leaves in triplicate, separated on reducing 12% SDS-PAGE gels and
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analysed by western blotting using antibodies against IgG. One representative replicate of the triplicate is
shown. Coomassie staining was used to show the large subunit of Rubisco in total extracts. Indirect ELISA
for 2F5 binding to gp41, or blot densitometry of VRC01 IgG accumulation (LC+HC) is depicted in respective
graphs. Data were tested for normal distribution, while significance was determined with one-way ANOVA,
following multiple comparisons and Tukey’s post-hoc test. Error bars represent SE of n=3 experimental

replicates.

5.9 Vacuolar 2F5 and VRCO1 HC does not accumulate more in vpe
mutants

Vacuolar processing enzyme mutants consist of Cys protease mutants, where
vpeabc is a triple knockout for VPEa, VPEDb, and VPEc, while vpeld is a single mutant of
VPEd as shown on Table 3.2. As seen previously (Figure 5.8), vacuolar targeting of the
heavy chain of 2F5 or VRCO1 led to decreased levels of HC, possibly due to the large
number of proteases and low pH of the vacuole leading to degradation of free or in-
complex HC. Hence, to examine if this effect is reversible, the vacuolar HC of 2F5 or VRC0O1
was co-expressed with the respective apoplastic version of LC, as previously described.
Total extracts were isolated from the same agroinfiltrated leaves for each biological
replicate at 5 d.p.i. and analysed by western blotting (Figure 5.9). 2F5 LC and HC
accumulation levels in the vpeabc mutant remained the same to wild type, while
accumulation is halved in vpeld mutants for both chains (Figure 5.9a). F1 fragment that
derives from the HC CDR H3 loop cleavage was present in in both WT and vpe mutants,
while no F2 fragment is observed. Vacuole-targeting VRCO1 levels in Figure 5.9b
resembled the independent experiments demonstrated in Figure 5.8b, with LC
accumulating much more than HC. Although VRCO1 HC exhibited an upward trend in

accumulation in all three replicates, this increase was not statistically significant.
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Figure 5.9 Vacuolar 2F5 and VRCO1 HC does not accumulate more in vpe mutants.

Total extracts of vacuole-targeting (a) 2F5, (b) or VRCO1 were isolated after 5 days from the same leaves in
triplicate, separated on reducing 12% SDS-PAGE gels and analysed by western blotting using antibodies
against IgG. One representative replicate of the triplicate is shown. Coomassie staining was used to show
the large subunit of Rubisco in total extracts. Quantification of 2F5 or VRC01 IgG accumulation (LC+HC) is
depicted in respective graphs. Data were tested for normal distribution, while significance was determined
with one-way ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error bars represent SE

of n=3 experimental replicates.

5.10 N-terminal BiP signal peptide leads to a 9-fold increase in 2F5
accumulation

Targeting recombinant proteins to a compartment that is low in protease
abundance, such as the ER, can be a promising strategy for preventing unintended
proteolysis. However, we previously showed that there was no significant effect in 2F5
processing or overall accumulation when using a C-terminal KDEL peptide in the HC.
Although this approach may be promising for some IgGs, more optimisation in targeting
signals could offer alternatives when designing mistargeting constructs. Therefore, we

tested new constructs for 2F5 ER-retention, harbouring an N-terminal binding



144 Chapter 5 - IgG localisation and mistargeting

immunoglobulin protein (BiP) signal peptide as well as the C-terminal KDEL
simultaneously (Figure 5.11a). Moreover, we incorpoted these changes in both the LC
and HC, and not solely in the HC as previously tested. The NtPR1a::LC+NtPR1a::HC-KDEL
or BiP::LC-KDEL+BiP::HC-KDEL combinations were co-expressed in the same leaves, total
extracts were isolated at 5 d.p.i. and analysed by western blotting (Figure 5.10). F1
fragment was still present in both cases, while 2F5 LC+HC accumulation with N-terminal

BiP was consistently 9-fold higher than with the N-terminal NtPR1a signal peptide.
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Figure 5.10 N-terminal BiP signal peptide leads to a 9-fold increase in 2F5 accumulation.

(a) T-DNAs used for 2F5 expression depicting the N- and C-terminal signal used for ER-retention. (b) Total
extracts and apoplastic fluids were isolated after 5 days from the same leaves in triplicate, separated on
reducing 12% SDS-PAGE gels and analysed by western blotting using antibodies against IgG. One
representative replicate of the triplicate is shown. Coomassie staining was used to show the large subunit
of Rubisco in total extracts. Quantification of IgG accumulation (LC+HC) is depicted in respective graphs.

Significance was determined with t-test. Error bars represent SE of n=3 experimental replicates.
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5.11 ER expansion and IgG accumulation: constitutive activation of
phosphocholine cytidylyltransferase

The endoplasmic reticulum is characterised by an interconnected network with a
continuous membrane structured by the major membrane lipid constituent,
phosphatidylcholine (Caldo et al., 2019). The cctl mutant used in these experiments
carries a mutation in the C-terminal lipid-binding domain of the cct2 gene, which encodes
phosphocholine cytidylyltransferase (CCT), a key enzyme in the de novo
phosphatidylcholine (PC) biosynthesis. CCT catalyses the conversion of phosphocholine
and CTP into CDP-choline, a rate-limiting step in PC production. In wild-type plants, CCT
activity is tightly regulated by a C-terminal lipid-binding domain, which interacts with
membrane phospholipids to control its function in response to cellular lipid composition.
However, in the cctl mutant, this domain is mutated by site-directed mutagenesis
introducing frame-shifting indels to remove the auto-inhibitory C-terminal domain,
leading to a constitutively active enzyme that is no longer subject to normal feedback
regulation (Goritzer et al., 2025). The constitutive activation of CCT in cctl leads to a
sustained increase in phosphatidylcholine biosynthesis, which in turn promotes excessive
ER membrane proliferation. This phenotype has been well-characterized in Arabidopsis
thaliana (Craddock et al.,, 2015), where overactive CCT drives ER expansion, affecting
overall lipid homeostasis and cellular architecture. Because phosphatidylcholine is the
most abundant phospholipid in the ER, changes in its synthesis can influence membrane

dynamics, protein trafficking, and organelle interactions.
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5.11.1 Expression of 2F5 and 2G4 IgGs in cctl mutants results in decreased

accumulation

To assess overall performance of cctl mutants upon transient expression of IgGs,
2F5 or 2G4 LC+HC were co-expressed. In this case, the antibody chains contained the
signal NtPR1a for entering the secretory pathway but no other targeting signal. Total
extracts from infiltrated leaves were isolated at 5 d.p.i. and analysed by western blotting
(Figure 5.11). Both 2F5 and 2G4 IgGs accumulated approximately 30% less in cctl
mutants compared to wild type control. Additionally, for both IgGs the difference in
accumulation derived from the different HC levels, rather than LC levels, indicating an

effect of ER proliferation only on HC accumulation.
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Figure 5.11 2F5 and 2G4 IgGs accumulate less in the cct1 mutants.

Total extracts of apoplast-targeting (a) 2F5, (b) or 2G4 were isolated after 5 days of infiltration in WT or
cctl plants in triplicate, separated on reducing 12% SDS-PAGE gels and analysed by western blotting using
antibodies against IgG. Coomassie staining was used to show the large subunit of Rubisco in total extracts.
Quantification of 2F5 or 2G4 IgG accumulation (LC+HC) is depicted in respective graphs. Data were tested
for normal distribution, while significance was determined with one-way ANOVA, following multiple

comparisons and Tukey’s post-hoc test. Error bars represent SE of n=3 experimental replicates.
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5.11.2 cct1 mutants tend to exhibit increased ER-stress

To better understand the response of cctl mutants to ER-stress, e.g., due to
recombinant protein overexpression or enhanced ER proliferation, we estimated the
levels of ER-stress response by using pBiP3a promoter driving GFP expression upon
activation. N. benthamiana leaves of WT or cctl mutants were co-infiltrated with the
agrobacteria harbouring the marker and either apoplast-targeted 2F5 (LCsec+HCsec), ER-
targeted 2F5 NtPR1a-KDEL HC with LC (LCsec+HC-KDEL), ER-targeted 2F5 BiP-KDEL HC
with LC (LCsec+BiP::HC-KDEL), or empty vector as a non-encoding control. Four leaves of
three independent experiments were scanned at 488 nm for GFP fluorescence (Figure
5.12). When comparing within the same construct combination but in different plants,
e.g, EVin WT versus EV in cctl, a trend of increased fluorescence was observed in cct1
mutants compared to WT across all combinations. However, this difference was not
significant. When comparing the different construct combinations, e.g., EV versus 2F5sec,
the lowest fluorescence intensity was emitted by leaf tissue cells expressing 2F5sec or EV,
followed by NtPR1a-KDEL and finally by BiP-KDEL which emitted the highest

fluorescence intensity.
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Figure 5.12 BiP-KDEL 2F5 results in significantly higher GFP fluorescence that indicates increase

ER-stress response.

Quantification of GFP fluorescence is depicted in respective graph. Data were tested for normal distribution,
while significance was determined with one-way ANOVA, following multiple comparisons and Tukey’s post-

hoc test. Error bars represent SE of four leaves and n=3 independent experimental replicates.

5.11.3 2F5 accumulates more using the BiP-KDEL design in both WT and cct1

To assess IgG accumulation levels in the different combinations of 2F5 constructs,
the same samples generated from the previous experiment examining ER-stress response
were harvested as total leaf extracts and analysed by western blotting (Figure 5.13). The
three infiltration combinations involved “sec”: NtPR1a::2F5::L.C or HC with no C-terminal
target sequence, “PR1a”: NtPR1la::2F5::HC:KDEL with C-terminal KDEL plus
NtPR1a::2F5::LC with no C-terminal target sequence, and “BiP”: BiP::2F5::LC::KDEL plus
NtPR1a::2F5::HC:: where both chains were carrying a C-terminal KDEL. When comparing

within the same construct combination but in different plants, e.g., 2F5sec in WT versus
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2F5sec in cctl, a decrease in accumulation is observed across all constructs as previously
shown in Figure 5.11. When comparing the different construct combination, e.g., 2F5sec
versus NtPR1a-KDEL 2F5, BiP-KDEL 2F5 constructs resulted in an approximately 9-fold
increase as previously described (Figure 5.10). Moreover, the NtPR1la-KDEL 2F5

demonstrated comparable accumulation levels to 2F5sec as noted in Figure 5.8a.
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Figure 5.13 2F5 accumulates more using the BiP-KDEL design in both WT and cct1.

Total extracts of apoplast-targeted 2F5 (LCsec+HCsec; “sec”), ER-targeted 2F5 NtPR1a-KDEL HC with LC
(LCsec+HC-KDEL; “PR1a”), ER-targeted 2F5 BiP-KDEL HC with LC (LCsec+BiP-HC-KDEL; BiP), were isolated
after 5 days of infiltration in WT or cct1 plants in triplicate, separated on reducing 12% SDS-PAGE gels and

analysed by western blotting using antibodies against IgG. Coomassie staining was used to show the large
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subunit of Rubisco in total extracts. Quantification of 2F5 IgG accumulation (LC+HC) is depicted in
respective graphs. Data were tested for normal distribution, while significance was determined with one-
way ANOVA, following multiple comparisons and Tukey’s post-hoc test. Error bars represent SE of n=3

experimental replicates.

Interestingly, in a similar experiment expressing VRCO1gr, accumulation of HC is
observed a 5-fold higher in cctl mutants (Figure S5.2). Moreover, VRCO1gr LC shifts to a
lower molecular weight in WT as seen in an independent experiment described
previously in WT (Figure 5.8b). However, in cct1 VRCO1er LC molecular weight is the

same as seen in VRCO1sec LC.

5.12 ER expansion and IgG accumulation: dimerisation of an ER
membrane-anchored polyprotein

Recently, a polyprotein containing the BP80 vacuolar sorting receptor from Pisum
sativum for ER anchoring (Brandizzi et al., 2002), flanked by two dimerising fluorescent
proteins, was characterised for its ability to form a large self-organising de novo
compartment in transformed cells of tobacco (Sandor et al., 2024). This polyprotein
contains an N-terminal GFP facing the ER lumen, a Yellow Fluorescent protein (YFP)
facing the cytosol, and a 22-amino acid transmembrane domain connecting the two
proteins, thus named G22Y (Figure 5.14a). The structure of an expanded-like ER is
hypothesised to form as a result of each fluorescent protein of the G22Y interacting with
a fluorescent protein different G22Y on either side of the ER membrane, forming an
oligomer and ultimately a helical pattern. During a time-course experiment of G22Y

expression, the G22Y structures appear as small compartments at around 36 h following
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transformation, aggregating into a large single compartment by 60 h (Figure 5.14b)

Compartment stability was stable for up to six weeks.

5.12.1 G22Y is expressed successfully and forms compartment aggregates

To first test that the construct is working in our hands, we transiently expressed
the G22Y polyprotein construct in leaves and used confocal microscopy to validate
fluorescence. The GFP fluorescence co-localises with YFP fluorescence, indicating the

functionality of both dimerising fluorescent proteins (Figure 5.14c).
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Figure 5.14 G22Y polyprotein forms an aggregated, expanded ER due to dimerisation (see

caption on next page).
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(a) The open reading frame of the G22Y polyprotein, and the respective representation once it
anchors on the ER membrane. (b) Time-course of G22Y expression showing smaller
compartments forming at 36 h, while being present up to 6 weeks later (Sandor et al., 2024). (c)
Expression of G22Y or G22Y with a cytoplasmic RFP to allow for validation in our experiments.
Open reading frame cartoon and time-course experiment were adapted by Sandor et al., 2024.

Scale bar 10 um.

5.12.2 Expression of ER-targeted 2F5 affects fluorescence levels of G22Y

To account for impact of overexpressing an ER-targeted 2F5 on G22Y fluorescence,
the G22Y polyprotein with previously characterised 2F5 BiP-KDEL LC and HC, were co-
expressed in leaves and fluorescence coming from GFP protein was measured at 5 d.p.i.
As shown in Figure 5.15a fluorescence was almost halved when ER-targeted 2F5 is co-
expressed compared to co-expression with an empty vector control. In parallel, to assess
2F5 BiP-KDEL accumulation with or without G22Y expression, total extracts from an
identical independent experiment were isolated and analysed by western blotting
(Figure 5.15b). The 2F5 BiP-KDEL accumulation was the same with or without G22Y

expression, but interestingly only the F2 fragment and not F1 was present.
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Figure 5.15 BiP-KDEL 2F5 expression results in significantly lower GFP fluorescence of the G22Y

polyprotein (see caption on next page).
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(a) Quantification of GFP fluorescence is depicted in respective graph. Error bars represent SE of three
leaves (n=3 biological replicates) from one independent experiment. (b) Quantification of 2F5 BiP-KDEL
(LC+HC) from western blot densitometry analysis. The experimental design was identical to (a) with 6
biological replicates pooled together from 3 independent experiments. In both cases, significance was

calculated by t-test.

5.12.3 2F5 accumulates more using the BiP-KDEL design in both WT and cct1

As an alternative approach to keep an IgG inside the ER lumen, an anti-GFP IgG
construct was created to bind to the ER lumen-facing GFP. LC and HC of a synthetic aGFP
IgG were cloned in the same vector as the previously tested ER-targeted 2F5, under the
same 35S promoter and nos terminator. However, the aGFP IgG is designed to have the
initial NtPR1a N-terminal sequence for secretion but no ER-targeting signal. The putative
aGFP IgG structure and interaction with either pure GFP or with the G22Y complex were
predicted by AlphaFold (Figure S$5.3). The aGFP IgG was first tested for GFP binding by
ELISA, using total extracts from leaves expressing aGFP IgG. However, due to several
commercially available aGFP IgGs not being functional under ELISA conditions, the raw
absorbance (450 nm) of total extracts containing aGFP is shown. aGFP IgG depicted

successful binding to pure GFP, compared to an empty vector control (Figure 5.16a).

Next, we assessed aGFP IgG accumulation upon G22Y expression. Also, a secreted
RFP (sRFP) was co-expressed as a control of a tested secreted protein not being trapped
in ER interacting with G22Y in any way. We designed the co-expression experiment in two
ways. First, the LC and HC from aGFP were co-expressed with sRFP and either G22Y or
EV. Second, we followed sequential agroinfiltration, infiltrating the G22Y or EV first and
then 4 days later co-expressing aGFP LC+HC and sRFP to allow for ER expansion

aggregates to form before recombinant protein expression. Total extracts were isolated 5
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d.p.i. of the aGFP IgG, accounting for 5 days in first case and 9 days in second case from
initial infiltration. Total extracts were isolated and kept in -80 °C to be analysed together
by western blotting (Figure 5.16b). aGFP IgG almost halved in accumulation in plants co-
expressing G22Y, while RFP was in relatively similar accumulation levels. However, in the
case of sequential infiltration, aGFP IgG and RFP expression was very low, due to post-

translational gene-silencing.

To further test the potential of a recombinant IgG being expressed after ER
expansion has been established, we re-designed the construct. In this case we used a heat-
inducible promoter, ara2, that has been recently tested in N. benthamiana leaves
(Forestier etal., 2023). 35S-driven aGFP or ara2-driven aGFP was expressed in leaves, and
plant infiltrated with the ara2 construct were placed under heat treatment at 40 °C for 2
hours at 3 d.p.i. In both cases, total extracts were isolated at 5 d.p.i. of the aGFP IggG,
accounting for 5 days in the case of 35S and 8 days in the case of araZ from initial
infiltration. Total extracts were isolated and kept in -80 °C to be analysed together by
western blotting (Figure 5.16c¢). Plants that endured heat treatment showed no
phenotypic differences (Figure S$5.4). 35S::aGFP accumulation was approximately halved
when co-expressed with G22Y as observed in Figure 5.16b. In the case of ara2::aGFP
expression was significantly lower that 35S-driven aGFP, with a trend of G22Y co-

expression leading to even less accumulation.
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Figure 5.16 aGFP IgG successfully bind to GFP in vitro but accumulates in lower levels when co-
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expressed with G22Y.

(a) Indirect ELISA of aGFP IgG expressed in planta compared to an EV control. (b) Quantification of aGFP
(LC+HC) or RFP from western blot densitometry analysis. Samples derived from 3 independent
experiments. Significance was calculated by ANOVA and Tukey’s post-hoc. (c) Quantification of aGFP
(LC+HC) from western blot densitometry analysis for 35S- or ara2-driven aGFP expression, with or without

G22Y. The experimental design contained 6 biological replicates pooled together from 3 independent
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Conclusions and Discussion

This Chapter focused on IgG localisation, IgG secretion and mistargeting to the ER
or vacuole. Moreover, we tested the potential of an expanded ER phenotype combined

with ER-targeted IgGs to assess its impact on processing and accumulation.

We first examined how the single chains, LC or HC, would be processed and
accumulated compared to the heterodimer. HC overexpression leads to the dominant
presence of the F2 fragment, while full HC is completely degraded (Figure 5.1). This 2F5
F2 fragment at around 30 kDa was observed previously in planta. In this study, even
though chains were co-expressed, this F2 fragment would appear in different
accumulations, an observation that is consistent with our data. However, we observed
that co-expression of both chains drastically reduces the F2 signal. Previous studies in
mammalian cells validated that free immunoglobulin heavy chains are generally
considered toxic for cells (Kohler, 1980). When heavy chains are expressed without light
chains, they tend to associate with the immunoglobulin heavy chain binding protein (BiP)
in the endoplasmic reticulum, which blocks their transport and secretion (Hendershot,
1990; Ma et al,, 1990), but instead tries to retain them back to the ER. This association
with BiP is typically reversible, allowing for the potential assembly and secretion of
complete antibodies when light chains become available. In another case, Chinese
hamster ovary (CHO) cells containing surplus heavy chains formed aggregates of HC or
degraded products. However, when they co-expressed BiP, a crucial immunoglobulin G
(IgG) chaperone protein, a modest decrease in undesirable aggregates and fragments was
observed (Ho etal., 2015). This reduction may be attributed to BiP's role in retaining more
incomplete products within the cell, allowing for either proper assembly or degradation

through the ER quality control system and ER-associated degradation (ERAD).
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Moreover, we tested the effect on accumulation of a multi-gene vector harbouring
both light and heavy chains compared to mixing the two vectors. Combining light and
heavy chains in a single vector (L2::LC/HC) significantly increases 2F5 accumulation
compared to separate vector expression (Figure 5.2). This setup also balances the
proportion of F1 and F2 fragments relative to the full HC accumulation. This observation
can be supported by the fact that not all cells will take up both T-DNAs of L.C and HC in
ideal ratios for the fully assembled complex. As described previously, LC/HC ratio can
have a substantial impact on how quickly the complex is formed, for how long free LC or
HC stays in the ER before the activation of the ERAD response, or how much aggregates

are formed.

Western blotting and confocal experiments showed that only a small fraction of
2F5 is detected in apoplastic fluids of agroinfiltrated plants and that most 2F5 is detected
in total extracts. The low level of 2F5 in apoplastic fluids of 2F5-expression leaves is
remarkable and unexpected because it is widely assumed that IgGs accumulate in the
plant apoplast (Diego-Martin et al., 2020; Hehle et al., 2011; Ocampo et al., 2016; Puchol
Tarazona et al., 2021). Pulse-chase analysis with protoplasts of transgenic tobacco
expressing IgG Guy13 demonstrated an efficient secretion (Frigerio et al., 2000). Similar
experiments with tobacco expressing IgG 2G12 revealed that fully assembled antibody
accumulates in the medium, whilst 2G12 assembly intermediates are not secreted (Hehle
et al, 2011). In our study, 2F5 was targeted to the secretory pathway using a canonical
signal peptide of tobacco PR1a, which has been frequently used to efficiently secrete other
recombinant proteins such as fungal Avr9 (Hammond-Kosack et al.,, 1994), oomycete
SgJRL (Kobayashi et al., 2022), and tomato Pip1 (Schuster Marianaand Paulus, 2022). In
addition, PSORT predictions indicate that 2F5 does not contain any obvious subcellular

targeting sequence that would redirect 2F5 to subcellular compartments. Our results are
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nevertheless consistent with a previous study of transiently expressed 2F5 in Nicotiana
benthamiana (Niemer et al., 2014). In this study, the HC accumulated in apoplastic fluids,
but this signal is estimated to be <5% of the HC detected in total extracts (Niemer et al.,
2014), consistent with our observation that only low levels of the HC accumulated in the
apoplast (Figure 5.3f). However, Niemer et al. also detected a large amount of fragment
F2 in apoplastic fluids, corresponding to an estimated 10-25% of the signal in the total
extract (Niemer et al., 2014). This is consistent with our observation that fragment F2
accumulates in the apoplast at a relatively high intensity when compared to the signal in
the total extract (Figure 5.3h). Our F2 signal, however, is relatively weak. Fragment F2 is
thought to result from the degradation of excess HC in the hinge region by cysteine
proteases and the observed variation in F2 accumulation seems to differ between
experiments, indicating that this signal can occasionally dominate the IgG signals

detected in apoplastic fluids (Niemer et al., 2014).

A previous subcellular localisation study using C-terminally RFP-tagged light and
heavy chains of the IgG antibody 14D9 showed that, instead of accumulating in the
vacuole or endoplasmic reticulum, 14D9 primarily localizes to the space between the ER
of adjacent cells in agroinfiltrated Nicotiana benthamiana leaves (Ocampo et al., 2016).
This study, however, focussed on vacuolar targeting and did not include markers for the
apoplast or plasma membrane. Interestingly, however, this study showed that that HC-
RFP of 14D9 accumulates in the ER when it is not co-expressed with the LC, consistent
with the notion that the CH1 domain of the HC is unable to fold when the LC is absent and
therefore remains in the ER (Feige et al.,, 2010). In contrast to ER-resident HC-RFP, LC-
RFP of 14D9 accumulated in-between cells in the absence of the HC (Ocampo et al., 2016),
which is consistent with our observed higher relative LC accumulation in the apoplast

(Figure 5.31).
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Confocal imaging suggested that HC::RFP colocalisation with cytosolic cGFP was
not significantly different to the negative control cGFP+sRFP when comparing Pearson’s
and Manders’s coefficients. However, HC::RFP also localised exclusively within certain
regions at the periphery of the cells, consistent with partial apoplastic localisation. This
is in agreement with western blot results in this work, which suggest that only a small
proportion of HC is targeted to the apoplast. Interestingly, LC::GFP showed better
colocalization with sRFP, although it also colocalized with cRFP as well. This suggests, that
similar to the HC, the LC is also only partially secreted to the apoplast, with a significant
portion of the expressed LC remaining in the cytosol. This is, further supported by the
presence of GFP fluorescence in structure reminiscent of transvacuolar strands, which

would be expected from a protein localising to the cytosol.

A caveat of the confocal imaging approach to subcellular IgG localisation is the
possibility of the fluorescent protein being cleaved from the HC or LC post-translation.
This would result in a mixed population of LC::GFP and free GFP molecules being present
in a single cell, which can confound protein localisation via fluorescence microscopy.
Indeed, this has been demonstrated to occur with RFP-tagged aldolase expressed in
Arabidopsis (Garagounis et al., 2017). Hence, the localisation of the light chain in the
cytosol could be an artifact resulting from the degradation of the fluorescent marker,
which would lead to a misleading subcellular distribution pattern. Proteolytic cleavage
could separate the fluorescent tag from the LC, causing the marker to diffuse freely in the
cytosol while the actual LC follows its intended secretory pathway. This possibility is
particularly relevant given that proteolysis is a common issue in transient expression
systems, especially in N. benthamiana, where endogenous proteases may target exposed
linker regions between the protein of interest and the fluorescent tag. Additionally,

degradation of the marker may occur after cellular stress or during sample processing,
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further complicating accurate localisation studies. Another potential explanation for
cytosolic LC localization is the presence of internal translation start sites within the LC
sequence. If alternative start codons downstream of the signal peptide are recognised by
the ribosome, truncated versions of LC lacking the ER-targeting signal could be
synthesised. These truncated variants would remain in the cytosol instead of being
directed to the secretory pathway. The likelihood of this occurring depends on factors
such as mRNA secondary structure, ribosome efficiency, and the presence of Kozak
consensus sequences near alternative start codons (Asano, 2014). Experimental
validation, such as western blot analysis using an antibody specific to the LC, could help
determine whether smaller; cytosolic LC fragments are present, supporting the
hypothesis of alternative translation initiation. Additionally, it is important to recall that
although the images shown are two-dimensional, they contain fluorescence from
molecules in a 3D section of a leaf of approximately 10-20 puM. This means that
fluorescence in different regions of an image may be derived from fluorophores that are
distinctly located to the cytosol and apoplast, but which appear colocalised in a two-
dimensional projection. Thus, observations of exclusively peripheral localisation is key in
supporting apoplastic localisation of HC::RFP. Finally, it must be noted that, due to time-
constraints, colocalisation analysis was carried on entire images, not specific regions of
interest with the visualised cells, which can result in far mor accurate estimates of
colocalisation. Because both Pearson’s and Manders’s coefficients are susceptible to the
presence of a large number of empty (black) pixels and to differences in fluorescence
intensities of the imaged fluorophores, this analysis can only be considered preliminary.
Regardless of these limitations, the confocal imaging approach results are in agreement
with western blot data, and support the notion that while a large proportion of LC and HC

remain in the cytosol, a fraction of these proteins does indeed localise in the apoplast.
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Different signal peptides lead to varying levels of 2F5 accumulation, with basic
chitinase SP showing the highest increase, followed by CHO. Despite differences in HC
accumulation, LC and the F2 fragment are consistently present in apoplastic fluids across
all SPs tested. Studies on plant secretomes have revealed that more than half of naturally
secreted proteins do not possess a signal peptide (Agrawal etal., 2010), which is generally
considered necessary for guiding recombinant proteins to extracellular sites. An
investigation found that merging the signal sequence and initial two amino acids from
tobacco PR1b protein with bacterial ChiA protein improved its secretion efficacy in plant
cells compared to ChiA with its original signal sequence (Lurid & Dunsmuir, 1992).
Additionally, HRP Cla generated using GE from N. tabacum (-D-glucan exohydrolase
demonstrated a higher rate of secretion in the BY2-cell system than its native SP and

another SP derived from peroxidase (Matsui et al., 2006).

Depletion of selected intracellular proteases fails to inhibit 2F5 CDR H3 cleavage,
suggesting that these proteases might not significantly impact HC processing or overall
2F5 accumulation (Figure 8.8). This might be due to two reasons. First, TRV infection
itself might affect protein synthesis machinery dynamics due to stress. Several papers
mention that TRV-based VIGS systems typically result in mild virus infection symptoms
(Tian etal., 2015; Zhang et al., 2017). For instance, Zhang et al. (2017) notes that the TRV-
mediated VIGS system has mild virus infection symptoms as one of its advantages. This
suggests that while some stress may occur due to viral infection, it is usually not severe
enough to significantly impact the experimental results. However, it's important to note
that the stress response can vary depending on the plant species and the specific
experimental conditions. For example, Shen et al. (2020) mentions that treated Forsythia
plants were pruned below the injection site after 7-15 days of infection, which could be a

measure to mitigate potential stress effects. Deng et al. (2020), focusing on Centaurea
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cyanus, tested different infiltration methods and found that only apical meristem-
infiltration was effective, suggesting that the plant's response to TRV infiltration can
depend on the inoculation technique. Moreover, size of the vector has also been associated
with stress, with larger RNAi fragments causing less severe phenotype (J. Zhang et al,,
2017). Second, gene silencing of some of these proteases could affect protein synthesis
dynamics and secretion indirectly by affecting other gen transcripts, or directly. For
example, SPPs or S1P are involved in the signal peptide cleavage, once the protein is
retrieved in the ER following translation (Bolhuis et al., 1999; Ng et al., 2007; Sun et al,,

2015).

Targeting 2F5 to the ER or vacuole alters HC stability and antigen binding, with
vacuolar targeting significantly reducing HC levels. VRCO1 experiences similar
degradation, indicating subcellular localization critically influences IgG stability. The
vacuole is abundant in vacuolar processing enzymes (Vorster et al., 2019), although cases
of vacuolar targeting reported high accumulation (Ocampo et al., 2016; Shaaltiel et al.,
2007). In vpeabc mutants (Figure 5.9b), vacuole-targeting VRCO1 demonstrated an
upward trend in accumulation, although not significant. It has been reported that
depleting VPE enzymes leads to less recombinant protein degradation and/or

accumulation (Pillay et al., 2014; Singh et al., 2022).

In contrast, ER targeting using a N-terminal KDEL in the HC did not result in
increased levels of 2F5 or in preventing cleavage (F1 fragment; Figure 5.9a). Previous
studies reported increase of recombinant protein following ER retention, supposedly due
to better folding and/or low abundance of proteases (Gruber et al., 2001b; Ocampo et al,,
2016; Sainsbury & Lomonossoff, 2008). However, in our case it was not until we changed

the N-terminal signal peptide from NtPR1a to BiP, to obtain an almost 9-fold increase.
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Other studies have successfully used N-terminal BiP or elastin-like polypeptide fusion to
optimise ER retention (Floss et al,, 2009; Gutiérrez et al., 2013; Islam et al., 2020; Marques

et al., 2020; Soni et al., 2022).

Regarding the ER-expansion attempts, we followed two strategies: a naturally
expanded ER based on endogenous phosphocholine cytidylyltransferase increased levels,
or a synthetically expanded ER based on the dimerisation of polyprotein complexes
anchoring on the ER membrane. In the first case, cctl producing BiP::2F5-KDEL
demonstrated the highest ER stress response, followed by wild type expressing the same
constructs (Figure 5.12), and wild type have also exhibited the highest 2F5 accumulation
(Figure 5.13). This can further strengthen our speculation that BiP-KDEL combination
retains 2F5 in the ER more successfully than KDEL alone. However, this hypothesis should

be tested by confocal microscopy and immunolocalization with an ER localisation marker.

Similarly, in G22Y formation, 2F5 accumulation is not altered when expressing the

BiP::2F5-KDEL that was proven promising for more efficient secretion (Figure 5.14).

Despite compartmentation, and especially expanded compartments having great
potential, more optimisation is needed to obtain increased levels of recombinant proteins.
In neither strategy was increased accumulation observed. A logical explanation for this
phenomenon is that compartments need time to develop. During this formation period,
proteins involved in the ER protein quality system might be unable to attach to the
compartment and may be degraded or moved out of the cytosol. While the plant cell
encounters forced ER expansion, it simultaneously and constitutively expresses a large
heterologous protein that requires intricate post-translational modifications. This
phenomenon might maximise ER stress response. Lastly, the aGFP IgG designed to bind

to the lumen side of G22Y (GFP) did not accumulated more than the control, as it is
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difficult to determine by AlphaFold interactions how they might be interacting inside the

cell (Figure $5.3). Co-immunoprecipitation could shed more light in their interaction.



165 Chapter 5 - IgG localisation and mistargeting

Supplementary Data

Figure S5.1 - Phenotypic differences between N. benthamiana plants depleted for
membranous intracellular proteases following 3 weeks after virus-induced gene silencing
(VIGS). TRV::R6 grew indistinguishably from TRV::GFP. TRV::SPP1, SPP2, SPP4, R3, R4, R7
and PresZ2 demonstrated a dwarf phenotype, approximately 25% smaller than TRV::GFP.
TRV::SPP3, SPP5, S1P. R1, R2, R5 and Pres1 demonstrated a more severe dwarf phenotype,

approximately 50% or more smaller than TRV::GFP. Scale bar 10cm.
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Figure S5.2 - ER-targeted VRCO1 (VRCO1er) expressed in WT or cctl mutants. Total
extracts were isolated at 5 d.p.i. and analysed by western blotting. In this case, VRCO1gr
(LC+HC) accumulated almost 5 times more in cctl mutants. Interestingly, the shift of LC
seen in WT and previously (Figure 5.8b) is restored in cctl mutants, back to where
apoplast-targeted VRCO1 LC was observed. Quantification of VRCO1kr (LC+HC) is depicted

in graph and was calculated from n=3 independent experiment (t-test for significance).
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Figure S5.3 - Predicted aGFP IgG antibody interacting with GFP. (a),(b) model depicts
AlphaFold-predicted interaction between aGFP IgG and free GFP. (c), (e) model depicts
AlphaFold-predicted interaction between aGFP and GFP from the G22Y multimer. Grey:
aGFP IgG; pink: aGFP CDR H3 loop; green: GFP; yellow: YFP; blue: BP22 transmembrane

domain; orange: linkers.

Model Confidence
M Very high (pLDDT > 80)
High (90 > pLDDT > 70)

Low (70 > pLDDT > 50)
Very low (pLDDT < 50)
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Figure S5.4 - No phenotypic differences in N. benthamiana plants following heat

treatment for 2 hours. Scale bar 10cm.

Before heat treatment After heat treatment
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This work investigated the in vitro and in vivo processing of various anti-viral IgGs,
as well as their subcellular localisation and mistargeting in N. benthamiana, in pursuit of

optimising IgG protein production in planta.

In Chapter 2 we focused on screening proteases, with a particular focus on subtilases, in
the degradation of different G immunoglugulins (IgG) within Nicotiana benthamiana
apoplastic fluids in vitro. Experimental results revealed several key findings that
significantly contribute to our understanding of recombinant antibody production in
plant-based systems. Results underscore the substantial impact of subtilases, especially
SBT5.2, on 2F5 degradation. Secondly, this Chapter demonstrates that different
antibodies exhibit varying levels of susceptibility to cleavage by subtilases. This
variability is seen by the three antibodies tested: The 2F5 antibody shows high
susceptibility to degradation, indicating that it is particularly vulnerable in apoplastic

fluids.

In contrast to 2F5, the COVA2-15 antibody demonstrates greater stability,
suggesting that it is more resistant to subtilase-mediated degradation. The anti-Ebola
2G4 antibody exhibits intermediate stability, falling between the highly susceptible 2F5
and the more stable COVA2-15. These observations of processing patterns and stability
among various antibodies lead to a crucial insight: a universal approach may not be

effective for optimising recombinant antibody production in plant-based systems.

In Chapter 3 we explored the processing and accumulation of different anti-viral IgG

antibodies in protease-depleted N. benthamiana plants both by expressing protease
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inhibitors and by targeted mutagenesis to abolish protease production. Before expressing
IgGs in protease mutants, we conducted an expression timeline of each antibody, with 2F5
showing increased assembly and intermediate accumulation by days five to seven.
COVA2-15 had stable assembly across all timepoints, while 2G4 peaked in full assembly

on day five.

Interestingly, when testing protease inhibitor co-expression with antibodies, none
of them resulted in higher 2F5 accumulation compared to controls, while some inhibitors
(SICDI, NbPot1) led to decreased 2F5 accumulation. This rather unexpected result is
contrary to expectations, as protease inhibitors are often used to protect recombinant
proteins from degradation (Goulet et al., 2012a; Grosse-Holz et al., 2018; Jutras et al,,
2019). The decreased accumulation observed specifically with SICDI (Cys/Asp inhibitor)
and NbPot1 (Ser inhibitor), suggests that these inhibitors may have unintended effects on
protein production or plant cell processes. At the least it is possible that production of
these two inhibitors in some way directly competes IgG production itself, potentially by

competing for rare amino acids during protein translation.

These data indicate that the relationship between proteases, their inhibitors, and
recombinant protein accumulation is more complex than initially thought. Inhibiting
certain proteases may disrupt normal protein biosynthesis or turnover, potentially
leading to negative effects on overall protein yields (Mangena, 2022). Adding complexity
to this issue of reduced/unaltered IgG accumulation is the likely plant response to
inhibition. Conceivably plants may respond to protease inhibition by increasing the
transcription of protease-encoding genes to maintain homeostasis. For example, when
the proteasome is inhibited by syringolin A, the expression of proteasome-related genes

is upregulated (Michel et al., 2006).
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The lack of positive effect from protease inhibitors could be due to the inhibitors
not accumulating in the same cellular compartments as the recombinant proteins or
being inactive under certain pH conditions. Alternatively, or in combination with the
issue of distinct compartmentation, it is possible the chosen inhibitors may not target the
specific proteases responsible for 2F5 degradation, or that multiple proteases are
involved in the process. Perhaps an inactive version of every protease inhibitor as
negative control of the respective inhibitors is needed to account for competition on

translation machinery.

Unlike the co-expression of protease inhibitors, targeted depletion of the subtilase
SBT5.2 led to a major increase in in 2F5 and 2G4 accumulation. Similarly, SBT1.4
depletion also boosted accumulation of both these antibodies. Moreover, vpe mutants
showed increased accumulation of COVA2-15 and VRCO1 antibodies. An interesting
observation was that some other mutants (e.g., sht1.7) resulted in lower IgG levels for
certain antibodies. This variability in response across different protease depletions and
antibody types underscores the nuanced nature of the plant proteolytic network and its

influence on recombinant protein production.

Additionally, no significant differences between wild type and protease-depleted
lines were observed when GFP was expressed. This ensured that any changes in IgG levels
in these genetic backgrounds were not due to altered transformation efficiency, or other
indirect general effects of protease deletion. These findings, in combination with the
previously described mixed results with protease inhibitor co-expression, highlight the
complexity of recombinant protein production in planta and the challenges in developing

effective strategies to improve protein yields..
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To fully harness the potential of this approach, it would be beneficial to conduct
comprehensive analyses across a wider range of antibodies and protease mutants. Such
extensive studies would provide a more complete picture of the protease-antibody
interactions and help identify which specific proteases are most beneficial to deplete for
each particular antibody. Furthermore, the findings suggest that combining multiple
protease depletions or using a combination of protease depletion and protease inhibitor
co-expression might yield better results for some antibodies. This multifaceted approach
could potentially address the complex nature of the plant proteolytic network and
provide a more robust solution for enhancing antibody yields across a broader range of
antibody types. The different outcomes also highlight the potential for unexpected
outcomes when manipulating the plant proteolytic network. The observation that some
protease depletions led to decreased antibody accumulation support the idea that

proteases may indirectly have other roles in cell homeostasis.

In Chapter 4 the differential stability of different [gGs was examined. Interestingly, it was
observed that COVA2-15 was more stable compared to 2F5 when incubated in apoplastic
fluids. It was hypothesised that this enhanced stability was attributed to the presence of
a disulphide bridge in the CDR H3 loop, which likely prevented steric accessibility of the
loop by proteases. Cysteine mutation introducing potential disulphide bridges near the
2F5 cleavage site (m1 and mZ2) resulted in a significant 2.5- and 3.5-fold increased
accumulation compared to the wild-type antibody. However, the mechanism underlying
this improvement may not be solely due to specific cleavage site protection but could
involve overall stability enhancements of the antibody structure. Direct mutations at the

P1 cleavage site of 2F5 (m3, m4, m5) produced varied effects on antibody stability and
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accumulation. Some mutations led to decreased accumulation or, paradoxically, increased
vulnerability to proteolytic processing. This highlights the complexity of antibody

engineering and the need for careful consideration when modifying critical regions.

Additionally, eliminating the disulphide bridge in COVA2-15 CDR H3 loop had
dramatic effects on the antibody stability and function. This modification led to increased
susceptibility to proteolytic processing and dramatically reduced antigen binding

capacity.

In combination, both the increased stability of 2F5 when potential disulphide
bridge-forming cysteines were introduced, and the decreased stability of COVA2-15 when
the native disulphide bridge was abolished, support the initial hypothesis, that disulfide
bridge formation protects the CDR H3 loop from degradation. However, care should be
taken when introducing such mutations as they may impact antigenicity. This balance

between stability and function presents a significant challenge in antibody engineering.

In Chapter 5 we focused on examining the impact of subcellular localisation on
recombinant IgG yield and processing profiles. The 2F5 antibody demonstrates poor
secretion efficiency into the apoplast when expressed in N. benthamiana leaves.
Immunoblotting data revealed that only a small fraction, approximately 3-4% of the total
2F5 produced, was detected in apoplastic fluids. This low secretion rate suggests

potential challenges in IgG processing and transport mechanisms within the plant cell.

Moreover, differences were observed in the accumulation patterns of the heavy
chain (HC) and light chain (LC) of the 2F5 antibody, when assessed by western blot. The

HC predominantly accumulates intracellularly, indicating possible retention within the
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ER. In contrast, the LC exhibits a higher rate for secretion, suggesting differential
transport of the two chains which can impact their processing differently. These results
were also supported to an extent by confocal microscopy, which indicated higher co-
localisation of an LC::GFP construct with a secreted sRFP marker, while an HC::RFP
construct showed significantly lower correlation with a corresponding secreted sGFP
marker. Although the caveats of the confocal approach to assessing subcellular
localisation have already been discussed in the corresponding chapter, the results are in
agreement with the previously described immunoblotting data. Conceivably, the lower
molecular weight of LC facilitates export to the apoplast, while the much larger HC
remains trapped within the cytosol or endomembrane system. The observed differential
secretion patterns between the heavy chain and light chain components of the antibody

suggest that the HC may be a limiting factor in the overall secretion process.

Additionally, it was found that the choice of signal peptides significantly influenced
overall 2F5 accumulation levels. Among the tested options, the A. thaliana basic chitinase
signal peptide proved most effective, resulting in a substantial increase of approximately
7-fold in 2F5 accumulation. This finding emphasises the importance of future research

focus on optimised signal peptides.

Attempts to improve antibody accumulation through ER retention strategies
yielded mixed results. The use of a KDEL tag on the HC alone did not lead to increased
2F5 accumulation or prevent cleavage. However, a more comprehensive strategy
employing an N-terminal BiP signal peptide with C-terminal KDEL tags on both HC and
LC chains proved highly effective, resulting in a remarkable 9-fold increase in

accumulation.
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Conversely, although not unexpectedly, vacuolar targeting of 2F5 or VRCO1
antibodies had a detrimental effect on production. This approach resulted in decreased
HC stability and overall lower accumulation levels. The observed reduction in stability is
unsurprising, as the vacuolar environment may not be conducive to maintaining the
integrity of recombinant proteins, likely due to increased exposure to proteolytic
enzymes and low pH. The detrimental effects observed with vacuolar targeting, highlight

the need for careful consideration when selecting subcellular targeting approaches.

Further efforts to enhance antibody accumulation through ER expansion
strategies were also unsuccessful. Neither genetic manipulation using cctI mutants nor
synthetic polyprotein expression (G22Y) led to increased antibody accumulation. This
outcome indicates that factors beyond ER capacity may be limiting antibody production
in this system. It is also important to consider that alterations of ER structure in both
tested lines do result in ER stress and potentially generalised cell and whole plant stress,

which might subsequently reduce recombinant protein yields.

The study demonstrates that optimizing signal peptides and implementing ER
retention strategies can significantly enhance antibody accumulation in plant systems.
These approaches likely improve protein folding efficiency and/or reduce degradation,
thereby increasing overall yields. The remarkable 9-fold increase in accumulation
achieved through the use of BiP signal peptides with KDEL tags on both antibody chains
underscores the potential of targeted ER retention for maximizing recombinant protein
production. However, these results demonstrate that not all subcellular targeting
strategies are equally effective. Recently it has been reported that KDEL receptor ERD2,
functions as a Golgi gatekeeper, instead of a recycling receptor, by capturing K/HDEL

proteins and releasing them for retrograde transport to the ER (Alvim et al., 2023).
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Instead, findings indicate that ERD2 predominantly resides at the cis-Golgi, functioning
as a sorting checkpoint. This Golgi retention is essential for its activity, as demonstrated
by mutations affecting its di-leucine motif, which disrupt its localisation and function. The
conservation of ERD2 between plants and humans, along with its ability to sort KDEL
proteins across species, suggests an ancient and regulated mechanism. The gatekeeper
model proposes that ERD2 regulates ligand sorting within the Golgi, ensuring that specific
proteins are retained for retrograde transport. This model addresses a limitation in the
classical hypothesis: the high abundance of ER-resident proteins would render constant
receptor recycling inefficient. Instead, ERD2 may remain stationary while directing ligand
movement. Its retention at the Golgi depends on a distinct Golgi-localisation signal,
preventing anterograde leakage, and its function is linked to ARF1 regulation and COPI
vesicle formation. This paradigm shift raises questions about Golgi compartmentation,

ligand release, and the evolution of ER-Golgi sorting mechanisms and retention dynamics.

In conclusion, the results of Chapter 5 emphasise the intricate nature of
recombinant antibody production in planta. To maximise yields, careful optimisation of
subcellular targeting and processing strategies is essential. The differential behaviour of
antibody chains and the varied effects of different targeting approaches highlight the need
for a much better understanding of heterologous protein production and trafficking in

plant cells.

Moving forward, further research is needed to elucidate the specific mechanisms
responsible for the poor secretion of some IgG antibodies. It is also necessary to develop
a more comprehensive understanding of the factors influencing antibody stability and

accumulation in different subcellular compartments. Ultimately, the potential of
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combining multiple optimisation strategies to achieve synergistic improvements in

antibody production must be investigated.

Towards unfolding the complexity of heterologous protein production

From designing gene expression vectors to selecting the ideal chassis, protein
production yields are influenced by multiple factors, including host immune response,
gene delivery efficiency, post-transcriptional gene silencing, mRNA stability, translation
efficiency, protein folding and modifications, and successful translocation to the target
compartment. In Chapter 5, we investigated the effect of having a single vector to
simultaneously introduce both LC and HC coding sequences into the plant cell. Indeed,
this approached lead to significant increase of 2F5 antibody. The multiplicity of T-DNA
reported high rate of simultaneous transfer across for fluorescent recombinant protein
(Carlson et al.,, 2023). However there is still a possibility that fluctuating T-DNA transfer
or insertion levels can lead to chimeric expression across leaf cells (Pereman et al.,, 2019;
Verhage, 2021). Moreover, in the case of antibodies this becomes more perplexed, as the
ratio of LC and HC plays a pivotal role in IgG heterodimer assembly. This observation
dictates that more accurate control of the LC/HC ratio could dramatically impact

stabilisation.

Another strategy that has been extensively followed by the plant molecular
pharming community is codon optimisation. Although careful design, especially of
transcriptional regulatory domains is needed, when it comes to protein translation
sometimes less is more. Several studies have shown that slowing translation, such as
through mutant ribosomes, reduces translation speed, providing additional time for

proper protein folding (Avolio et al., 2023; Knight et al., 2022; Sherman & Qian, 2013;
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Siller et al, 2010). This approach could be of outstanding potential in plant-made

antibodies.

Towards optimising secretion efficiency of IgGs in plant platforms

The subcellular localisation of recombinant proteins in plant cells, following their
synthesis, is critical for their stability and quality as it involves folding, quality control,
and post-translational modifications (Strasser, 2018). Studies on plant secretomes have
revealed that more than half of naturally secreted proteins do not possess a signal peptide
(Agrawal et al., 2010), which is generally considered necessary for guiding recombinant
proteins to extracellular sites. We managed to acquire high accumulation of 2F5 with N-
terminal A. thaliana basic chitinase (AtBC) or an optimised combination of Chinese
hamster ovaries cells’ (CHO) signal peptides. This might be due to more efficient targeting
to the endoplasmic reticulum and hence the secretory pathway route. However, this could
be further validated by co-IP studies with BiP or other chaperones that might be involved

in ER protein translocation.

In CHO cells, it has been reported that the native light and heavy chain signal
peptides for secretion often do not lead to the most efficient secretion. In a study where
they mixed and matched different signal peptides for different IgGs, it was obvious that
different IgGs are secreted better with different N-terminal signal peptides (Haryadi et al.,
2015). Interestingly, even the LC and HC secretion of the same IgG would be increased
when using different signal peptides. Another approach that has been broadly successful
is using fusion tags along with native or optimised signal peptides for more efficient
secretion (Alvarez et al,, 2010; Conley et al., 2011; Floss et al., 2009; Gutiérrez et al., 2013;

Islam et al.,, 2020; Jiang et al., 2020; Joensuu et al., 2010; Pereira et al., 2014).
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Since the apoplast has been consistently considered as the main compartment of
recombinant protein degradation due to its abundance in proteases (Beritza et al.,, 2024;
Gouletetal., 2012b; Hehle etal., 2011; Jutras etal., 2018, 2020; Niemer et al., 2014; Puchol
Tarazona et al.,, 2021), it is essential to be aware of the secretion levels of IgGs and other
recombinant proteins. This is important as it can make protease screening for IgG
processing even more complex. For example, we confirmed by western blotting and
confocal microscopy that most IgG is trapped intracellularly (Chapter 5). This indicates
that 2F5 is not secreted into the apoplast and therefore not exposed to SBT5.2, that was
previously shown to be the only protease cleaving 2F5 in vitro (Chapter 2; Puchol
Tarazona et al., 2021). Although we cannot exclude that 2F5 accumulates in the apoplast
in a non-extractable manner, e.g. immobilised to the cell wall or aggregates, we think this
is unlikely because of the high solubility of 2F5 and because it would be cleaved by SBT5.2

in the apoplast.
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7.1 Bacterial strains and growth conditions

The Escherichia coli strain used for plasmid propagation was DH10f on lysogeny broth
(LB) or agar, supplemented with appropriate antibiotics. Following heat shock
transformation, E. coli transformants were selected on LB agar medium plates containing
50 uM kanamycin or carbenicillin. The Agrobacterium tumefaciens strain GV3101-pMP90
was used for transient transformation of Nicotiana benthamiana. Following heat shock
transformation, A. tumefaciens transformants were selected on LB agar medium plates
containing 25 uM rifampicin, 10 uM gentamycin, and 50 uM kanamycin or carbenicillin

for the binary vector.

7.2 Nicotiana benthamiana cultivation

Wild-type N. benthamiana (LAB strain; Ranawaka et al., 2023) seeds were sown into a 3:1
mix of soil (Sinclair Modular Seed Peat reduced propagation mix) with vermiculite
(Sinclair Pro Medium) in 7 cm square pots and grown at high humidity under transparent
plastic covers for 5 days. Seedlings were uncovered and grown first for one week in the
greenhouse at 22-23°C, 16 hrlight/8 hr dark, at high humidity, and 80-120pumol/m?2s light
intensity and watered three times per week. For the experiments where the Ara2 heat-
inducible promoter was used, the plants were grown in the same light/dark regime and
humidity. However, the growth chamber temperature was set at 40°C for the two last

hours of the light cycle, on day 3 following infiltration.
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7.3 Molecular cloning

The HC and LC of 2F5, 2G4, COVA2-15, aGFP were codon optimised for N. benthamiana
and obtained from Twist Bioscience, carrying Bsal sites for Golden Gate cloning (See
Appendix A for coding sequences, Figure 8.1, Engler et al., 2014; Marillonnet & Werner, 2015;
Werner et al., 2012). All overexpression constructs carry the N-terminal NtPR1a signal
peptide from Nicotiana tabacum unless stated otherwise (Appendix B). All constructs
were cloned into a Golden Gate binary vector containing the T-DNA with a Cauliflower
Mosaic Virus 35S (CaMV 35S) promoter and either a nopaline synthase (nos) or 35S
terminator following the Golden Gate protocol in a ratio of insert:backbone 2:1. Similarly,
for designing the VIGS plasmids, the NbSBTs genes were selected by a BLAST search in
the Sol genomics network database (https://solgenomics.net/). The gene fragments
targeting the subtilisin-like proteases were obtained from Invitrogen and were inserted
into pJK037 (Morimoto et al., 2022) using Golden Gate cloning (Bsal sites), to generate
the TRV::GFP and TRV::NbSBT plasmids. The VIGS plasmids for intracellular proteases
were also cloned into pJK037. The protease inhibitor constructs were previously cloned
and described (Grosse-Holz et al., 2018). Regarding the N-terminal signal peptides AtBC,
NbSBT5.2, HsGL, CHO, and BiP, all plasmids were obtained from Twist Bioscience and
cloned using Bsal sites into Golden Gate vectors. For the C-terminal ER-KDEL and vac-
KISIA, or for the 2F5 (m1-m5) or COVA2-15 (m1) IgG mutants sequences were amplified
using VeriFi® Hot Start Mix (PCR Biosystems), following by Mut Express MultiS Fast
Mutagenesis Kit V2 (Vazyme). For the C-terminal fluorescent markers in 2F5 LC or HC,
eGFP (pLOM-S-eGFP) or mScarlet (Twist Bioscience) were amplified using VeriFi® Hot
Start Mix (PCR Biosystems) carrying appropriate overhangs for Gibson assembly cloning

(NEBuilder® Gibson assembly, New England Biolabs; NEB). Plasmids carrying both LC
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and HC of 2F5 (L2::2F5LC/2F5HC) were cloned by cutting the respective L1::2F5_LC and

L1::2F5_HC using Bpil restriction enzyme and Golden Gate cloning. Bsal, Bpil or other

enzymes used for cloning or restriction digestion were provided by NEB (NEBridge®,

NEB HF® Enzymes). PCR amplification for cloning or screening was carried out following

Bounce PCR using the AutoDelta feature on ProFlex PCR system as follows (Sam Mugford,

2018):
94°C 2 min
94°C 30 sec
60°C to 45°C (1°C decrease per cycle) 40 sec
72°C 1min per kb
94°C 30 sec

45.6°C to 60°C (0.6°C increase per cycle) 40 sec
72°C 1min per kb

72°C 6 min

1 cycle

15 cycles

25 cycles

1 cycle

All plasmids and primers used are listed in Table 7.1 and Table 7.2, respectively.
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Level O
destination vector
(pLO-P)

Level 0 module

Level 1
destination vector
(pL1F-1)

Level 1 module

Level 2
destination vector
(pL2-1)

Level 2 construct
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Bpil
gaagac nn |GGAG TACT nn gtcttc
cttetg nn CCTC ATGA|nn cagaag
Bpil
+ ‘ P
Bsal Bpil
..ggtete n |GGAG nn gtcttcgaagtc nn |[TACT n gagacc..
..ccagag n CCTC|[nn cagaag El cttetg nn ATGA|n ctetgg..
Bpil Bsal
¢ Bpil
Bsal

.ggtctc n |[GGAG III
..ccagag n CCTC
+

TACT n gagacc..
ATGA| n ctctgg..

Bsal
Bpil Bsal
..gaagac nn GAG n gagacc ggtcte n GCAA nn gtcttec..
..cttctg nn.CCTC n ctctgg ccagag n .CGTT nn cagaag..
Bsal Bpil
Bsal
Bpil
gaagac nn .GGAG -GCAA nn gtctte
cttetg nn CCTC CGTT |nn cagaag
Bpil
+
Bpil
ccc nn gtette gaagac nn GTT
GGG nn cagaag cttctg nn CRA

Bpil

} Bpil
CCC GGAG GCAA GGAG . GTT...
GGG -CCTC -CGTT EEnE - -CAA...

Figure 7.1 Overview of Golden Gate cloning vectors (adapted from Weber et al., 2011).

PCR product or synthesised fragment containing the fragment of interest (e.g. coding sequence) along
with Bpil restriction sites to be used in Level 0 vector (single module vector; spectinomycin resistance).
Multiple level 0 modules can then be combined and cloned using Bsal into level 1 vector (TU,
transcription unit vector; e.g. promoter::signal peptide::coding_sequence::terminator; carbenicillin
resistance) and be used for agroinfiltration. For multigene constructs, multiple level 1 vectors can be
combined and cloned into level 2 vector using Bpil (multi-TU vector) and be used for agroinfiltration.

Blue-white (lacZ) or red-white (CRed) screening was used in addition to antibiotic resistance for the

correct clones.
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Table 7.1 Plasmid list. pKB and plasmids from collaborators.

CDS, coding sequence; TU, transcription unit; TRV, Tobacco Rattle Virus.

pKB037

L1_35SP_2F5_HCmScarlet_nosT

Plasmid Descriptive name Reference
pKB001 LO_P19 This work
pKB002 L1_EV_control

pKB007 LO_mScarlet

pKB008 LO_nptlI

pKB009 LO_EPI1

pKB010 L0_2G4_LC

pKBO011 L0_2G4_HC

pKB012 LO_COVA_LC

pKB013 LO_COVA_HC

pKB014 L0_aGFP_LC

pKBO015 L0_aGFP_HC

pKB016 L2_2F5_LC_2F5_HC

pKB018 LO_NtPR1a2F5_LC

pKB019 LO_NtPR1a2F5_HC

pKB020 L1_35SP_2F5_LC_nosT
pKB021 L1_35SP_2F5_HC_nosT
pKB022 L1_2F5_HC_m1_T104C, 1111C
pKB023 L1_2F5_HC_m2_L106C, V109C
pKB024 L1_2F5_HC_KDEL

pKB025 L1_2F5_HC_KISIA

pKB026 L1_35SP_2G4_LC_nosT
pKB027 L1_35SP_2G4_HC_nosT
pKB028 L1_35SP_COVA_LC_nosT
pKB029 L1_35SP_COVA_HC_nosT
pKB030 L1_aGFP_LC

pKB031 L1_aGFP_HC

pKB033 L1_2F5_m3_F107A

pKB034 L1_2F5_m4_F107D

pKBO035 L1_2F5_m5_F107R

pKBO036 L1_COVA_m1_C103A,C107A
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pKB038 LO_AtBC2F5_LC
pKB039 LO_AtBC2F5_HC
pKB040 LO_NbSBT5.22F5_LC
pKB041 LO_NbSBT5.22F5_HC
pKB042 LO_HsGL2F5_LC
pKB043 LO_HsGL2F5_HC
pKB044 LO_CHOL12F5_LC
pKB045 LO_CHOH72F5_HC
pKB046 LO_BiP2F5KDEL_LC
pKB047 LO_BiP2F5KDEL_HC
pKB048 L1_35SP_AtBC2F5_LC_nosT
pKB049 L1_35SP_AtBC2F5_HC_nosT
pKBO050 L1_35SP_NbSBT5.22F5_LC_nosT
pKBO051 L1_35SP_NbSBT5.22F5_HC_nosT
pKBO052 L1_35SP_HsGL2F5_LC_nosT
pKBO053 L1_35SP_HsGL2F5_HC_nosT
pKB054 L1_35SP_CHOL12F5_LC_nosT
pKB055 L1_35SP_CHOH72F5_HC_nosT
pKB056 L1_35SP_BiP2F5KDEL_LC_nosT
pKB057 L1_35SP_BiP2F5KDEL_HC_nosT
pKB058 LO_ara2P
pKB059 LO_mCerulean_KDEL
pKB060 LO_LCeGFP
pKB061 L1_ara_BiP_LC
pKB062 L1_ara_BiP_HC
pKB063 L1_ara_GFP_LC
Plasmid Alternative name Reference
pPB035 TRV2::GFP Pierre Buscaill
Beritza et al., 2024)
pPB058 TRV2::SBT1.7a
pPB059 TRV2::SBT1.7c
pPB065 TRV2::SBT1.9a
pPB039 TRV2::SBT5.2
pJK268c 35SP_P19 35ST Kourelis et al., 2020
pICH41308 L0_CDS Engler et al,, 2014

pICH51277

L0_35SP_5UTR
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pICH41421 LO_nosT
pICH47732 L1_P1_Fwd
pICH47732 L1_P2_Fwd
pFGHO008 L1_35SP_NbPR4_35ST Grosse-Holz et al., 2018
pFGHO010 L1_35SP_SICDI_35ST
pFGHO047 L1_35SP_HsTIMP_35ST
pFGH048 L1_35SP_EPI1_35ST
pFGH049 L1_35SP_EPI12_35ST
pFGHO053 L1_35SP_NbPot1_35ST
pFGHO054 L1_35SP_SICYS8_35ST
pFGH203 L1_35SP_Ala-HsTIMP_35ST
pFGH214 L1_35SP_SICYS8-Q47P_35ST
TRV1 TRV1 Liu et al,, 2002
pJK037 TRV2gg (pL2ZM-TRV2) Morimoro et al.,, 2022
TRV2::PDS TRV2::PDS Liu et al,, 2002
pPJ048 35S_cytosolicGFP_35ST Jutras etal., 2021
pPJ057 35S _secretedRFP_35ST Beritza et al., 2024
pKZ153 pL1V2-F1-pBiP3a-GFP Unpublished
pPJ040 VRCO1 HC Unpublished
pPJ041 VRCO01 LC Unpublished
pPJ042 VRCO1 Hc - KISIA Unpublished
pPJ043 VRCO1 Hc - KDEL Unpublished
pPJ056 Cytosolic RFP Unpublished
- Secreted GFP Samalova et al., 2006
- G22Y Sandor et al., 2024
pKZ84 TRV::SSP1 Unpublished
pKZ85 TRV::SSP2 Unpublished
pKZ86 TRV::SSP3 Unpublished
pKZ87 TRV::SSP4 Unpublished
pKZ88 TRV::SSP5 Unpublished
pKZ89 TRV::S1P Unpublished
pKZ90 TRV::Rhomboid1 Unpublished
pKZ91 TRV::Rhomboid2 Unpublished
pKZ92 TRV::Rhomboid3 Unpublished
pKZ93 TRV::Rhomboid4 Unpublished
pKZ94 TRV::Rhobmoid5 Unpublished
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pKZ95 TRV::Rhobmoid6 Unpublished
pKZ96 TRV::Rhobmoid7 Unpublished
pKZ97 TRV::Presenelinl Unpublished
pKZ98 TRV::Presenelin2 Unpublished

Table 7.2 Primer list.

Forward primer, FF; Reverse primer, RR.

Primer Name

Sequence

[KBOO1F]EPI1_CDS_LO_FF

gggaagacaaaatgCAGAGCCCTCAGGTTATCTCTCC

[KBOO1R]EPI1_CDS_LO_RR

gggaagacttaagcCTAACCCTCTTGAGGTGTAACCTT

[KBOO2F]NPTII_CDS_LO_FF

gggaagacaaaATGGTTGAACAAGATGGATTGCACGC

[KBOO2R]NPTII_CDS_LO_RR

gggaagacaaaagcTCAGAAGAACTCGTCAAGAAGGC

[KBOO3F]rt_SBT1.7A_FF AATCCAACGGCCACCATTCT
[KBOO3R]rt_SBT1.7A_RR TCTTGTATTGCTCCGCCGTT
[KBOO4F]rt_SBT1.7B_FF AAGGTGGGGATCAAACCGTC
[KBO04R]rt_SBT1.7B_RR ATGACTTCTGCTCGTTCGCA
[KBOOS5F]rt_SBT1.9a_FF GACGCGATTCCACTACACGA
[KBOO5R]rt_SBT1.9a_RR TTCAAGAACACAGCCGGGAA
[KBOO6F]rt_SBT5.2a_FF GTTTCTGAGGCGGATGCAAG
[KBOO6R]rt_SBT5.2a_RR CGGTTTGAGGAGGTTAGGGG
[KBOO7F]rt_SBT1.9b_FF TCAAGCGAAAGCTCCATCGT
[KBOO7R]rt_SBT1.9b_RR TATCCATCGTGTCGGCTGTG

[KBOO8F]seq_LBborder_FF

ggtggcaggatatattgtggtgtaaac

[KBO08R]seq_RBborder_RR

gggtttacccgccaatatatectgtca

[KBOO9F]gibson_35SP_FF

ttcgtgcagaagacaattgcGTCAACATGGTGGAGCAC

[KBOO9R]gibson_35SP_RR

tcatgtccatAATTGTAAATGTAATTGTAATGTTGTTTGTTG

[KBO10F]gibson_SP_COVLC_his_FF

atttacaattATGGACATGAGAGTTCCAG

[KBO10R]gibson_SP_COVLC_his_RR

tgctcaccatGTGATGGTGATGGTGATG

[KBO11F]gibson_GFP_FF

tcaccatcacATGGTGAGCAAGGGCGAG

[KBO11R]gibson_GFP_RR

tctgettgacTTACTTGTACAGCTCGTCCATG

[KB012F]gibson_nost_FF

gtacaagtaaGTCAAGCAGATCGTTCAAAC

[KBO12R]gibson_nost_RR

acaatgccgaattcggatccTCGATCTAGTAACATAGATGAC

[KBO13F]gibson_35SP_FF

ttcgtgcagaagacaattgcGTCAACATGGTGGAGCACGACAC

[KBO13R]gibson_35SP_RR

caagttccatAATTGTAAATGTAATTGTAATGTTGTTTGTTGTTTGTTGTTG

[KB014F]gibson_SP_COVHC_his_FF

atttacaattATGGAACTTGGACTTTCTTGGATTTTCC

[KB014R]gibson_SP_COVHC_his_RR

tgctcaccatGTGATGGTGATGGTGATGCCCATC

[KB015F]gibson_mCherry_FF

tcaccatcacATGGTGAGCAAGGGCGAGGAGG

[KBO15R]gibson_mCherry_RR

tetgettgacTTACTTGTACAGCTCGTCCATGCCG

[KBO16F]gibson_nost_FF

gtacaagtaaGTCAAGCAGATCGTTCAAACATTTG

[KBO16R]gibson_nost_RR

acaatgccgaattcggatccTCGATCTAGTAACATAGATGACAC

[KB017F]gib_35S2F5LCKDEL_FF

cgtgcagaagacaattgcGAATTCGGATCCGGAGGTCAAC

[KB017R]gib_35S2F5LCKDEL_RR

ttaaagttcatccttGCACTCGCCCCTATTG

[KB018F]gib_2F5LCTNOS_FF

GAGTGCAAGGATGAACTTTAAGCTTGTCAAGCAGATC

[KBO18R]gib_2F5LCTNOS_RR

aatgccgaattcggatccTCGATCTAGTAACATAGATGACACCG

[KB019F]gib_35S2F5HCKDEL_FF

ttcgtgcagaagacaatagtTTGGAGGTCAACATGGTG

[KBO19R]gib_35S2F5HCKDEL_RR

TTAAAGTTCATCCTTCTTGCCAGGGGACAAAGAAAG

[KB020F]gib_2FSHCTNOS_FF

CTGGCAAGAAGGATGAACTTTAAGCTTGTCAAGCAGA

[KB020R]gib_2FSHCTNOS_RR

acaagcaagaattcaagcttAGCGTCGATCTAGTAACATAG

[KB021F]gib_35S2F5SLCNPIR_FF

ttcgtgcagaagacaattgcCCGGAGGTCAACATGGTG

[KB021R]gib_35S2F5LCNPIR_RR

AAGCTTATCTAATTGGATTGCACTCGCCCCTA

[KB022F]gib_2F5LCTNOS_FF

ATCCAATTAGATAAGCTTGTCAAGCAGATCGTTCAAAC

[KBO22R]gib_2F5LCTNOS_RR

acaatgccgaattcggatccAGCGTCGATCTAGTAACATAG

[KB023F]gib_35S2F5SHCNPIR_FF

cgtgcagaagacaatagtTTGGAGGTCAACATGGTG

[KB023R]gib_35S2F5HCNPIR_RR

TTATCTAATTGGATTCTTGCCAGGGGACAAAGA

[KB024F]gib_2FSHCTNOS_FF

TGGCAAGAATCCAATTAGATAAGCTTGTCAAGCAGAT
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[KB024R]gib_2F5HCTNOS_RR

aagcaagaattcaagcttAGCGTCGATCTAGTAACATAG

[KB025F]gib_35S2F5LCKISIA_FF

ttcgtgcagaagacaattgcCCGGAGGTCAACATGGTG

[KB025R]gib_35S2F5LCKISIA_RR

TTAAGCAATAGAAATCTTGCACTCGCCCCTATTG

[KB026F]gib_2F5LCTNOS_FF

TGCAAGATTTCTATTGCTTAAGCTTGTCAAGCAGA

[KB026R]gib_2F5LCTNOS_RR

acaatgccgaattcggatccAGCGTCGATCTAGTAACATAG

[KB027F]gib_35S2F5HCKISIA_FF

ttcgtgcagaagacaatagtTTGGAGGTCAACATGGTG

[KB027R]gib_35S2F5HCKISIA_RR

TTAAGCAATAGAAATCTTCTTGCCAGGGGACAAAGAAAG

[KB028F]gib_2FSHCTNOS_FF

GGCAAGAAGATTTCTATTGCTTAAGCTTGTCAAGCAGA

[KB028R]gib_2FSHCTNOS_RR

acaagcaagaattcaagcttAGCGTCGATCTAGTAACATAG

[KB029F]seq_35S2F5LC_HC1_FF

CGTCGCAAAGGAGATCCTGATCTG

[KBO30F]seq_35S2F5LC2_FF

CTATCCTTCGCAAGACCCTTCC

[KBO31F]seq_2F5LC3_FF

GGAAGCTAAGGTGCAGTGGAAAG

[KB032F]seq_35S2F5HC2_FF

TGAAAGAATCTGGACCTCCTTTGG

[KB033F]seq_35S2F5HC3_F

CAAGAGAGGAACAGTACAACTC

[KBO34F]SDM_no1_2F5_HC_FF

CCCTTTTCGGAGTTCCTTGCGCTAGGGGTCCTGTGAACG

[KB034R]SDM_nol_2F5_HC_RR

GAACTCCGAAAAGGGTGCAAGGACCCCTTCTATGAGCGC

[KBO35F]SDM_no2_2F5_HC_FF

CCTGCTTCGGATGCCCTATTGCTAGGGGTCCTGTGAACG

[KBO35R]SDM_no2_2F5_HC_RR

GGCATCCGAAGCAGGTGGTAGGACCCCTTCTATGAGCGC

[KBO36F]SDM_2F5_HC_KDEL_FF

GAAGGATGAACTTTAAGCTTGTCAAGCAGATCGTTCAAAC

[KBO36R]SDM_2F5_HC_KDEL_RR

TAAAGTTCATCCTTCTTGCCAGGGGACAAAGAAAGG

[KBO37F]SDM_2F5_HC_NPIR_FF

GAATCCAATTAGATAAGCTTGTCAAGCAGATCGTTCAAAC

[KB0O37R]SDM_2F5_HC_NPIR_RR

TATCTAATTGGATTCTTGCCAGGGGACAAAGAAAGG

[KBO38F]SDM_2F5_HC_KISIA_FF

AGATTTCTATTGCTTAAGCTTGTCAAGCAGATCGTTCAAAC

[KBO38R]SDM_2F5_HC_KISIA_RR

AAGCAATAGAAATCTTCTTGCCAGGGGACAAAGAAAGG

[KB040F]35S_HC_hlinker_FF

ttcgtgcagaagacaatagtGTCAACATGGTGGAGCACGACACTCTGGTC

[KB040R]35S_HC_hlinker_RR

ctcctccagaTCCTCCTCCCTTGCCAGGGGACAAAGAAAG

[KB041F]hlinker_mScarlet_FF

gggaggaggaTCTGGAGGAGGAATGGTGAGCAAGGGCGAG

[KB041R]hlinker_mScarlet_RR

gacaagcttaCTTGTACAGCTCGTCCATGCCGCCGGTGGA

[KBO42F]TAA_nost_FF

gctgtacaagTAAGCTTGTCAAGCAGATCGTTCAAACATTTG

[KBO42R]|TAA_nost_RR

acaagcaagaattcaagcttTCGATCTAGTAACATAGATGACACCGCGCG

[KB043F]BIP_2F5LC_FF

cggatgtttatttgcgttgtcctctgcaatagaagaggcetacgaagttaGGTGCATTACAATTAACACAATCTCCC

[KBO43R]|BIP_2F5LC_RR

aagaagatgatcgccaacacaacggtactgttagctccaaacgagegagccatTGTATCGATAATTGTAAATGT
AAT

[KB044F]BIP_2F5HC_FF

tcttcggatgtttatttgegttgtectctgcaatagaagaggcetacgaagttaAGGATCACCCTGAAAGAATCTG

[KBO44R]|BIP_2F5HC_RR

agatgatcgccaacacaacggtactgttagctccaaacgagegagccatTGTATCGATAATTGTAAATGTAAT

[KBO45F]RT_SBT5.2_FF

GGATTCGCGGCACGTTTATC

[KBO45R]RT_SBT5.2_RR

GGTTAGGGGTGTTGTACGCA

[KB046F]hifi_2F5HC_link_FF

GCTTGTCAAGCAGATCGTTCAAACATTTGG

[KB046R]hifi_2F5HC_link_RR

TCCTCCTCCAGATCCTCCTCCCTTGCCAGGGGACAAAG

[KB047F]hifi_link_mScarlet_FF

gggaggaggatctggaggaggaATGGTGAGCAAGGGCGAGGCAGTGA

[KB047R]hifi_link_mScarlet RR

ttgaacgatctgcttgacaagcAAGCTTACTTGTACAGCTCGTCCATGCC

[KB048FThifi_2F5LC_link_FF

gctgtacaagtaaGCTTGTCAAGCAGATCGTTCAAACATTTGGC

[KB048R]hifi_2F5LC_eGFP_RR

TCCTCCTCCAGATCCTCCTCCGCACTCGCCCCTATTGAAAGACTTAGTC

[KB049F]hifi_link_mScarlet_FF

GGAGGAGGATCTGGAGGAGGAATGGTGAGCAAGGGCGAGGAGCTGTTC

[KB049R]hifi_link_eGFP_RR

TTATTGCCAAATGTTTGAACGATCTGCTTGACAAGCTTACTTGTACAGCTCGTCCATGCCGA
GAGT

[KBO50F]2F5_HC_SDM3(FG)_FF

CACCCTTGCTGGAGTTCCTATTGCTAGGGGTCCT

[KBO50R]2F5_HC_SDM3(FG)_RR

ACTCCAGCAAGGGTGGTAGGACCCCT

[KBO51F]colPCR_LB_RB_FF

GGCTGGTGGCAGGATATATT

[KBO51R]colPCR_LB_RB_RR

TCTCTTAGGTTTACCCGCCA

[KBO52F]2F5_HC_SDM3_FF

CACCCTTGCTGGAGTTCCTATTGCTAGGGGTCCT

[KBO52R]2F5_HC_SDM3_RR

ACTCCAGCAAGGGTGGTAGGACCCCT

[KBO53F]2F5_HC_SDM4_FF

CACCCTTGATGGAGTTCCTATTGCTAGGGGTCCT

[KBO53R]2F5_HC_SDM4_RR

ACTCCATCAAGGGTGGTAGGACCCCT

[KBO54F]2F5_HC_SDM5_FF

CACCCTTCGTGGAGTTCCTATTGCTAGGGGTCCT

[KBO54R]|2F5_HC_SDM5_RR

ACTCCACGAAGGGTGGTAGGACCCCT

[KBO55F]COVA_HC_SDM1_FF

CGCTGGCGACGATGCTTACATCAAGCTTATCAGAGGTGGCC

[KBO55R]COVA_HC_SDM1_RR

GCATCGTCGCCAGCGTAACCAGTATCCTTAGCGCAG

[KBO56F]2F5_HC_ssDNA_link_FF

GAAGTCCCTTTCTTTGTCCCCTGGCAAGGGAGGAGGATCTGGAGGAGGAATGGTGAGCAAGG
GCGAGGCAGTGATC

[KBO56F]2F5_LC_ssDNA _link_FF

GACTAAGTCTTTCAATAGGGGCGAGTGCGGAGGAGGATCTGGAGGAGGAATGGTGAGCAAG
GGCGAGGAGCTGTTC
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7.4 Agroinfiltration of Nicotiana benthamiana

Agrobacterium cultures were resuspended in infiltration buffer (10 mM MgClz, 10 mM
MES-K/ pH 5.7 with KOH, with filter-sterilized 100 puM acetosyringone added
immediately before use) to reach a final ODesoo of 0.3-0.5. In cases where multiple T-DNA
vectors were used, agrobacteria cultures were mixed in ratio 1:1. Leaves of approximately
4-week-old N. benthamiana were used for infiltration, while the same leaf was infiltrated
for each technical replicate to achieve the same developmental stage. After infiltration,
the plants were grown for 5 days post-infiltration (dpi) in a growth chamber at 22-23 °C,
16 hr light/ 8hr dark, at high humidity and 80-120 umol/m?s light intensity, and 1 cm
diameter leaf discs were harvested for analyses. For in vivo experiments six 1 cm diameter
leaf discs were pooled per technical replicate, resulting in six biological replicates from

three individual technical replicates (n=18).

7.5 Virus-induced gene silencing (VIGS)

The TRV1 and TRV2 plasmids were transformed into Agrobacterium strain GV3101 and
mixed in a 1:1 ratio to a final ODesoo of 0.5 for agroinfiltration. Two weeks old N.
benthamiana were agroinfiltrated with TRV::NbSBT, TRV::Intracellular_protesases
TRV::GFP, and 3 weeks after agroinfiltration successful silencing was assessed by

checking for bleached leaves in TRV::PDS plants.

7.6 Generation of sbt mutants

N. benthamiana LAB was transformed by CRISPR-Cas9 editing to generate, sbt mutants by

Biogle (Hangzhou, China). Primary transformants were selected for carrying mutations
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in the target genes by sequencing PCR products generated from genomic DNA, and T2
plants were screened for homozygosity of the mutant alleles using the same sequencing

primers. The screening was carried out by Dr Shi-Jian Song (Plant Chemetics Lab, Oxford).

7.7 Total and apoplastic fluid extraction

All samples were harvested 5 days post infiltration. For total extracts, six leaf discs (1 cm
diameter) were harvested and ground to a fine powder using liquid nitrogen, and 150 pL
phosphate-buffered saline (PBS) supplemented with Halt™ Protease Inhibitor Cocktail
(Thermo, 78430) was added. Samples were then centrifuged for 25 minutes at 4°C and
13,000 x g and the supernatant was transferred into a new tube with loading dye for
protein gel loading. For apoplastic fluids, the respective six leaves following leaf disc
harvest were vacuum infiltrated with Milli-Q water. The leaf surfaces were then dried with
tissue paper, and centrifuged in a 25 mL syringe hanging in a 50 mL tube at 1000 x g for
25 minutes at 4 °C. Aliquots of apoplastic fluids were collected from the 50 mL tube and

were flash-frozen and stored at -20 °C until further use.

7.8 Antibody labelling

The 2F5 antibody was provided by Polynum Scientific (anti-gp41; AB0O1). IgGs were
labelled using an amine-reactive dye (DyLight® 488 or 650 NHS Ester; Thermo, 46402)
by diluting approximately 0.06 mg IgG in 100 pL PBS (pH 7.4) and adding 0.2 pg dye. The
mix was incubated for 1 hour in the dark at room temperature. Excess dye was removed
by loading the labelling mix into a column (Amicon® Ultra 0.5 centrifugal filter devices

3K; Merck, UFC500324) and centrifuged for 8 minutes at 10,000 x g. After loading another
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100 uL PBS, the column was centrifuged for 8 minutes at 10,000 x g. The above step was
repeated, the column was transferred upside-down into a new tube and centrifuged for 5
minutes. The labelled antibody was kept in aluminium foil at 2-8 °C and used within a

month.

7.9 In vitro degradation assays

Fluorescently labelled 2F5 antibody was incubated in apoplastic fluid from N.
benthamiana leaves. Samples were taken at zero and six-hour time points. The reaction
was stopped by adding 4x loading dye with dithiothreitol (0.2 M Tris pH 6.8, 8% w/v SDS,
40% w/v glycerol, 0.4% w/v bromophenol blue, 0.6 M DTT; Thermo, R0862). The
samples were then incubated at 95 °C for 5 minutes before sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The effect of protease inhibitors on the
degradation of 2F5 in wild-type apoplastic fluid was investigated by pre-incubation for
30 minutes using chemical protease inhibitors 100 pM E-64 (Merck, E3132) or 1 mM
phenylmethylsulfonyl fluoride (PMSF; Merck, 10837091001). For negative controls, the

samples were treated with the same volume of dimethyl sulfoxide (DMSO; Merck, D8418).

7.10 SDS-PAGE and western blotting

The samples were incubated at 95 °C for 5 minutes before loading and separated at 170V
in Invitrogen Novex vertical gel tanks. The Amersham® Typhoon (Cy2: 488 nm for
labelled antibody, Cy5: 685 nm for ladder) was used to measure fluorescence. The
proteins were also visualised by total protein staining with Instant Blue® Coomassie

Protein Stain (Abcam, ab119211) or were transferred onto a polyvinylidene difluoride
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(PVDE BioRad) membrane for western blotting. For Western blot analysis, proteins were
transferred to PVDF membranes using BioRad Trans-blot Turbo® according to the
manufacturer’s instructions (BioRad Kit, 1704275). Blots were blocked for 2 hours or
overnight at 4°C with 5% (w/v) skim milk in PBS-T (PBS tablets; Merck, 524650, 0.1%
Tween-20; Merck, P1379). The membrane was incubated with the secondary antibodies
in 5% (w/v) skim milk for 2 hours at room temperature or overnight at 4°C (Table 7.3).
Blots were washed twice with PBS-T for 5 minutes, developed using SuperSignal™ West
Pico PLUS Chemiluminescent Substrate (Thermo 34580), and visualised using the
ImageQuant® LAS-4000 imager. Image data were quantified using the open-source

software Image]J, and background values were subtracted based on control images.

Table 7.3 Antibody list.

All secondary antibodies were conjugated with HRP, horse radish peroxidase.

Antibody Name Provider Dilution
Goat anti-Human IgG (H+L) Secondary Antibody Thermo Fisher | 1:3000
Goat anti-Human Kappa Light Chain Secondary Antibody Thermo Fisher | 1:3000
Goat anti-Human IgG (Gamma chain) Cross-Adsorbed Secondary Antibody | Thermo Fisher | 1:3000
Goat anti-GFP antibody Abcam 1:3000
Rabbit anti-RFP antibody Abcam 1:3000

7.11 Mild stripping of PVDF membrane for restaining

The membrane was incubated for 10 minutes in mild stripping buffer (for 200mL: 3g
glycine, 0.2g SDS, 2ml Tween-20, pH 2.2), then the buffer was replaced with new buffer
and incubated again for 10 minutes. The stripping buffer was then discarded and the
membrane was incubated twice with PBS buffer for 10 minutes and twice with PBS-T
buffer for 5 minutes. The membrane was checked for any signal using the ImageQuant®

LAS-4000 imager. After the stripping being successful, the membrane blots were blocked
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overnight with 5% (w/v) skim milk in PBS-T (PBS buffer supplemented with 0.1% (v/v)

Tween-20) before incubating with an antibody for detection.

7.12 Activity-based protein profiling (ABPP)

ABPP was conducted for the sbt5.2 knockout plants, using the fluorophosphonate (FP)
TAMRA probe for targeting Serine hydrolases as described previously (Jutras etal., 2019).
Briefly, 48 uL of apoplastic fluids, were adjusted to a solution containing 50 mM sodium
acetate (NaAc) at pH 5 and 5 mM dithiothreitol (DTT). The mixture was then incubated
for 1 hour with 0.5 uM FP-TAMRA (Thermo, 88318). To stop activity-based labelling, 1 mL
of cold acetone was added. The samples were then centrifuged, the supernatant was
removed, and the proteins were resuspended in a gel-loading buffer. These protein
samples were heated and separated on a 12% SDS-PAGE at reducing conditions. SDS-
PAGE gels were scanned for in-gel fluorescence using a Typhoon scanner with Cy3: 550

nm settings. Four biological replicates were used in each case for analysis (n=4).
7.13 Quenched IgG-hinge peptide assay

A quenched peptide that corresponds to a region upstream of the hinge region of IgGs
(sequence TKVDKKVEP; GenScript) with DABCYL and Glu(EDANS) modifications was
incubated at 10uM with 95ul apoplastic fluid in a black 96-well plate, and fluorescence
was monitored for 15 minutes at 30-60 seconds intervals using Tecan plate reader C500

(excitation: 335nm, emission: 493nm; Figure 7.2).
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Figure 7.2 Quenched peptide design and absorbance profile.

7.14 Estimating secretion efficiency from western blots

Total leaf extracts (TE) samples derived from six individual leaf discs pooled together and
mixed with 150 pL PBS buffer supplemented with protease inhibitor cocktail. Apoplastic
fluids (AF) samples derived from pooling the same six leaves, following leaf disc removal
used for TE, leading to 400 pl sample volume. The leaf areas were calculated using Image]
(Polygon Tool and Analyze>Measure), converted to Total Leaf Area (cm?) and normalised
for the Loaded Fraction which represents the sample used for SDS-PAGE loading as

follows:

_ Ywhole leaf area—6 x leaf disc area

Total Leaf Area (AF) =

area of 1cm?

6 x leaf disc area

Total Leaf Area (TE) =

area of 1cm?

Total Leaf Area (AF or TE)

Loaded Fraction (AF or TE) =
percentage of loaded sample (%; AF or TE)
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Western blot band intensities were calculated in Image] (Analyze>Gels>Plot Lanes) by
calculating the area of the grey value distribution. The raw intensities were normalised to

correspond to the respective normalised Loaded Fraction as follows:

Raw intensity (AF or TE)

Normalised intensities (AF or TE) = Loaded Fraction (AF or TE)

Total leaf extracts contain the total protein content found in samples, so a secreted protein
will appear in both the TE and the AF samples, with most of the protein being represented

in AF samples as follows:

Normalised intensities (AF)

x 100

Percentage of secretion (%) =
9 f (/0) Normalised intensities (TE)

7.15 RNA extraction

Isolation of total RNA was performed using the TRIzol® reagent (Thermo, 15596026).

Cell lysis and separation of phases - N. benthamiana leaves were ground to a fine
powder and 50-100mg was added into microcentrifuge tubes along with 1ml of cold
TRIzol reagent for each sample. After rigorous mixing the tubes were incubated at room
temperature for 5 minutes. Next, 200puL of chloroform were added, tubes were stored at
room temperature for 2-3 minutes and centrifuged for 15 minutes at 12,000g at 4°C. The

aqueous phase containing the RNA was transferred to a new tube.

Isolation of RNA - Into the aqueous phase, 500ul of isopropanol were added and tubes
were stored at room temperature for 10 minutes. Then they were centrifuged for 10

minutes at 12,000g at 4°C. The supernatant was discarded and the white gel-like pellet
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was resuspended in 1mL of 75% ethanol. After mixing the tubes briefly, they were
centrifuged for 5 minutes at 7,500g at 4°C. The supernatant was discarded and the RNA
pellet was air dried for 10 minutes. The pellet was resuspended in 50uL sterile dH20 and

incubated in a water bath at 60°C for 15 minutes, before being stored at -70°C.

DNase treatment - Removal of genomic DNA from RNA was performed using DNase [ and

RiboLock RNase Inhibitor (Thermo) by adding the following components to an RNase-

free tube:
Total RNA of each sample lug
10x reaction buffer with MgCl2 1pL
DNase | 1uL
RiboLock RNase Inhibitor 0.5uL
Sterile dH20 to 10pL
Total volume 10uL

The above reaction was run according to the following program:

37°C 30 minutes*

65°C 10 minutes
*Note that the program was paused, tubes were immediately transferred on ice and 1pl
of 50mM EDTA was added. The program continued to reach 65°C, then was paused again

and tubes were placed back into the thermal cycler.

7.16 Semi-quantitative RT-PCR

Following RNA extraction and DNase treatment, reverse transcriptase PCR was

conducted to estimate gene silencing in knock-down plants generated by VIGS. PCRBIO
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1-Step Go RT-PCR Kit (PCR Biosystems, PB10.53-10) was used for one-step cDNA

synthesis and PCR in a single tube:

Template RNA lpg

2x 1-Step Go mix 12.5puL
20x RTase Go 1.25pL
Forward primer (10uM) 1uL
Reverse primer (10uM) 1pL
Sterile dH20 to 10uL
Total volume 25puL

The above reaction was run according to the following program following by running the

samples in a 1% w/v agarose gel:

45°C 20 minutes x1
95°C 2 minutes x1
95°C 10 seconds

55-65°C 10 seconds x40
72°C 15 seconds per kb

7.17 Protein purification

Small-scale protein purification from N. benthamiana leaves was done using either
Protein A columns (Thermo, 20356), or Protein A magnetic beads (Thermo, 88846). For
both purification methods 10-30g of infiltrated leaf tissue was used, depending on
application. The leaves were ground and immediately mixed with 3:1 volume of cold

extraction buffer (PBS 1X, 10mg/mL sodium ascorbate, 1mM EDTA, 2uM PMSF; pH 6.0)



210 Chapter 7 - Materials and Methods

and thoroughly mixed using a blender or vortex. The extracts were then filtered using
Miracloth into 50mL tubes. The sample tubes were centrifuged at 10,000rpm at 4°C

before finally being filtered using a 0.22uM filter.

7.17.1 Purification using Protein A columns

Column and buffers were equilibrated at room temperature. After opening the top cap of
the column, the storage solution was discarded and the column was washed with 5mL of
binding buffer (PBS 1X; pH 7.2-8.0). Next, each filtered sample was loaded into different
columns and let drain. The column was washed with 15mL binding buffer and
flowthroughs were collected if needed. Antibodies were eluted with 5mL elution buffer
(0.1M glycine, 0.2M L-arginine; pH 3.0) in 500pL fractions, and 50uL neutralisation buffer
(1M Tris pH 8.5-9.0) were immediately added to each fraction. The fractions with the
highest absorbance (280nm) were pooled and used for downstream purposes. Used
columns were regenerated by washing with 12mL elution buffer following by S5mL

sodium azide 0.02% (w/v) and stored in sodium azide at 4°C until next use.

7.17.2 Purification using protein A magnetic beads

Dynabeads were resuspended and 50uL were transferred into clean tubes for each
sample. The tubes were placed on the magnet rack to remove the storage solution. Next,
each filtered sample was added into the tube, using approximately 1mL of crude extract.
The tube containing the beads and the sample was incubated at room temperature for 30
minutes to an hour, or alternatively overnight at 4°C while rotating. The tube was then
placed back to the magnet and the sample was removed. Then, the beads were washed

thrice using 200pL 1x PBS pH 7.2, and once with 100uL 1x PBS, transferring the latter
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into a clean tube. After removing the supernatant, the antibodies were eluted in 20pL

elution buffer (50mM glycine pH 2.8), followed by addition of 20uL 1M Tris pH 7.5.

Where needed, buffer exchange from elution buffer to 1x PBS was done using centrifugal
device (Amicon® Ultra 0.5 centrifugal filter devices 3K; Merck, UFC500324) or 10K

dialysis cassettes (Thermo, 66385) according to the manufacturers’ guidelines.

7.18 Protein concentration calculation

For estimating protein concentration, Bradford assay was used. In transparent 96-well
plates, 100uL Bradford Reagent (Thermo, 23238) was incubated with the samples (5uL)
or bovine serum albumin (BSA) for creating a standard curve (BSA concentrations in
mg/ml: 1, 0.8, 0.7, 0.5, 0.4, 0.2, 0.1, 0). After incubation at RT for 5 minutes, the plates

were read for absorbance at 595nm (Infinite M200, TECAN).

7.19 Quantitative enzyme-linked immunosorbent assay (ELISA)

For quantification of antigen-binding IgGs, ELISA was performed using total extracts as
described previously with some modifications (Jiang et al.,, 2019, 2020). The 96-well
microtiter plates (Nunc-Immuno, MaxiSorp, Thermo Fisher) were coated with 200uL
15ng/well antigen and incubated overnight at 4°C while shaking (coating buffer: 0.1 M
carbonate/bicarbonate buffer; pH 9.6). Then, the coating buffer was discarded and wells
were washed with 200uL PBST (1X PBS/0.05% Tween-20), following by 200uL sterile
water. Blocking buffer (PBST, 3% skimmed milk; 200pL/well) was added and the plate

was incubated for 2 hours at room temperature or overnight at 4°C while shaking. After
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pouring the blocking buffer the wells were washed with PBST and sterile water once.
Previously isolated total extracts were prepared by mixing with 1:3 (w/v) blocking buffer.
Next, these samples were loaded in wells in triplicates following 3 serial dilutions (1:4,
1:20, 1:100), and left shaking for 2 hours. The wells were washed 3 times with PBST and
sterile water. The secondary antibody (whole molecule anti-IgG-HRP; 1:5000) was added
and incubated for 2 hours while shaking. The wells were washed 3 times with PBST and
sterile water before adding 50uL of 3,3",5,5'-tetramethylbenzidine substrate (1-Step-TMB,
Thermo). Within 5 minutes the colour of wells changed to blue and the reaction was
stopped by adding another 50puL of 0.18M sulfuric acid with colour changed to yellow.
Immediately after the absorbance at 450nm was measured. All measurements were

performed in triplicates.

ELISA data analysis was carried out in GraphPad Prism v10.3.1, by interpolating the
sample data according to the sigmoidal standard curve. Quantifications based on ELISA
were performed using a four-parameter logistic interpolation (4PL), a standard curve-
fitting method commonly used for sigmoidal dose-response data. A standard curve was
generated by plotting known concentrations of pure IgGs against the corresponding
absorbance values. Sample concentrations were then calculated by interpolating their
absorbance values onto the fitted 4PL curve. The control IgG used for normalisation was

either commercially available or purified from N. benthamiana leaves.

Table 7.4 Antigen list.
Antigen Name Provider
Recombinant HIV1 gp41 protein Abcam
SARS-CoV-2 Spike Protein (RBD) (aa319-541) His-tag Thermo Fisher
Aequorea victoria GFP His-tag Thermo Fisher




213 Chapter 7 - Materials and Methods

7.20 Fluorescent protein leaf imaging

To scan for leaf fluorescence the Amersham® Typhoon (Cy2: 488 nm for GFP, Cy3: 561
nm) was used. Measurements of fluorescent intensity were conducted in Image]. Each .tiff
file was converted to 8-bit from Image>Type, Process>Find Edges, and 0-50 was adjusted
for better overall contrast (maximum cursor to 0-50). The infiltrated areas were selected
using the Polygon tool and measurements were taken as mean grey values normalised for
surface area (Mean grey values = Intensity Density/Area). Images were overlayed by

Image>Lookup Tables>Green and the Scale bar was added by Analyze>Tools>Scale Bar.

7.21 Confocal microscopy and co-localisation intensity analysis

Confocal microscopy imaging was conducted using a Zeiss LSM 880 Airyscan
microscope on ZEN 2.3 SP1 software using a 40x 1.2NA water immersion lense. Three
separate channels were set up for acquisition, using the 488, 561 and 633 nm laser lines
with different detectors for GFP, RFP/mScarlet and chlorophyl autofluorescence,
respectively, using line scanning mode. The pinhole for each channel was set to 1 airy unit
(AU). Images acquired were 512x512 pixels. Gain and laser intensity settings were kept

consistent throughout the experiment.

Co-localisation analysis was carried out using Fiji/Image] with the bioformats
plugins (Bolte & Cordelieres, 2006; Schindelin et al., 2012). Pixel intensity scatter plot
graphs were generated using the co-localisation threshold option under the “Analyze”
menu. Pearson’s and Manders M1 and M2 co-localisation co-efficients were calculated

using the coloc2 plugin for the “Analyze” menu.
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7.22 Data visualisation and statistical analyses

SnapGene, Benchling and NEBuilder® were used for designing DNA constructs, sequence
alignments, and cloning strategies. Protein structure predictions were performed using
AlphaFold on ColabFold (Jumper et al., 2021; Mirdita et al., 2022), and protein structures
were customised on ChimeraX v1.8 (Meng et al., 2023). Known protein structures were
downloaded from Protein Data Bank (Berman et al., 2000). Multiple sequence alignments
were performed on EMBL-EBI website using Clustal Omega (Madeira et al., 2024), while
reverse translation on Expasy. Protein localisation probabilities were analysed on
SignalP/DeepLoc (Teufel et al., 2022; Thumuluri et al., 2022). Protease and protease
inhibitor information were retrieved from MEROPS database (Rawlings et al., 2012).
Western blot or fluorescence images were analysed using Image]/Fiji (Schindelin et al.,
2012). Figures and graphical representations were created with Adobe Illustrator and
BioRender. GraphPad Prism v10.3.1 and custom Python scripts on Jupyter notebook were

used for statistical analyses and graph visualisation (Kluyver et al., 2016).
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Appendix A - Coding (CDS) and amino acid (aa) sequence of IgGs
or fluorescent proteins used for transient expression

The N-terminal signal peptide of Nicotiana tabacum pathogenesis-related protein PR1a (green)
was used, followed by a glycine linker (orange), the LC/HC of 2F5 and a stop codon (red).
Underlined is the heptapeptide linker GGGSGGG while in bold are eGFP or mScarlet C-terminal
sequences.

>PR1a_2F5_LC_CDS
G STTCTCTTTTC \ “CTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCC TCTTGCCGTGC GTG
CATTACAATTAACACAATCTCCCTCCTCACTTAGTGCCTCCGTGGGGGATCGCATAACAATAACATGTAGAGCATCTCAGGGAGTGACCTCCGC
ACTTGCATGGTATCGACAAAAGCCAGGATCCCCCCCTCAGTTGTTAATTTATGACGCATCAAGTTTGGAGTCAGGCGTGCCTTCCAGATTTTCG
GTTCCGGTTCAGGAACTGAATTTACACTGACAATAAGTACTCTAAGGCCAGAGGACTTTGCCACTTATTACTGTCAACAACTACATTTTTACCC
CCACACGTTCGGAGGTGGAACAAGGGTCGATGTACGTAGGACTGTTGCTGCTCCATCTGTTTTCATCTTCCCACCATCTGATGAGCAGCTCAAG
TCTGGAACTGCTTCTGTTGTTTGCCTCCTCAACAATTTCTACCCAAGGGAAGCTAAGGTGCAGTGGAAAGTTGATAATGCTCTCCAGTCCGGAA
ACTCCCAAGAATCTGTTACTGAGCAGGATTCCAAGGATTCTACTTACTCCCTCTCCTCAACTCTCACTCTCTCTAAGGCTGATTACGAGAAGCA
CAAGGTTTACGCTTGCGAAGTTACTCACCAGGGACTTTCTTCACCAGTGACTAAGTCTTTCAATAGGGGCGAGTGCTAA

AGTAATA
5

>PR1a_2F5_LC_aa
MGEVLESOLPSFLLVSTLLLFLVISHSCRAGALQLTQSPSSLSASVGDRITITCRASQGVTSALAWYRQKPGSPPQLLIYDASSLESGVPSRES
GSGSGTEFTLTISTLRPEDFATYYCQQLHFYPHTFGGGTRVDVRRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSG
NSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSEFNRGEC

>PR1a_2F5_HC_CDS

ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATC( CTCTTG GCAGGTA
GGATCACCCTGAAAGAATCTGGACCTCCTTTGGTGAAGCCTACCCAGACTCTTACTCTGACCTGCTCCTTCTCTGGTTTCTCCCTGTCTGATTT
CGGTGTTGGTGTGGGTTGGATTAGACAGCCTCCTGGTAAGGCTCTTGAGTGGCTTGCTATCATCTACTCCGATGATGATAAGAGGTACAGCCCA
AGCCTTAACACCAGGCTTACCATCACCAAGGATACCAGCAAGAACCAGGTGGTGCTTGTGATGACTAGGGTTTCACCTGTCGACACCGCTACCT
ACTTTTGCGCTCATAGAAGGGGTCCTACCACCCTTTTCGGAGTTCCTATTGCTAGGGGTCCTGTGAACGCTATGGATGTTTGGGGTCAGGGTAT
TACCGTGACCATCAGCTCTACTTCAACTAAGGGACCATCTGTTTTTCCACTCGCTCCATCCTCTAAGTCTACTTCAGGTGGAACTGCTGCTCTT
GGATGCCTTGTTAAGGATTACTTTCCAGAGCCAGTGACTGTGTCTTGGAATTCTGGTGCTCTTACTTCCGGTGTTCATACTTTCCCAGCTGTGC
TTCAATCTTCCGGACTTTACTCTCTTTCCTCTGTTGTGACTGTGCCATCTTCTTCACTTGGCACTCAAACTTACATCTGCAACGTGAACCACAA
GCCATCCAACACAAAAGTGGATAAGAAGGTTGAGCCAAAGTCCTGCGATAAGACTCATACTTGTCCACCATGTCCAGCTCCAGAACTTCTTGGT
GGTCCTTCTGTTTTTTTGTTCCCACCAAAGCCAAAGGATACTCTCATGATCTCTAGGACTCCAGAGGTTACATGCGTTGTGGTTGATGTGTCTC
ATGAAGATCCAGAGGTGAAGTTCAACTGGTATGTGGATGGTGTTGAGGTGCACAACGCTAAGACTAAGCCAAGAGAGGAACAGTACAACTCCAC
TTACAGGGTTGTGTCTGTGCTTACTGTTCTTCACCAGGATTGGCTTAACGGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCTTTGCCAGCT
CCAATCGAAAAGACTATCTCTAAGGCTAAGGGACAGCCAAGGGAACCTCAAGTTTACACTCTTCCACCATCTAGGGATGAGCTTACTAAGAACC
AGGTGTCCCTTACTTGCCTTGTGAAGGGATTTTACCCATCCGATATTGCTGTTGAGTGGGAGTCTAATGGACAGCCTGAGAACAACTACAAGAC
TACTCCACCAGTGCTCGATTCCGATGGATCATTCTTCTTGTACTCCAAGCTCACTGTGGATAAGTCTAGGTGGCAACAGGGAAACGTTTTCTCT
TGCTCTGTTATGCATGAGGCTCTCCACAATCACTACACTCAGAAGTCCCTTTCTTTGTCCCCTGGCAAGTAA

>PR1a_2F5 HC_aa
MGEVLESQLPSFLLVSTLLLELVISHSCRAGRITLKESGPPLVKPTQTLTLTCSEFSGFSLSDFGVGVGWIRQPPGKALEWLAITIYSDDDKRYSP
SLNTRLTITKDTSKNQVVLVMTRVSPVDTATYFCAHRRGPTTLFGVPIARGPVNAMDVWGQGITVTISSTSTKGPSVFPLAPSSKSTSGGTAAL
GCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLG
GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPA
PIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVES
CSVMHEALHNHYTQKSLSLSPGK

>PR1a_2G4_LC_CDS

ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATAT _AC CGTGCAGGTG
ATATTCAAATGACTCAATCTCCAGCTTCTCTTTCTGTTTCTGTTGGAGAAACTGTTTCTATTACTTGTAGAGCTTCTGAAAATATTTATTCTTC
TCTTGCTTGGTATCAACAAAAGCAAGGAAAGTCTCCACAACTTCTTGTTTATTCTGCTACTATTCTTGCTGATGGAGTTCCATCTAGATTTTCT
GGATCTGGATCTGGAACTCAATATTCTCTTAAGATTAATTCTCTTCAATCTGAAGATTTTGGAACTTATTATTGTCAACATTTTTGGGGAACTC
CATATACTTTTGGAGGAGGAACTAAGCTTGAAATTAAGAGGACTGTTGCTGCTCCATCTGTTTTCATCTTCCCACCATCTGATGAGCAGCTCAA
GTCTGGAACTGCTTCTGTTGTTTGCCTCCTCAACAATTTCTACCCAAGGGAAGCTAAGGTGCAGTGGAAAGTTGATAATGCTCTCCAGTCCGGA
AACTCCCAAGAATCTGTTACTGAGCAGGATTCCAAGGATTCTACTTACTCCCTCTCCTCAACTCTCACTCTCTCTAAGGCTGATTACGAGAAGC
ACAAGGTTTACGCTTGCGAAGTTACTCACCAGGGACTTTCTTCACCAGTGACTAAGTCTTTCAATAGGGGCGAGTGCTAA
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>PR1a_2G4_LC_aa
; SQLPSFLLVSTLLLFLVISH

GCDIQOMTQSPASLSVSVGETVSITCRASENIYSSLAWYQQOKQGKSPQLLVYSATILADGVPSRES

GSGSGTQYSLKINSLOQSEDFGTYYCQHFWGTPYTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVOWKVDNALQSG
NSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

>PR1a_2G4_HC_CDS

ATG \TTTGTTCTCTTTTC ATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATC CTT GTG
AAGTTCAACTTCAAGAATCTGGAGGAGGACTTATGCAACCAGGAGGATCTATGAAGCTTTCTTGTGTTGCTTCTGGATTTACTTTTTCTAATTA
TTGGATGAATTGGGTTAGACAATCTCCAGAAAAGGGACTTGAATGGGTTGCTGAAATTAGACTTAAGTCTAATAATTATGCTACTCATTATGCT
GAATCTGTTAAGGGAAGATTTACTATTTCTAGAGATGATTCTAAGAGATCTGTTTATCTTCAAATGAATACTCTTAGAGCTGAAGATACTGGAA
TTTATTATTGTACTAGAGGAAATGGAAATTATAGAGCTATGGATTATTGGGGACAAGGAACTTCTGTTACTGTTTCTTCTACTTCAACTAAGGG
ACCATCTGTTTTTCCACTCGCTCCATCCTCTAAGTCTACTTCAGGTGGAACTGCTGCTCTTGGATGCCTTGTTAAGGATTACTTTCCAGAGCCA
GTGACTGTGTCTTGGAATTCTGGTGCTCTTACTTCCGGTGTTCATACTTTCCCAGCTGTGCTTCAATCTTCCGGACTTTACTCTCTTTCCTCTG
TTGTGACTGTGCCATCTTCTTCACTTGGCACTCAAACTTACATCTGCAACGTGAACCACAAGCCATCCAACACAAAAGTGGATAAGAAGGTTGA
GCCAAAGTCCTGCGATAAGACTCATACTTGTCCACCATGTCCAGCTCCAGAACTTCTTGGTGGTCCTTCTGTTTTTTTGTTCCCACCAAAGCCA
AAGGATACTCTCATGATCTCTAGGACTCCAGAGGTTACATGCGTTGTGGTTGATGTGTCTCATGAAGATCCAGAGGTGAAGTTCAACTGGTATG
TGGATGGTGTTGAGGTGCACAACGCTAAGACTAAGCCAAGAGAGGAACAGTACAACTCCACTTACAGGGTTGTGTCTGTGCTTACTGTTCTTCA
CCAGGATTGGCTTAACGGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCTTTGCCAGCTCCAATCGAAAAGACTATCTCTAAGGCTAAGGGA
CAGCCAAGGGAACCTCAAGTTTACACTCTTCCACCATCTAGGGATGAGCTTACTAAGAACCAGGTGTCCCTTACTTGCCTTGTGAAGGGATTTT
ACCCATCCGATATTGCTGTTGAGTGGGAGTCTAATGGACAGCCTGAGAACAACTACAAGACTACTCCACCAGTGCTCGATTCCGATGGATCATT
CTTCTTGTACTCCAAGCTCACTGTGGATAAGTCTAGGTGGCAACAGGGAAACGTTTTCTCTTGCTCTGTTATGCATGAGGCTCTCCACAATCAC
TACACTCAGAAGTCCCTTTCTTTGTCCCCTGGCAAGTAA

>PR1a_2G4_HC_aa
MGFVLEFSOLPSFLLVSTLLLFLVISHSCRAGEVQLQESGGGLMQPGGSMKLSCVASGFTFSNYWMNWVRQSPEKGLEWVAETRLKSNNYATHYA
ESVKGRFTISRDDSKRSVYLQOMNTLRAEDTGIYYCTRGNGNYRAMDYWGQGTSVTVSSTSTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEP
VTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPSVFLFPPKP
KDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTK PREEQYNSTYRVVSVLTVLHQODWLNGKEYKCKVSNKALPAPTEKTISKAKG
QPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLY SKLTVDKSRWQQGNVFSCSVMHEALHNH
YTQKSLSLSPGK

>PR1a_COVA2-15_LC_CDS

ATG '"TTGTTCTCTTTTC AATTGC '"TCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATC \CTCTTG 5 \GGTG
ATATCGTGATGACCCAGTCTCCTCTTTCTCTGCCTGTTACTCTTGGTCAGCCTGCCTCTATTAGCTGCAGGTCATCTCAGTCTCTGGTGTACTC
TGATGGCAACACCTTCCTGAACTGGTTTCAACAAAGGCCTGGTCAGTCTCCACGTCGGCTTATCTACCAGGTGAGCAACAGAGATTCTGGTGTG
CCTGATAGGTTCAGCGGTTCTGGTTCTGGTACTGACTTCACCCTGAAGATCAGCAGAGTTGAGGCTGAGGATGTGGGAGTGTACTATTGCATGC
AGGGTACTCATTGGCCTAGGACTTTTGGTCAGGGCACCAAGCTTGAGATCAAGAGGACTGTTGCTGCTCCATCTGTTTTCATCTTCCCACCATC
TGATGAGCAGCTCAAGTCTGGAACTGCTTCTGTTGTTTGCCTCCTCAACAATTTCTACCCAAGGGAAGCTAAGGTGCAGTGGAAAGTTGATAAT
GCTCTCCAGTCCGGAAACTCCCAAGAATCTGTTACTGAGCAGGATTCCAAGGATTCTACTTACTCCCTCTCCTCAACTCTCACTCTCTCTAAGG
CTGATTACGAGAAGCACAAGGTTTACGCTTGCGAAGTTACTCACCAGGGACTTTCTTCACCAGTGACTAAGTCTTTCAATAGGGGCGAGTGCTA
A

>PR1a_COVA2-15_LC_aa

MGFVL OLPSFLLVSTLLLFLVISHSCRAGDIVMTQSPLSLPVTLGQPASISCRSSQSLVYSDGNTFLNWEFQQRPGOSPRRLIYQVSNRDSGV
PDREFSGSGSGTDFTLKISRVEAEDVGVYYCMOGTHWPRTFGQGTKLEIKRTVAAPSVEFIFPPSDEQLKSGTASVVCLLNNEFYPREAKVQWKVDN
ALQSGNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

>PR1a_COVA2-15_HC_CDS
ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATAT GGTC
AGGTGCAGCTTCTTGAATCTGGTGGTGGTCTTGTTCAGCCTGGTGGTTCTCTTAGACTTAGCTGTGCTGCTAGCGGCTTCACCTTCTCTTCATA
CGCTATGTCTTGGGTGAGACAGGCTCCTGGTAAGGGTCTTGAATGGGCTTCTGCTATCTCTGGTTCTGGTGGCTCTACCTACTACGCTGATTCT
GTTGAGGGCCGTTTCACCATCAGCAGGGACAATTCTAAGAACACCCTGTACCTGCAGATGAACAGCCTGAGAGCTGAAGATACCGCTGTGTACT
ACTGCGCTAAGGATACTGGTTACTGCGGCGACGATTGCTACATCAAGCTTATCAGAGGTGGCCCTGATTACTGGGGTCAGGGTACTCTTGTGAC
CGTGTCATCTGCTTCAACTAAGGGACCATCTGTTTTTCCACTCGCTCCATCCTCTAAGTCTACTTCAGGTGGAACTGCTGCTCTTGGATGCCTT
GTTAAGGATTACTTTCCAGAGCCAGTGACTGTGTCTTGGAATTCTGGTGCTCTTACTTCCGGTGTTCATACTTTCCCAGCTGTGCTTCAATCTT
CCGGACTTTACTCTCTTTCCTCTGTTGTGACTGTGCCATCTTCTTCACTTGGCACTCAAACTTACATCTGCAACGTGAACCACAAGCCATCCAA
CACAAAAGTGGATAAGAAGGTTGAGCCAAAGTCCTGCGATAAGACTCATACTTGTCCACCATGTCCAGCTCCAGAACTTCTTGGTGGTCCTTCT
GTTTTTTTGTTCCCACCAAAGCCAAAGGATACTCTCATGATCTCTAGGACTCCAGAGGTTACATGCGTTGTGGTTGATGTGTCTCATGAAGATC
CAGAGGTGAAGTTCAACTGGTATGTGGATGGTGTTGAGGTGCACAACGCTAAGACTAAGCCAAGAGAGGAACAGTACAACTCCACTTACAGGGT
TGTGTCTGTGCTTACTGTTCTTCACCAGGATTGGCTTAACGGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCTTTGCCAGCTCCAATCGAA
AAGACTATCTCTAAGGCTAAGGGACAGCCAAGGGAACCTCAAGTTTACACTCTTCCACCATCTAGGGATGAGCTTACTAAGAACCAGGTGTCCC
TTACTTGCCTTGTGAAGGGATTTTACCCATCCGATATTGCTGTTGAGTGGGAGTCTAATGGACAGCCTGAGAACAACTACAAGACTACTCCACC
AGTGCTCGATTCCGATGGATCATTCTTCTTGTACTCCAAGCTCACTGTGGATAAGTCTAGGTGGCAACAGGGAAACGTTTTCTCTTGCTCTGTT
ATGCATGAGGCTCTCCACAATCACTACACTCAGAAGTCCCTTTCTTTGTCCCCTGGCAAGTAA

>PR1a_COVA2-15_HC _aa
MGEVLESQLPSFLLVSTLLLELVISHSCRAGQVQLLESGGGLVQPGGSLRLSCAASGFTFSSYAMSWVRQAPGKGLEWASATISGSGGSTYYADS
VEGRFTISRDNSKNTLYLOMNSLRAEDTAVYYCAKDTGYCGDDCYIKLIRGGPDYWGQGTLVIVSSASTKGPSVFPLAPSSKSTSGGTAALGCL
VKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGPS
VFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIE
KTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGEFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVESCSV
MHEALHNHYTQKSLSLSPGK

>PR1a_aGFP_LC_CDS
ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCT 5 CTT STC
ATATTCAACTTACTCAATCTCCAGCTATTATGTCTCCATCTCTTGGAGAAAGAGTTACTATGACTTGTACTGCTTCTTCTTCTGTTGGATCTTC
TTATCTTCATTGGTTTCAACAAAAGCCAGGATCTTCTCCAAAGCTTTGGATTTATTCTACTTCTAATCTTGCTTCTGGAGTTCCAGCTAGATTT
TCTGGATCTGGATCTGGAACTTCTTATTCTCTTACTATTTCTAGAATGGAAGCTGAAGATGCTGCTACTTATTATTGTCATCAATATCATAGAA
CTCCATATACTTTTGGAGGAGGAACTAAGCTTGAAATTAAGAGGACTGTTGCTGCTCCATCTGTTTTCATCTTCCCACCATCTGATGAGCAGCT
CAAGTCTGGAACTGCTTCTGTTGTTTGCCTCCTCAACAATTTCTACCCAAGGGAAGCTAAGGTGCAGTGGAAAGTTGATAATGCTCTCCAGTCC
GGAAACTCCCAAGAATCTGTTACTGAGCAGGATTCCAAGGATTCTACTTACTCCCTCTCCTCAACTCTCACTCTCTCTAAGGCTGATTACGAGA
AGCACAAGGTTTACGCTTGCGAAGTTACTCACCAGGGACTTTCTTCACCAGTGACTAAGTCTTTCAATAGGGGCGAGTGCTAA
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>PR1a_aGFP_LC _aa
MGEVLESQLPSFLLVSTLLLELVISHSCRAGDIQLTQSPAIMSPSLGERVTMTCTASSSVGSSYLHWFQOKPGSSPKLWIYSTSNLASGVPARFE
SGSGSGTSYSLTISRMEAEDAATYYCHQYHRTPYTFGGGTKLEIKRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFY PREAKVQWKVDNALQS
GNSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

>PR1a_aGFP_HC_CDS
ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATCCCACTCTTGCCGTGCA G
AAGTTCAACTTCAACAATCTGGACCAGAACTTGTTAAGCCAGGATCTTCTATGAAGATTTCTTGTAAGGCTTCTGGATATTCTTTTACTGGATA
TACTATGAATTGGGTTAAGCAATCTCATGGACAAAATCTTGAATGGATTGGACTTATTAATCCATATAATGGAGGAACTAATTATAATCAAAAG
TTTAAGGGAAAGGCTACTCTTACTGTTGATAAATCTTCTTCTACTGCTTATATGGAACTTCTTGGACTTACTTCTGAAGATTCTGCTGTTTATT
ATTGTACTAGAGGAAATTCTGATTTTTCTGCTTGGTTTGCTTATTGGGGACAAGGAACTTCTGTTACTGTTTCTTCTACTTCAACTAAGGGACC
ATCTGTTTTTCCACTCGCTCCATCCTCTAAGTCTACTTCAGGTGGAACTGCTGCTCTTGGATGCCTTGTTAAGGATTACTTTCCAGAGCCAGTG
ACTGTGTCTTGGAATTCTGGTGCTCTTACTTCCGGTGTTCATACTTTCCCAGCTGTGCTTCAATCTTCCGGACTTTACTCTCTTTCCTCTGTTG
TGACTGTGCCATCTTCTTCACTTGGCACTCAAACTTACATCTGCAACGTGAACCACAAGCCATCCAACACAAAAGTGGATAAGAAGGTTGAGCC
AAAGTCCTGCGATAAGACTCATACTTGTCCACCATGTCCAGCTCCAGAACTTCTTGGTGGTCCTTCTGTTTTTTTGTTCCCACCAAAGCCAAAG
GATACTCTCATGATCTCTAGGACTCCAGAGGTTACATGCGTTGTGGTTGATGTGTCTCATGAAGATCCAGAGGTGAAGTTCAACTGGTATGTGG
ATGGTGTTGAGGTGCACAACGCTAAGACTAAGCCAAGAGAGGAACAGTACAACTCCACTTACAGGGTTGTGTCTGTGCTTACTGTTCTTCACCA
GGATTGGCTTAACGGCAAAGAGTACAAGTGCAAGGTGTCCAACAAGGCTTTGCCAGCTCCAATCGAAAAGACTATCTCTAAGGCTAAGGGACAG
CCAAGGGAACCTCAAGTTTACACTCTTCCACCATCTAGGGATGAGCTTACTAAGAACCAGGTGTCCCTTACTTGCCTTGTGAAGGGATTTTACC
CATCCGATATTGCTGTTGAGTGGGAGTCTAATGGACAGCCTGAGAACAACTACAAGACTACTCCACCAGTGCTCGATTCCGATGGATCATTCTT
CTTGTACTCCAAGCTCACTGTGGATAAGTCTAGGTGGCAACAGGGAAACGTTTTCTCTTGCTCTGTTATGCATGAGGCTCTCCACAATCACTAC
ACTCAGAAGTCCCTTTCTTTGTCCCCTGGCAAGTAA

>PR1a_aGFP_HC_aa

MGFVLESQLPSFLLVSTLLLFLVISHSCRACEVQLQQSGPELVKPGSSMKISCKASGYSFTGY TMNWVKQSHGONLEWIGLINPYNGGTNYNQK
FKGKATLTVDKSSSTAYMELLGLTSEDSAVYYCTRGNSDFSAWFAYWGQGTSVTVSSTSTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPV
TVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTY ICNVNHKPSNTKVDKKVE PKSCDKTHTCPPCPAPELLGGPSVFLFPPKPK
DTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKT I SKAKGQ
PREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVESCSVMHEALHNHY
TQKSLSLSPGK

>PR1a_2F5 _LC_eGFP_CDS
ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATCCCACTCTTGCCGTGCA G
CATTACAATTAACACAATCTCCCTCCTCACTTAGTGCCTCCGTGGGGGATCGCATAACAATAACATGTAGAGCATCTCAGGGAGTGACCTCCGC
ACTTGCATGGTATCGACAAAAGCCAGGATCCCCCCCTCAGTTGTTAATTTATGACGCATCAAGTTTGGAGTCAGGCGTGCCTTCCAGATTTTCT
GGTTCCGGTTCAGGAACTGAATTTACACTGACAATAAGTACTCTAAGGCCAGAGGACTTTGCCACTTATTACTGTCAACAACTACATTTTTACC
CCCACACGTTCGGAGGTGGAACAAGGGTCGATGTACGTAGGACTGTTGCTGCTCCATCTGTTTTCATCTTCCCACCATCTGATGAGCAGCTCAA
GTCTGGAACTGCTTCTGTTGTTTGCCTCCTCAACAATTTCTACCCAAGGGAAGCTAAGGTGCAGTGGAAAGTTGATAATGCTCTCCAGTCCGGA
AACTCCCAAGAATCTGTTACTGAGCAGGATTCCAAGGATTCTACTTACTCCCTCTCCTCAACTCTCACTCTCTCTAAGGCTGATTACGAGAAGC
ACAAGGTTTACGCTTGCGAAGTTACTCACCAGGGACTTTCTTCACCAGTGACTAAGTCTTTCAATAGGGGCGAGTGCGGAGGAGGATCTGGAGG
AGGAATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTG
TCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCG
TGACCACCTTCAGCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTA
CGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATC
GAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCG
ACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACAC
CCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCAC
ATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTCACGGCATGGACGAGCTGTACAAGTAA

>PR1a_2F5 LC _eGFP_aa

MGEVLESQLPSFLLVSTLLLELVISHSCRAGALQLTQSPSSLSASVGDRITITCRASQGVTSALAWYRQKPGSPPQLLIYDASSLESGVPSRES
GSGSGTEFTLTISTLRPEDFATYYCQQLHFYPHTFGGGTRVDVRRTVAAPSVFIFPPSDEQLKSGTASVVCLLNNEFYPREAKVQWKVDNALQSG
NSQESVTEQDSKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGECGGGSGGGMVSKGEELFTGVVPILVELDGDVNGHKFSV
SGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFSYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERT I FFKDDGNYKTRAEVKFEGDTLVNRI
ELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQONTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDH
MVLLEFVTAAGITHGMDELYK

>PR1a_2F5_HC_mScarlet_CDS

ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATCCCACTCTTGCCGTGCE A
GGATCACCCTGAAAGAATCTGGACCTCCTTTGGTGAAGCCTACCCAGACTCTTACTCTGACCTGCTCCTTCTCTGGTTTCTCCCTGTCTGATTT
CGGTGTTGGTGTGGGTTGGATTAGACAGCCTCCTGGTAAGGCTCTTGAGTGGCTTGCTATCATCTACTCCGATGATGATAAGAGGTACAGCCCA
AGCCTTAACACCAGGCTTACCATCACCAAGGATACCAGCAAGAACCAGGTGGTGCTTGTGATGACTAGGGTTTCACCTGTCGACACCGCTACCT
ACTTTTGCGCTCATAGAAGGGGTCCTACCACCCTTTTCGGAGTTCCTATTGCTAGGGGTCCTGTGAACGCTATGGATGT TTGGGGTCAGGGTAT
TACCGTGACCATCAGCTCTACTTCAACTAAGGGACCATCTGTTTTTCCACTCGCTCCATCCTCTAAGTCTACTTCAGGTGGAACTGCTGCTCTT
GGATGCCTTGTTAAGGATTACTTTCCAGAGCCAGTGACTGTGTCTTGGAATTCTGGTGCTCTTACTTCCGGTGTTCATACTTTCCCAGCTGTGC
TTCAATCTTCCGGACTTTACTCTCTTTCCTCTGTTGTGACTGTGCCATCTTCTTCACTTGGCACTCAAACTTACATCTGCAACGTGAACCACAA
GCCATCCAACACAAAAGTGGATAAGAAGGTTGAGCCAAAGTCCTGCGATAAGACTCATACTTGTCCACCATGTCCAGCTCCAGAACTTCTTGGT
GGTCCTTCTGTTTTTTTGTTCCCACCAAAGCCAAAGGATACTCTCATGATCTCTAGGACTCCAGAGGTTACATGCGTTGTGGTTGATGTGTCTC
ATGAAGATCCAGAGGTGAAGTTCAACTGGTATGTGGATGGTGTTGAGGTGCACAACGCTAAGACTAAGCCAAGAGAGGAACAGTACAACTCCAC
TTACAGGGTTGTGTCTGTGCTTACTGTTCTTCACCAGGATTGGCTTAACGGCAAAGAGTACAAGT GCAAGGT GTCCAACAAGGCTTTGCCAGCT
CCAATCGAAAAGACTATCTCTAAGGCTAAGGGACAGCCAAGGGAACCTCAAGTTTACACTCTTCCACCATCTAGGGATGAGCTTACTAAGAACC
AGGTGTCCCTTACTTGCCTTGTGAAGGGATTTTACCCATCCGATATTGCTGTTGAGTGGGAGTCTAATGGACAGCCTGAGAACAACTACAAGAC
TACTCCACCAGTGCTCGATTCCGATGGATCATTCTTCTTGTACTCCAAGCTCACTGTGGATAAGTCTAGGTGGCAACAGGGAAACGTTTTCTCT
TGCTCTGTTATGCATGAGGCTCTCCACAATCACTACACTCAGAAGTCCCTTTCTTTGTCCCCTGGCAAGGGAGGAGGATCTGGAGGAGGAATGG
TGAGCAAGGGCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACATGGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGA
GGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCTCCTGGGACATCCTGTCCCCT
CAGTTCATGTACGGCTCCAGGGCCTTCACCAAGCACCCCGCCGACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGGGAGC
GCGTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTCCCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGG
CACCAACTTCCCTCCTGACGGCCCCGTAATGCAGAAGAAAACAATGGGCTGGGAAGCGTCCACCGAGCGGTTGTACCCCGAGGACGGCGTGCTG
AAGGGCGACATTAAGATGGCCCTGCGCCTGAAGGACGGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCCAAGAAGCCCGTGCAGA
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TGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACAACGAGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCG
CCACTCCACCGGCGGCATGGACGAGCTGTACAAGTAA

>PR1a_2F5_HC_mScarlet_aa
MGFVLESQOLPSFLLVSTLLLFLVISHSCRACRITLKESGPPLVKPTQTLTLTCSFSGFSLSDFGVGVGWIRQPPGKALEWLATIIYSDDDKRYSP
SLNTRLTITKDTSKNQVVLVMTRVSPVDTATYFCAHRRGPTTLFGVPIARGPVNAMDVWGQGITVTISSTSTKGPSVFPLAPSSKSTSGGTAAL
GCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSVVTVPSSSLGTQTY ICNVNHKPSNTKVDKKVE PKSCDKTHTCPPCPAPELLG
GPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKENWYVDGVEVHNAKTKPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPA
PIEKTISKAKGQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDSDGSFFLYSKLTVDKSRWQQGNVFES
CSVMHEALHNHYTQKSLSLSPGKGGGSGGGMVSKGEAVIKEFMRFKVHMEGSMNGHEFE IEGEGEGRPYEGTQTAKLKVTKGGPLPFSWDILSP
QFMYGSRAFTKHPADIPDYYKQSFPEGFKWERVMNFEDGGAVTVTQDTSLEDGTLI YKVKLRGTNFPPDGPVMQKKTMGWEASTERLYPEDGVL
KGDIKMALRLKDGGRYLADFKTTYKAKKPVOMPGAYNVDRKLDITSHNEDYTVVEQYERSEGRHSTGGMDELYK

Appendix B - Coding (CDS) and amino acid (aa) sequence of N-

terminal signal peptides

>NiPR1a_CDS
ATGGGATTTGTTCTCTTTTCACAATTGCCTTCATTTCTTCTTGTCTCTACACTTCTCTTATTCCTAGTAATATCCCACTCTTGCCGTGCA

>NfPR1a_aa
MGFVLFSQLPSFLLVSTLLLFLVISHSCRA

>ABC_CDS
ATGAAAACTAACCTTTTCCTGTTCCTGATCTTCAGCCTGCTGCTGAGCCTTTCATCTGCTGAGTTC

>ABC_aa
MKTNLFLFLIFSLLLSLSSAEF

>NbSBT5.2_CDS
ATGAAAGGAATTATATCTTTGTTTTTCTGCTTTTCTCTTTTCATTGTCTCTTTCATATTAAGAGAAGCCGACTCA

>NbSBT5.2_aa
MKGITISLFFCFSLFIVSFILREADS

>HsGL_CDS
ATGTGGCTGCTTTTAACAATGGCAAGTTTGATATCTGTACTGGGGACTACACATGGTTTG

>HsGL_aa
MWLLLTMASLISVLGTTHGL

>CHOL1_LC_CDS
ATGGATATGAGAGTTCCAGCTCAACTTCTTGGACTTCTTCTTCTTTGGCTTTCTGGAGCTAGATGT

>CHOL1_LC_aa
MDMRVPAQLLGLLLLWLSGARC

>CHOH7_HC_CDS
ATGGAATTTGGACTTTCTTGGGTTTTTCTTGTTGCTCTTTTTAGAGGAGTTCAATGT

>CHOH7_HC_aa
MEFGLSWVFLVALFRGVQC

>BiP_CDS
ATGGCTCGCTCGTTTGGAGCTAACAGTACCGTTGTGTTGGCGATCATCTTCTTCGGATGTTTATTTGCGTTGTCCTCTGCAATAGAAGAGGC
TACGAAGTTA

>BiP_aa
MARSFGANSTVVLAIIFFGCLFALSSAIEEATKL
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Appendix C - Authorship Statement

Several materials, including plant lines or constructs were provided by other lab
members or collaborators for experimentation. Initial VIGS silencing design and
phylogenetic analysis of SBTs was done by Dr Pierre Buscaill. Protease knockouts for
different sbt was outsourced to Biogle Genome Editing Centre, and homogeneity
validation was performed by Dr Shi-Jian Song. rd21 mutants were generated by Dr Alice
Godson, and vpe mutants by Dr Emma Thomas. Protease inhibitors constructs were
provided by Dr Friederike Grosse-Holz. VRCO1 constructs were provided by Dr Philippe
Jutras. GFP- and RFP-expressing constructs were provided by Dr Philippe Jutras, Dr Isobel

Dodds and Dr Marketa Samalova. VIGS fragment for intracellular proteases were provided

by Dr Kaijie Zheng. ER-stress marker was provided by Dr Kaijie Zheng and Matéo Paul.

G22Y construct was provided by Dr Andras Sandor/Prof Sweetlove/Prof Ian Moore, and

cctl mutants were kindly given by Prof Eva Stoger.
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Improving transient protein
expression in agroinfiltrated
Nicotiana benthamiana

Summary

Agroinfiltration of Nicotiana benthamiana is routinely used in plant
science and molecular pharming to transiently express proteins of
interest. Here, we discuss four phenomena that should be avoided
to improve transient expression. Immune responses can be avoided
by depleting immune receptors and employing pathogen-derived
effectors; transcript degradation by using silencing inhibitors or RNA
interference machinery mutants; endoplasmic reticulum stress by
co-expressing chaperones; and protein degradation can be avoided
with subcellular targeting, protease mutants and co-expressing
protease inhibitors. We summarise the reported increased yields for
various recombinant proteins achieved with these approaches and
highlight remaining challenges to further improve the efficiency of
this versatile protein expression platform.

Transient expression by infiltrating Nicotiana benthamiana leaves
with Agrobacterium  tumefaciens carrying genes of interest
(agroinfiltration) is routinely used in plant science and molecular
pharming. By transiently expressing genes of interest, one can
investigate their roles in various biological processes without the
need for stable transformation. Therefore, agroinfiltration
facilitates the rapid assessment of gene function in a
high-throughput manner, enabling more efficient functional
genomic studies. The ability of agroinfiltrated V. benthamiana to
rapidly produce large amounts of foreign proteins also makes it
an attractive platform for molecular pharming. This method
offers several advantages over other expression systems, such as
mammalian cell culture and microbial fermentation. The
plant-based transient expression typically has lower production
costs and reduced risk of human pathogen contamination, is
scalable, and has the potential for complex protein modifications
including glycosylation. However, transient expression in
N. benthamiana by agroinfiltration is still a challenge for many
proteins, including antibodies and transmembrane glycoproteins,
and can be further optimised. Here, we highlight four main
processes that one needs to avoid to improve transient protein
expression (Fig. 1).

846  New Phytologist (2024) 243: 846-850
www.newphytologist.com

Avoiding immune responses

Agroinfiltrated zones of N. benthamiana leaves normally show
only weak chlorosis. However, various studies on the transcrip-
tome, proteome, and metabolome revealed that extensive cellular
reprogramming is taking place as cell homeostasis is deprioritised
whilst immune responses increase (Table 1). Nearly 25% of the
transcripts show differential abundance after agroinfiltration
(Grosse-Holz ez al., 2018a). Upregulated genes are those involved
in pathogen perception, immune signalling, protein folding,
oxidative stress, and lignification (Grosse-Holz er al, 2018a;
Hamel ez al., 2023b). Downregulated genes include genes for
photosynthesis and housekeeping proteins, consistent with the
chlorotic response. Also, SWEET family sugar efflux transporters
are downregulated (Grosse-Holz e al, 2018a; Hamel
et al., 2023b), perhaps to reduce the viability of microbes in the
apoplast (Chen, 2014). Within the extracellular proteome, 70% of
the proteins increase in abundance upon agroinfiltration, and
several without significant change in transcript abundance,
suggesting post-transcriptional regulation (Grosse-Holz et al.,
2018a,b). This includes genes encoding pathogenesis-related
proteins, cell wall remodelling proteins, molecular chaperones,
and several lipases and esterases (Grosse-Holz ez a/., 2018a; Hamel
et al., 2023b). Metabolomic changes include increased concentra-
tions of phytol and o-tocopherol, consistent with chlorophyll
degradation, and high levels of chlorogenic acid derivates,
consistent with lignification (Drapal ez al, 2021). Collectively,
these transcriptome, proteome, and metabolome changes are
outputs of a basal immune response, similar to pattern-triggered
immunity induced by microbe-associated molecular patterns
(Zhang & Zhou, 2010). Consequently, various strategies can be
taken to avoid or suppress immune responses upon agroinfiltra-
tion of N. benthamiana to improve transformation efficiencies.
Avoidance of immune responses can be achieved by depleting
immune receptors that recognise Agrobacterium in N. benthami-
ana. NbCORE, for instance, is an immune receptor that
recognises cold shock proteins of Agrobacterium but is expressed
only in older N. benthamiana plants (Wang et al, 2016).
Depletion of N6CORE with virus-induced gene silencing caused
an eightfold higher transient green fluorescent protein (GFP)
expression in older plants (Dodds ez al, 2023). Meanwhile,
suppression of immune responses has been achieved with bacterial
type-1II effector AvrPto, which inhibits immune-related kinases
(Xing ez al., 2007). Agrobacterium expressing AvrPto and the
type-I1I secretion system have increased transformation efficien-
cies in various plants, including N. benthamiana (Raman
et al., 2022). These, and other, approaches to avoid and suppress
immune response can significantly increase transient expression
efficiencies.

© 2024 The Authors
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Fig. 1 Four phenomena to avoid to improve transient protein expression. Transient expression by infiltrating leaves of Nicotiana benthamiana with
Agrobacterium tumefaciens is mediated by the transfer DNA (T-DNA) that is injected by the bacterium into the plant cell through the type-IV secretion
system. Transient expression can be improved by avoiding immune responses; avoiding transcript degradation (silencing); avoiding endoplasmic reticulum
(ER) stress caused by protein accumulation in the endoplasmic reticulum; and by avoiding protein degradation by plant proteases.

Table 1 Differential gene expression in Nicotiana benthamiana upon agroinfiltration.

Function Transcriptomics  Proteomics Metabolomics References

Photosynthesis { 0 0 Grosse-Holz et al. (2018a); Drapal et al. (2021); Hamel
etal. (2023b)

Cell wall remodelling (mainly 1 1 1 Grosse-Holz et al. (2018a); Drapal et al. (2021); Hamel

lignification) etal. (2023b)

Sugar depletion 1 1 - Grosse-Holz et al. (2018a);Drapal et al. (2021); Hamel
et al. (2023b)

ROS generation 1 t 1 Grosse-Holz et al. (2018a); Hamel et al. (2023b)

Immune perception and signalling 1 t n/a Grosse-Holz et al. (2018a); Hamel et al. (2023b)

Proteases and inhibitors 1 t n/a Grosse-Holz et al. (2018a); Hamel et al. (2023b)

Lipases and esterases T t n/a Grosse-Holz et al. (2018a); Hamel et al. (2023b)

Salicylic acid signalling and SAR 1 1 n/a Grosse-Holz et al. (2018a); Hamel et al. (2023b)

Chaperones and UPR-related 1 t n/a Grosse-Holz et al. (2018a); Hamel et al. (2023a,b)

1, significant decrease in abundance; 1, significant increase in abundance; —, no significant change; n/a, not assessed; UPR, unfolded protein response.

Avoiding transcript degradation

Transcripts encoded by transfer DNA (T-DNA) often become
unstable through post-transcriptional gene silencing (PTGS),
which usually starts on the third day after agroinfiltration. PTGS
is triggered by low levels of antisense RNA generated by random
T-DNA insertion and/or RNA-dependent RNA polymerase,
which results in double-stranded RNA (dsRNA). dsRNA is a
substrate for Dicer to generate small interfering RNAs (siRNAs)
that target the degradation of homologous mRNAs. To overcome
this, silencing inhibitor P19 of tomato bushy stunt virus is often
co-expressed to suppress PTGS by sequestering siRNAs (Lombardi
et al., 2009). But also, various knockout lines with reduced PTGS
machinery have been generated. The removal of dicer-like proteins
2 and 4 in the dcl2dcl4 double mutant of N. benthamiana resulted
in higher transient expression levels (Matsuo & Matsumura, 2017;
Matsuo, 2022). Likewise, the removal of RNA-dependent RNA
polymerase 6 (7476) resulted in higher transient expression levels of
GFP than the wild-type (WT) plants (Matsuo & Atsumi, 2019).
However, in a combinatorial study, the dc/2dcl4 plants support
higher amounts of transiently expressed GFP and human fibroblast
growth factor-1 than WT and 7476 plants (Matsuo, 2022).
Likewise, other approaches to increase mRNA stability also
improve transient expression. Different plant-derived untranslated

© 2024 The Authors
New Phytologist © 2024 New Phytologist Foundation

regions (UTRs) can increase mRNA stability, even in the presence
of P19 (Garabagi ez al., 2012). Moreover, the hypertranslatable
(HT) vector system incorporates virus-derived elements to boost
transcription and translation, by increasing gene copy number and
suppressing PTGS simultaneously (Sainsbury ezal., 2009; Peyret &
Lomonossoff, 2013).

Avoiding endoplasmic reticulum stress

Transient protein expression of proteins that are targeted to the
secretory pathway can lead to endoplasmic reticulum (ER) stress
due to the unfolded protein response. In plants, the ER quality
control system promotes protein folding and processing of
misfolded proteins (Strasser, 2018). Essential to quality control is
the presence of folding factors and chaperones in the ER lumen to
assist polypeptides in their correct folding. Chaperones include
binding protein (BiP), HSP90 family proteins, calnexin, calreti-
culin, protein disulphide isomerases (PDIs), and peptidyl-prolyl
isomerases (Gupta & Tuteja, 2011). Upregulation of chaperones
is an important ER-stress response, and this often occurs in
N. benthamiana upon agroinfiltration, especially when expressing
large amounts of secreted proteins from other organisms (Ye
et al., 2011; Margolin ez al., 2020; Hamel ez al., 2023a). ER stress
also occurs upon the expression of high levels of membrane
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Table 2 Tackling proteolysis of recombinant proteins in agroinfiltrated Nicotiana benthamiana.
Approach Description Protein and accumulation’ Component References

Protease inhibitor Co-expression with protease

inhibitors

C5-11gG antibody (LC; 70-80%)
C5-11gG antibody (HC; 85%)
C5-11gG antibody (40%)

H10 1gG antibody (HC; 7.5-fold)
a-Galactosidase (4-14%)
Erythropoietin (16- to 27-fold)

SICDI; SICYS9 Goulet et al. (2012)

SICDI Goulet et al. (2012)
SICYS8 Robert et al. (2013)
SICYS8 Jutras et al. (2016)

Grosse-Holz
etal. (2018b)

NbPR4, NbPot1 & HsTIMP

VRCO1 IgG antibody (2- to 10-fold)

Protease knockdown/ RNAi and gene editing

out
Recombinant protein Retention to ER or storage in
compartmentation protein bodies; vacuolar

CAP256 1gG antibody (—)

Fungal xylanase xyn11A (10-fold) ~ HFBI

NbVPE-1a, NbVPE-1b, and
NbCysP6

Singh et al. (2022)

Saberianfar
etal. (2015)

targeting Erythropoietin (twofold) ELP Saberianfar
etal. (2015)

Erythropoietin (twofold) HFBI Saberianfar
etal. (2015)

Interleucin-10 (threefold) HFBI Saberianfar

14D9 1gG antibody (10- to 15-fold)

pH modulation of the
plantsecretory pathway

Co-expression with proton
channels

a1-antichymotrypsin (fivefold)
H3 influenza A (increase; ns)

etal. (2015)
Ocampo

etal. (2016)
Jutras et al. (2015,

2018)

ER; vacuole

Influenza M2 ion channel

HA influenza B (increase; ns)

ELP, elastin-like polypeptide; H, hemagglutinin; HFBI, hydrophobin; VPE, vacuolar processing enzymes.
" Approximate accumulation according to authors’ statements, — indicates no significant change, n/s indicates not specified.

proteins, such as viral glycoproteins. For instance, proteomic
analysis has confirmed the increased abundance of PDIs, CRT,
BiP, and ER-associated degradation components upon transient
expression of a viral glycoprotein and an IgG antibody that trigger
ER stress (Hamel ez al, 2023ab). Interestingly, different
recombinant proteins may require specific chaperones for folding.
Different IgG antibodies, for instance, either accumulate highly
without triggering ER stress or accumulate poorly, associated with
ER stress (Hamel et al, 2023a). To reduce ER stress upon
agroinfiltration, molecular chaperones have been co-expressed
alongside the target product. Human proteins are thought to be
better folded by human chaperones than by plant chaperones given
the divergence of the latter. Indeed, co-expression with human
calreticulin caused a 13-fold increase in the transient expression of
HIV glycoprotein gp140, whilst avoiding the induction of ER
stress marker genes (Margolin ez al., 2020). Likewise, co-expression
with human calreticulin caused a threefold increase in the
accumulation of the S protein ectodomain (Margolin er al,
2020; Song ez al., 2022). The emerging message is that different
recombinant proteins might require co-expression with specific
chaperones to alleviate ER stress and increase protein folding and
accumulation.

Avoiding proteolysis

Proteolysis is a huge obstacle in transient expression. Many
recombinant proteins in agroinfiltrated leaves accumulate initially
and then disappear at later timepoints, and sometimes accumulate
as shorter fragments, which indicates their degradation by plant
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proteases. Degradation has been observed for various transmem-
brane glycoproteins and IgG antibodies and has been studied
mostly for specific IgG antibodies. The N. benthamiana genome
encodes for ¢. 1200 putative proteases but not all of these proteases
degrade recombinant proteins, as they are organelle-specific, and
many are not expressed or are inactive in agroinfiltrated leaves
(Jutras et al, 2020). Most relevant for secreted recombinant
proteins are probably papain-like Cys proteases (PLCPs), sub-
tilisins, and pepsin-like Asp proteases that are abundant and active
in the apoplast (Niemer ez al., 2014; Deveuve ez al., 2020; Puchol
Tarazona et al., 2021). There are three main strategies taken to
reduce proteolysis (Table 2). First, co-expression with protease
inhibitors has increased yields of recombinant proteins.
Co-expression with SICYSS8, for instance, caused a threefold
increase in the accumulation of full-length IgG antibody H10
(Jutras et al., 2016). Likewise, co-expression with N6PR4, NbPotl,
or HSTIMP has increased the accumulation of IgG antibody
VRCO1, glycohormone erythropoietin, and o-galactosidase
(Grosse-Holz ez al., 2018b). Second, potentially harmful proteases
can be depleted by silencing or genome editing. Transient
depletion of vacuolar processing enzymes and PLCP N&CysP6,
for example reduced degradation of anti-HIV antibody CAP256
(Singh ez al., 2022). Finally, proteolysis can be prevented by
targeting the protein to different subcellular locations. For instance,
targeting proteins to the vacuole or retaining them in the ER has
increased yields of transiently expressed 14D9 antibody by 10- to
15-fold (Ocampo et al., 2016). Targeting recombinant proteins to
protein bodies might be another way to avoid proteolysis
(Schwestka ez al., 2023). However, sensitivity to proteolysis very
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much depends on the recombinant protein itself, and it seems
unlikely that a single strategy will avoid proteolysis for all
recombinant proteins.

Future prospects

Although agroinfiltration is already a great platform for protein
expression, there are still numerous opportunities ahead of us to
further improve this platform. Besides the four discussed areas,
there is even more to gain from optimising co-expression,
engineering post-translational modifications, targeting other
subcellular locations, improving the protein extraction process,
producing metabolites, and even optimising plant growth and
agroinfiltration conditions. Much of these activities require
ingenuity and the development and application of new scientific
insights. There is an exciting time ahead of us.
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Agroinfiltration of Nicotiana benthamiana has emerged as a main
protein expression platform in plant science and molecular
pharming but yields are often hampered by endogenous
proteases degrading recombinant proteins. Many IgG antibodies,
for instance, are degraded when expressed in N. benthamiana
(Niemer et al., 2014). HIV-neutralizing IgG antibody 2F5 is cleaved
in the H3 loop of the variable region of the heavy chain (HC)
when incubated in apoplastic fluids (AF) of N. benthamiana, and
this processing was blocked with Ser protease inhibitor PMSF
(Niemer et al., 2014). Since the SBT5.2a subtilase (previously
called SBT1) is the most abundant active Ser protease in the AF
detected by activity-based proteomics (Jutras et al., 2019; Puchol
Tarazona et al.,, 2021), this subtilase was heterologously
expressed and shown to cleave 2F5 in vitro (Puchol Tarazona
et al., 2021). Here, we investigated if SBT5.2 is also necessary to
cleave 2F5 in AF.

We first found that fluorescently labelled 2F5 is similarly
cleaved as unlabelled 2F5 in AF (Figure S1). Processing of
fluorescent 2F5 is blocked by PMSF and in AF of plants transiently
expressing subtilase inhibitor Epi1l but not expressing other
protease inhibitors (Figure S2; Grosse-Holz et al., 2018). Virus-
induced gene silencing (VIGS) using tobacco rattle virus (TRV)
carrying fragments targeting the detected apoplastic subtilases
revealed that AF of only TRV::SBT5.2 plants was unable to cleave
2F5 (Figure S3), indicating that SBT5.2 is responsible for cleaving
2F5 in AF.

The SBT5.2 fragment used for VIGS targets three SBT5.2
homologues that are expressed in agroinfiltrated leaves
(Figures S4 and S5). Genome editing using CRISPR/Cas9 was
used to disrupt all three SBT5.2 genes, resulting in two
independent sbt5.2 knockout lines that grow indistinguishable
from wild-type plants (Figure S6). Activity-based profiling with FP-
TAMRA demonstrated that these lines lack the most active
subtilases in the AF, shown at 65-70 kDa in wild-type (WT) plants

(Figure 1a). AF from sbt5.2 mutants was unable to cleave 2F5
(Figure 1b), demonstrating that SBT5.2s are necessary for
2F5 cleavage.

Transient expression of the HC and light chain (LC) of 2F5
resulted in threefold more 2F5 accumulation in total extracts (TEs)
of sbt5.2 mutants compared with WT plants (Figure 1¢). Also the
Ebola-neutralizing IgG 2G4 accumulates more in sbt5.2 mutants
(Figure S7). Fluorescence of co-expressed GFP was similar
between WT plants and sbt5.2 mutants (Figure S8), indicating
that SBT5.2 depletion promotes 2F5 accumulation post-transcrip-
tionally. Remarkably, however, 2F5 processing is unaltered in
sbt5.2 mutants (Figure 1c). Similar results were obtained upon co-
expression with Epi1 and in TRV::SBT5.2 plants (Figure S9),
indicating that 2F5 is not exposed to SBT5.2 in the apoplast.

To investigate whether 2F5 is secreted in agroinfiltrated
plants, we transiently co-expressed 2F5 (HC + LC) with
cytonuclear GFP and secreted RFP and isolated AF and TE
from the same leaves. Western blot analysis revealed that
only 3%-5% of the GFP detected in TE is detected in AF
whereas 41%-47% of the total RFP is in the AF (Figure 1d).
Neither GFP nor RFP distribute differently nor accumulate
higher in the sbt5.2 mutants. Importantly, only 2%-4% of
both HC and LC of 2F5 were detected in AF (Figure 1d),
indicating that 2F5 is not secreted and not exposed to SBT5.2
in the apoplast. Fragment F1 follows the same trend as HC
and LC signals, while fragment F2 accumulates relatively
abundantly in AF (Figure 1d). F2 is also easily detected in AF
(Niemer et al., 2014) and originates from degradation of
unassembled HC because it also accumulates when only HC is
expressed (Figure S10). The distribution of 2F5 signals
is similar between WT and sbt5.2 plants but threefold more
2F5 accumulates in sbt5.2 mutants (Figure 1d), consistent
with Figure 1c.

The observation that most 2F5 is not secreted challenges the
general assumption that IgGs are secreted and seems to
contradict numerous reports on the detection of IgGs in the
apoplast (e.g. Arcalis et al., 2013; Ocampo et al., 2016). Our data
are nevertheless consistent with the literature. A previous study
on transient 2F5 expression revealed that only an estimated 5%
of the HC signal detected in TE was detected in AF (Niemer
et al., 2014). Fluorescent fusion proteins of the HC of 2F5 were
found to accumulate in pre-vacuolar compartments and the
vacuole (Irons et al., 2008). Similar observations were made when
studying 2G12, a different HIV-neutralizing 1gG (Irons
et al., 2008), and 2G4 (Figure S7). It has been speculated that
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Figure 1 Deletion of three SBT5.2 proteases from N. benthamiana avoids 2F5 processing in the apoplast and increases 2F5 accumulation, even
though 2F5 is not secreted. (a) SBT5.2 are major subtilases in the apoplast. AF was isolated from WT plants and two sbt5.2 mutants (four
replicates each) and active Ser hydrolases were detected with FP-TAMRA and fluorescence scanning. (b) 2F5 is no longer cleaved in AF of sbt5.2
plants. Fluorescently labelled 2F5 was incubated with AFs from WT plants and sbt5.2 mutants for 0-6 h, and samples were separated on reducing
gels and scanned for fluorescence. (c) The sbt5.2 mutants accumulate threefold more 2F5 upon transient expression. HC and LC of 2F5 were
transiently co-expressed, and signals were quantified from the anti-lgG western blot from a reducing gel. Error bars represent SE of n =3
replicates. (d) Transiently expressed 2F5 is not secreted into the apoplast. Both HC and LC of 2F5 were co-expressed with secreted sRFP and
cytonuclear cGFP and TEs and AFs were isolated after 5 days from the same leaves in triplicate and analysed by western blotting from a reducing
gel using antibodies against GFP, RFP and IgG. Chemiluminescence was quantified and plotted for each signal. F3 fragments are not detected in
all experiments. The percentages indicate how much compared to the TE sample was detected in the AF. *, background signal. Error bars

represent SE of n = 3 replicates.

secretion is prevented either by cryptic vacuolar targeting signals
or by chaperone BiP, which remains bound to IgGs (Irons
et al., 2008). Thus, besides introducing a very useful protease
mutant to the community to increase yields, this study also
highlights an important controversy on the subcellular accumu-
lation of 1gGs in agroinfiltrated plants.
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Ithaka | C. P. Cavafy

As you set out for Ithaka
hope your road is a long one,
full of adventure, full of discovery.

Laistrygonians, Cyclops,

angry Poseidon—don’t be afraid of them:
you'll never find things like that on your way
as long as you keep your thoughts raised high,
as long as a rare excitement

stirs your spirit and your body.

Laistrygonians, Cyclops,

wild Poseidon—you won'’t encounter them
unless you bring them along inside your soul,
unless your soul sets them up in front of you.

Hope your road is a long one.
May there be many summer mornings when,
with what pleasure, what joy,

you enter harbors you're seeing for the first time;

may you stop at Phoenician trading stations
to buy fine things,

mother of pearl and coral, amber and ebony,
sensual perfume of every kind—

as many sensual perfumes as you can;

and may you visit many Egyptian cities

to learn and go on learning from their scholars.

Keep Ithaka always in your mind.
Arriving there is what you're destined for.

But don’t hurry the journey at all.

Better if it lasts for years,

so you're old by the time you reach the island,
wealthy with all you've gained on the way,
not expecting Ithaka to make you rich.

Ithaka gave you the marvelous journey.
Without her you wouldn't have set out.
She has nothing left to give you now.

‘10akn | K. I1. KaBaeng

Za Byets oTOV Tyaupo yua myv 10dxm,
va eUyeoat vaval pokpus 0 §pouog,
YEUATOG TIEPLTTETELEG, YEUATOG YVWTELG.

Toug Aatotpuydvag kai Toug KOkAwTag,

oV Bupwuévo IMooelddva pur @ofdacal,

TETOLA 0TOV 8pOpOo 6oL TTOTE cov 8&v Ba BpEl,
Qv pev’ 1 okePig cov LYMAT, &v EKAEKTN
ouykivnolg TO Tvelpa kal T0 odpa oov dyyilet

ToUg Aalatpuyodvag kai Tovg KhkAwag,
TOV dyplo Moceldwva 8&v B& cuvavToELs,
Qv 8&v ToUG KouBavels ueg otV Yuyn cov,
av 1 Puxn oov 6&v ToUG 6TNHVEL EUTIPOG COV.

Na ebxeoatl va ‘vat pakpug 0 §popog.
MoAA& T& KoAoKapLVa TTpwidt vét elvatt
IOV pe ti ebyapiotnon, ue ti xapa

00 pTtaivels o€ APEVAS TIPWTOELSWUEVOUS

VA OTAUATNOELS 0 EPTIOPETa POLVIKIKA,

KOl TEG KAAEG TIPAYUATELEG V' ATIOKTIOELS,
OEVTEPLX Kl KOPAAALX, KeEXPLUTIApLa K’ €Bevousg,
Kol 18ovika pupwSikd kdbe Aoy,

000 UTOPETS Lo dPBova NEOVIKA HUPWSIKA.

Y& moAelg AtyumtiokEg TOAAEG Vi TIRS,
va pades kat va pabetg am’ Toug oTIouSacHEVOUG.
[Tdvta oto vod cov vaymg v 10dun.

To @BA&oOV EKET €1V’ O TTPOOPLOPOS GOV.

AM ) BLadng To tageidt Stodov.

KaAAitepa xpdvia TOAAX V& SLapKETEL
Kaiyépog mux v’ &pdéng oto vnol,

mAovo10G PE Ooa kEPSLoEG 0TOV SpoO,

U1 TpoodokwVTAag TAOUTN V& 6€ Swor 1) T0dxK.

‘H’I86xkn o’ é8woe T wpodo Tagidi
Xwpig avtrv ev BARyatveg atov Spodpo.

"AMAa 8&v Exel va o0& SwoEeL LA,

Ku &v mroxkn v Bpiis, 1) 10akn ev of yéAdaoe.

And if you find her poor, Ithaka won’t have fooled you. "EToL 600G IOV €yLveg, UE TOOT TElpa,
Wise as you will have become, so full of experience, 1161 & 10 katdAaBeg 1) 10dxkeg Tt onpaivouv.
you’ll have understood by then what these Ithakas mean.

Translated by Edmund Keeley and Philip Sherrard. Reproduced with permission of
Princeton University Press.
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