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SUMMARY

Since their discovery in the late past century, single-domain antibodies (VHHSs) attracted a lot of
interest and have been studied intensively because they offer huge potential for several
applications. For instance, VHHs fused with Fc domains of conventional antibodies offer added
advantages such as increased half-life, avidity effect by bivalency, Fc-effector functions and
purification on affinity ligands. We assessed several features of VHH-Fc fusions in this thesis for
two applications: VHH-based targeted vaccination to combat enteric pathogens and VHH-based
antivirals against respiratory syncytial virus (RSV).

The first aim of the project was to develop a mucosal-targeted vaccine delivery system
against enteric pathogens. Thus, as a proof of concept, a model antigen was fused to an antibody
against the aminopeptidase N (APN) receptor on the small intestine to enhance its uptake by
intestinal epithelial cells, thereby increasing the immune response against the antigen. A
monoclonal antibody IMMO13 targeting APN has previously been shown to deliver antigens via
B-glucan microparticles (Baert et al., 2015). Therefore, we first chose to make antigen-antibody
fusion constructs with a single-chain variable fragment (scFv) derived from IMMO013. However,
because of their instability, fusion proteins containing scFv could not accumulate at high levels
and further characterization could not be performed. Of note, replacing the scFv with an
irrelevant VHH in several fusion constructs resulted in improved accumulation levels in the Pichia
pastoris expression system. Therefore, we decided to concentrate on an alternative strategy
using APN binding VHHs fused to an antigen. An anti-APN VHH library was generated by
immunizing llamas with APN, followed by panning and screening on APN-expressing cells via flow
cytometry. The APN-specific VHHs with strong APN-binding activity were fused to the Fc domain
of murine 1gG which could serve as a model antigen in piglets and which would convert the
monovalent VHHs into bivalent molecules. The VHH-Fc fusions were sub-cloned in a yeast
expression vector and produced to be further characterized for their binding capacity to APN in
an ELISA, on APN-expressing cells and in intestinal tissues. Moreover, their uptake by APN-
expressing cell lines and intestinal epithelium in gut-ligated loop experiments was also tested.

The best performing VHH-Fcs were selected for further assessment of their potential to generate



a focused immune response against the murine Fc domain upon oral administration in piglets. A
preliminary immunization experiment failed to demonstrate significant immunogenicity but
remains to be validated further with controls. We then assessed the feasibility of formatting APN-
specific VHH fusions with the Fc part of porcine IgGs and IgA into fusion constructs with the model
antigen tetanus toxin C-fragment, as this would provide a better red-out of the targeted vaccine
immunogenicity than the murine Fc part. We learned that, in contrast to scFv fusions, VHH-based
tripartite fusions with an antigen and a dimerizing Fc part are feasible to make and can be
produced in high quantities in Pichia pastoris, which will allow to characterize them in in vitro
and in vivo experiment settings.

In the other part of my thesis, we aimed at evaluating the potential of VHH-Fc fusions as
effective antivirals against RSV. We chose two previously isolated and described RSV-specific
VHHs, one neutralizing (C4) and one non-neutralizing (E4) (Hultberg et al., 2011) and a non-RSV
binding negative control. These three VHHs were fused to the Fc domain of murine IgG2a and
produced by transient expression in N. benthamiana. The RSV-binding VHH-Fc fusions, and not
the negative control, could efficiently bind to the RSV fusion protein (RSV F) and showed a far
better in vitro neutralization activity than what was reported for their VHH monovalent
counterparts. Remarkably, two of the three VHH-Fc fusions showed a very high thermostability
and all three fusions were retained in lungs for an extended period compared to the VHHs alone.
Of note, despite being non-neutralizing, VHH E4 also showed a reduced viral replication in vivo,
suggesting an immunostimulatory role of Fc effector functions.

In parallel, we aimed to assess the merits of VHH-IgA fusions at the pulmonary mucosal
surface and to compare them with our results obtained with the VHH-IgG fusions. However, the
unavailability of an affinity ligand for murine IgA purification posed a major hurdle. We showed
that a two-amino-acid mutation in the murine IgA Fc allowed purification of VHH-IgA fusions on
the commercially available ligand staphylococcal superantigen-like protein 7 (SSL7). Moreover,
the mutation in IgA Fc did not affect the binding activity to RSV F and the in vitro neutralizing
potency of associated VHHs (Bakshi et al., 2019). Further validation of these mutant IgAs is

required via in vivo settings to compare protection by VHH-IgA with VHH-IgG.
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In conclusion, VHH-Fc fusions show a huge potential for targeted vaccination and for their
use as antivirals. They can provide solutions to various limitations of VHH-based and conventional

antibody-based therapeutics and need to be studied on a case-by-case basis.
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SAMENVATTING

Sinds hun ontdekking aan het einde van de vorige eeuw, hebben single-domein-antilichamen
(VHH's) veel belangstelling getrokken en zijn ze intensief bestudeerd omdat ze een enorm
potentieel bieden voor verschillende toepassingen. VHH's gefuseerd met de Fc-domeinen van
conventionele antilichamen bieden bijvoorbeeld toegevoegde voordelen zoals een verhoogde
halfwaardetijd, een aviditeitseffect door bivalentie, Fc-effectorfuncties en zuivering op
affiniteitsliganden. We hebben verschillende kenmerken van VHH-Fc-fusies in dit proefschrift
beoordeeld voor twee toepassingen: op VHH-gebaseerde gerichte vaccinatie ter bestrijding van
enterische pathogenen en op VHH-gebaseerde antivirale middelen tegen respiratoir syncytieel
virus (RSV).

Het eerste doel van het project was om een mucosaal-gericht vaccin-afleveringssysteem
tegen enterische pathogenen te ontwikkelen. Aldus werd als bewijs van het concept een
modelantigeen gefuseerd aan een antilichaam tegen de aminopeptidase N (APN)-receptor van
de dunne darm in biggen om de opname van dat antigen door darmepitheelcellen en de
immuunrespons tegen het antigeen te verbeteren. Van een monoklonaal antilichaam IMMO013
gericht tegen APN werd eerder aangetoond dat het antigenen afgeeft via B-glucaan microdeeltjes
(Baert et al.,, 2015). Daarom kozen we eerst voor het maken van antigeen-antilichaam
fusieconstructen met een enkele keten van de variabele fragmenten (scFv) afgeleid van IMMO013.
Vanwege hun instabiliteit konden fusie-eiwitten die scFv bevatten echter niet accumuleren tot
hoge niveaus en verdere karakterisering kon niet worden uitgevoerd. Merk op dat het vervangen
van de scFv door een irrelevant VHH in verschillende fusieconstructen resulteerde in verbeterde
accumulatieniveaus in het Pichia pastoris expressiesysteem. Daarom hebben we besloten om in
plaats van scFv’s te gebruiken, ons te concentreren op de alternatieve strategie met APN
bindende VHH-gebaseerde fusies. Een anti-APN VHH-bibliotheek werd gegenereerd door lama's
te immuniseren met APN, gevolgd door panning en screening op APN-expresserende cellen via
flowcytometrie. De APN-specifieke VHH's met een sterke APN-bindende activiteit werden

gefuseerd aan het Fc-domein van muizen-IgG om aldus het Fc te gebruiken als model antigeen in



biggen en tegelijkertijd van de monovalente VHH’s bivalente moleculen te bekomen. De VHH-
muis Fc fusies werden gesubkloneerd in een gistexpressievector en geproduceerd om deze te
karakteriseren voor hun bindingscapaciteit met APN in een ELISA, op APN-expresserende cellen
en in darmweefsels. Bovendien werd hun opname door APN-expresserende cellijnen en
darmepitheel in darmgeligeerde lus-experimenten ook getest. De best presterende VHH-Fcs
werden geselecteerd voor een verdere analyse van hun potentieel voor het genereren van een
gerichte immuunrespons tegen het muizen-Fc-domein na orale toediening aan biggen. Een
voorlopig immunisatie-experiment kon geen significante immunogeniciteit aantonen, maar moet
nog verder gevalideerd worden met meer gerichte controles. Vervolgens hebben we de
haalbaarheid van het formatteren van APN-specifieke VHH’s in tripartiete fusies met enerzijds
het Fc domein van varkens IgG en IgA antilichamen en anderzijds het model antigeen
tetanustoxine C-fragment onderzocht. We hebben geleerd, in tegenstelling tot scFv-fusies, dat
op VHH-gebaseerde fusies met een Fc en met een antigeen haalbaar zijn en in grote
hoeveelheden in Pichia pastoris kunnen worden geproduceerd om ze te karakteriseren via in
vitro- en in vivo-experimenten.

In het andere deel van mijn proefschrift probeerden we het potentieel van VHH-Fc-fusies
te evalueren als effectieve antivirale middelen tegen RSV. We kozen twee eerder geisoleerde en
beschreven RSV-specifieke VHH's, één neutraliserende (C4) en één niet-neutraliserende (E4)
(Hultberg et al., 2011) en een niet-RSV bindende negatieve controle. Deze drie VHH's werden
gefuseerd aan het Fc-domein van muizen-lgG2a en geproduceerd door transiénte expressie in N.
benthamiana. De RSV-bindende VHH-Fc-fusies, en niet de negatieve controle, konden efficiént
binden aan het RSV-fusie-eiwit (RSV F) en vertoonden een veel betere in vitro-
neutralisatieactiviteit dan wat werd gerapporteerd voor hun VHH-monovalente tegenhangers.
Opmerkelijk was dat twee van de drie VHH-Fc-fusies een zeer hoge thermostabiliteit vertoonden
en dat alle drie de fusies gedurende een langere tijd in de longen werden behouden vergeleken
met alleen de VHH’s. Hoewel VHH E4 niet-neutraliserend was, vertoonde het ook een
verminderde virale replicatie in vivo, wat duidt op een immunostimulerende rol van Fc-

effectorfuncties.



Parallel hiermee wilden we de voordelen van VHH-IgA-fusies op het pulmonaire mucosale
oppervlak beoordelen en deze vergelijken met onze resultaten verkregen met de VHH-IgG-fusies.
De niet-beschikbaarheid van een affiniteitsligand voor de zuivering van muizen-IgA vormde
echter een belangrijke hindernis. We toonden aan dat een mutatie van twee aminozuren in het
Fc-domein van muizen-IgA de zuivering mogelijk maakte van VHH-IgA-fusies op het in de handel
verkrijgbare ligand stafylokokken-superantigeenachtig eiwit 7 (SSL7). Bovendien had de mutatie
in IgA Fc geen invloed op de bindingsactiviteit met RSV F en de in vitro-neutraliserende potentie
van geassocieerde VHH's (Bakshi et al., 2019). Verdere validatie van deze mutante IgA's is vereist
via in vivo-experimenten om bescherming door VHH-IgA te vergelijken met VHH-IgG.

Als conclusie kunnen we stellen dat VHH-Fc-fusies een enorm potentieel tonen voor
gerichte vaccinatie en voor hun gebruik als antivirale middelen. Ze kunnen oplossingen bieden
voor verschillende beperkingen van op VHH- en conventionele antilichaam-gebaseerde

therapieén en moeten geval tot geval worden onderzocht.
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Abstract

Monoclonal antibodies-based therapies have achieved several milestones since their discovery
and have successfully been employed in various applications ranging from treating infectious
diseases, curing cancer, molecular tools in research, as a delivery vehicle of toxins and so on.
However, their complex structure and expensive mammalian-based production pose a great
challenge towards their further development as broadly applicable ideal therapeutic agents.
Since the past two decades, research efforts resulted in great advances into understanding the
antibody structure. That gave rise to the identification of antibody fragments such as single chain
of the variable fragments (scFv) and the variable domain of the heavy chain only antibodies
(VHH). The scFv is a synthetic antibody protein that combines the variable antigen binding
domains of the light and heavy chain, does not require post-translational modifications for its
activity, and can be produced in a cost-effective manner in bacterial and yeast expression
systems. The optimal length of the connecting linker between the variable regions in scFvs is very
crucial for their proper folding and is dependent on the relative location of the 6 variable regions,
thus determining antigen binding of the scFvs and functionality. Nevertheless, scFv has been
receiving a lot of attention because the antibody-antigen interaction could be very well
characterized with the monoclonal itself. However, things changed since the discovery of
camelid-derived single domain antibody (sdAb). A variable domain of sdAb, referred to as VHH,
has several advantages over scFv antibody fragments including their small size, high affinity for
particular epitopes, difficult to reach with scFvs, ease of manipulation as the single domain
contains all the information in 3 variable loops for antigen binding, high stability in harsh
conditions, and cost-effective production in bacterial and yeast fermentation systems. Due to
their peculiar properties, VHHs have been employed in various applications ranging from
research, diagnosis, and therapeutics. Today, several VHH-based products are being developed
and evaluated in preclinical and clinical phase and are anticipated to become the next generation
of antibody-based biopharmaceuticals. This chapter intends to shed light on different aspects of
the use of scFvs and VHHs, their engineering for improved functionality, their production in
different platforms such as bacterial, mammalian, plant and yeast expression systems, and their

potential applications and comparison with the conventional monoclonal antibodies (mAbs).



1. Antibodies and their derivatives
In 1975, Georges Kohler and Cesar Milstein succeeded in fusing myeloma cell lines with B cells,
that gave rise to immortalized cells termed Hybridoma. The hybridomas were capable of
producing antibodies against a specific antigen. These antibodies are known as monoclonal
antibodies (mAbs). The first commercialized mAb, muromonab CD3 (Orthoclone OKT3) was
developed in 1986 to prevent kidney transplant rejection (Liu, 2014). Since then, the monoclonal
antibody market has witnessed continuous growth and represents a novel way for targeting a
wide range of disease conditions including cancer, infectious diseases, cardiovascular diseases,
transplantation, and chronic inflammatory diseases. Today, monoclonal antibodies own
approximately 50% of the market share of the biopharmaceutical industry with more than 50
monoclonal antibody products currently approved. Every year, about 4 new mAbs get approval
from the Food and Drug Administration (FDA) and reach the market. With this rate, the
monoclonal antibody market is projected to grow even further with an estimated revenue of
nearly $125 billion in 2020 for worldwide sale of biopharmaceuticals (Ecker et al., 2015).
Antibodies are expected to meet the stringent criteria of an ideal therapeutic protein for
human use before reaching the market. These include their safe administration with optimal
functional performance. Murine monoclonal antibodies raise an immune response in humans
due to their murine specific epitopes. Muromonab CD3 (first licensed mAb) was a murine 1gG2a
antibody that posed some side effects in humans (e.g. human anti-mouse antibody response),
thus urging humanization of the murine antibodies. (Smith, 1996). Since then, substantial efforts
have been invested in generating chimeric, humanized or completely human antibodies to
overcome the safety issues. To this end, murine sequences in the antibody are replaced with the
human counterparts and their nomenclature is based on the percentage of the remaining murine
part in the engineered antibody (Table 1) (Singh et al., 2018). The first fully human antibody was
Humira (Adalimumab), developed for the treatment of rheumatoid arthritis, and approved in
2004. Today, most of the approved antibodies are either humanized or fully human. Despite the
great progress in reducing immunogenicity risks by humanizing the antibodies, adverse reactions

are unpredictable in some patients, and still may occur.



Table 1- Humanization of monoclonal antibodies (adapted from (Singh et al., 2018)

Murine Chimeric Humanized Fully Human

Murine part 100 % 30% 10% 0%
Generic suffix -omab -ximab -zumab -umab
Example - Rituximab Palivizumab Adalimumab

Moreover, the production of early monoclonal antibodies was limited due to genetic instability
of hybridomas and the low yield obtained upon fermentation, thus presenting major stumbling
blocks in the development of this class of mAb- therapeutics. The complex structure of the full-
length antibody, that contains intra- and interchain disulfide bonds does not allow their
production in prokaryotic systems such as E. coli, the most rapid and cheapest production system
by far. Thus, mAb production is limited to more complex eukaryotic host-based systems.
Antibodies also require efficient post-translational modifications such as glycosylation for their
proper functionality and efficient effector functions, which is not achievable in the bacterial
expression systems. Moreover, the size of the full-length antibody is about 150 kDa, that prevents
deep and efficient tissue penetration of the target sites.

The major advances in genetic engineering and a deeper understanding of the disease
conditions have paved the way for the new and improved generation of therapeutic antibodies.
In recent past, derivatives of monoclonal antibodies have been employed not only for the
treatment of cancer, autoimmune and infectious diseases; but also, in immunodetection, and
bioseparation techniques (de Marco, 2011). The most popular ones include single-chain variable

fragment (scFv) and single-domain antibodies (sdAbs), as they are easy to manipulate and
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produce in bacterial and yeast expression system, without compromising their antigen binding

property.

1.1 Single-chain fragment variable (scFv)
The full-length antibodies, also known as immunoglobulins (Ig) are large Y-shaped glycoproteins
and composed of four polypeptide chains (two light chains, LC and two heavy chains, HC), held
together via interchain disulfide bridges and hydrophobic interactions. The N-terminal end of
each chain is highly variable (termed VL for LC and VH for HC) and is involved in interaction with
the antigen, while the CL for LC and CH1, CH2, CH3 for HC) are quite conserved in a given class of
antibody. The Fab region consists of a light chain (VL and CL), and the variable and constant region
of HC (VH and CH1). The Fc region (CH2-CH3 domain) of an antibody attributes the stability and
important biological functions such as antibody-dependent cell-mediated cytotoxicity (ADCC)
and Complement-Dependent Cytotoxicity (CDC). (Figure 1)

Nevertheless, the full-length antibody is not required for its antigen binding property, that
led to the development of a smaller unit of an antibody (molecular mass of approximately 30
kDa), termed single-chain fragment variable (scFv). The scFv is composed of only variable
fragments of both LC and HC (VL and VH) and it possesses full antigen binding property. The
carboxyl terminus of one variable domain is connected to the amino terminus of another variable
domain via a flexible peptide linker without having any detrimental effect on their fidelity. scFv
lacks glycosylation and can easily be produced in a bacterial expression system. However, the
length of the connecting linker is very crucial for the proper folding with minimal steric hindrance
that determines the functionality and expression level of scFv (Ahmad et al., 2012). Peptide
linkers can be of variable length, ranging from 10 to 25 amino acids and typically contain
hydrophilic amino acids; short linkers have the advantage to make the scFv less susceptible to
cleavage, but they often lead to multimer formation (Shen et al., 2008). Nowadays, the most
extensively used linker is multiples of three Glycine (G) and one Serine (S) residues (Andris-

Widhopf et al., 2011; Schaefer et al., 2010).
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Conventionally, scFv were cloned from hybridoma cells, of which the produced monoclonal
antibodies contained interesting binding or neutralization properties. The mRNA is isolated from
hybridoma cells followed by cDNA synthesis by reverse transcription PCR. Then, VL and VH genes
are PCR amplified using immunoglobulin-specific primers and cDNA as a template and cloned
into an expression vector (Dubel et al., 1994). However, this method generates a large library
with a heterogeneous population of PCR products, that demands the analysis of several randomly
picked VH and VL clones (Toleikis and Frenzel, 2012). The subsequent successful approach
developed is based on creating a phage display library where each phage expresses a gene for VL
or VH at their surface; the best combinations can then be enriched upon biopanning and selected
for their antigen specificity (McCafferty et al., 1990). Generally, VL and VH can be linked in any
orientation (either VL-Linker-VH or VH-Linker-VL) although, it was reported that a VL-Linker-VH
led to higher levels of scFv accumulation then a VH-Linker-VL combination in Pichia pastoris
(McCafferty et al., 1990). The assembly of VL and VH gene fragments can be achieved by several
methods including PCR (LeBoeuf et al., 1989), sequential cloning (Kobayashi et al., 2005) or
combinatorial infection (Wang et al., 2005), and nowadays by DNA synthesis.

The scFvs have several advantages over monoclonal antibodies. They can be produced
economically in both bacterial and yeast expression systems. Their small size offers better tissue
penetration and low serum half-life. This results in rapid clearance, that may be beneficial for
radiolabeling, but is a problem in therapy. This issue has been addressed by engineering them to
yield multivalent scFv, or also by making fusions with albumin or the Fc domain of a conventional
antibody. During the past years, numerous scFv constructs have been made for a variety of
heterogeneous functions, such as medical therapy (i.e. cancer, Crohn's, disease, Rheumatoid
Arthritis), and diagnostic applications (Ahmad et al.,, 2012; Monnier et al., 2013). Moreover,
several studies were performed where scFvs were fused with different proteins for various
applications including drug delivery, in vivo imaging by attaching to a fluorescent moiety
(Monnier et al., 2013). Up till now, many scFv based therapies have made their way to market,

while some are still in development or clinical trial phase (Table 2).
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Table 2. Selected antibody fragments on the market or in clinical development (adapted

from Sheridan, 2017)
Develc'>per Molecule Format Target Indication Clinical
(location) status
Amgen Blincyto Bispecific T-cell CD19 x CD3 | Acute First FDA
(Thousand (blinatumomab) | engager (Bite) lymphoblastic approval
Oaks, comprising two scFv leukemia 12/03/14
California) fragments joined by a
peptide linker
Boehringer Praxbind Humanized IgG1 Fab Dabigatran Reversal agent for | First FDA
Ingelheim (idarucizumab) fragment anticoagulant approval
(Ingelheim, Pradaxa 10/16/15
Germany) (dabigatran)
Ablynx, A Caplacizumab Bivalent humanized von Acquired FDA
Sanofi company | (Cablivi™) single-variable- Willebrand thrombotic approval
(Zwijnaarde, domain factor thrombocytopenic | 06/02/19
Belgium) immunoglobulin purpura (aTTP)
(nanobody) derived
from a heavy-chain-
only Camelid
antibody
AstraZeneca Moxetumomab | Fv monoclonal CD22 Hairy cell FDA
(Cambridge, pasudotox antibody fragment leukemia approval
UK) fused to 38-kDa for some
fragment of cases
Pseudomonas (13/09/18)
exotoxin A (PE38)
Eleven Oportuzumab Single-chain variable Epithelial Bladder cancer Phase 3
Biotherapeutics | monatox; VB4- fragment fused to a cell
(Cambridge, 845 (Vicinum) fragment of adhesion
Massachusetts) Pseudomonas molecule
aeruginosa exotoxin A | (EpCAM)
(ETA252-608)
Novartis Brolucizumab; Humanized single- VEGF-A Neovascular AMD | Phase 3
RTH258, chain antibody
formerly fragment (scFv)
ESBA1008
Philogen Daromun Combination of two Fibronectin Melanoma Phase 3
(Sovicille, Italy) | (Darleukin + immunocytokines extra-
Fibromun) comprising scFv domain B
fragments of antibody
L19 conjugated to
interleukin-2 and
tumor necrosis factor
a, respectively
Aptevo Otlertuzumab scFV antibody CD37 Chronic Phase 2
Therapeutics fragment lymphocytic
(Seattle) leukemia
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Figure 1. Schematic representation of antibodies and their derivatives.

1.2 Single domain antibodies

Besides these antibody derivatives, a unique kind of antibodies, termed as heavy chain only
antibodies (HCAb) also exists in nature. These antibodies were first discovered in camelids
(camels and llama), and comprise only a homo-dimer of heavy chains without light chains
(Hamers-Casterman et al., 1993). In addition to HCAbs, conventional heterotetrameric antibodies
are also naturally found in Camelidae. Few years later, the similar heavy chain only antibodies
were also discovered in cartilaginous fishes (nurse sharks and wobbegong) (Greenberg et al.,
1995). These antibodies were termed as Ig-NAR (‘NAR stands for novel antigen receptor’). The
variable domain of camelid HCAb and Ig-NAR are referred to as VHH and V-NAR, respectively.
VHHs are also known as nanobodies and single domain antibodies (sdAb).

Moreover, the HCAbs are devoid of the CH1 domain, but contain both the CH2 and CH3
domains; the heavy chains are connected with disulfide bridges in an exceptionally long hinge
region. Like the VH domain of conventional antibodies, the VHH domains of HCAbs are also
composed of four highly conserved framework regions (FR1, FR2, FR3, and FR4), and three
hypervariable regions, termed complementary determining regions (CDR1, CDR2 and CDR3)
(Figure 2). The amino acid sequence of VHH framework regions is highly similar to that of the VH
of conventional antibodies with few remarkable structural differences, rendering them superior
to conventional antibodies and their fragments (Muyldermans, 2001). Within FR2, four amino
acids (V, G, L, and W) known to interact with VL are substituted with smaller hydrophilic amino

acids (F, E, G, and R) in VHHSs, that contribute to high solubility. Besides these substitutions, CDR
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regions in VHH also exhibit some striking differences. In contrast to CDR3 (typically 9-12 amino
acids) in human and mouse (Wu et al., 1993), VHH in dromedary bears longer CDR3 with 16-18
amino acids. Whereas CDR3 of llama VHH is more variable in length (6-18 amino acids)
(Muyldermans, 2001). The extended CDR3 in many camel VHH sequences is stabilized by an
additional disulfide bond with CDR1 (Figure 2). However, this interloop disulfide bond occurs less

frequently in llama VHH (Muyldermans, 2013).

- — r -
W5 o 3i:

CDR1 CDR2 CDR3
VHH

CDR1 CDR2 CDR3

Figure 2. Schematic representation of the differences between VH and VHH based on the sequence
comparison of cDNA clones. The position of the CDR in between the framework regions is indicated. The
CDR1 and CDR3 of a VHH is larger than in VH genes and they are often connected by a disulfide bond
(thick line). The hallmark amino acid substitutions in framework-one and -two are given. The numbering
refers to the position of the amino acid along the sequence according to the Kabat numbering. (Figure
reused from Muyldermans, 2001).

Since its discovery, VHHs have emerged as an alternative to monoclonal antibodies for
developing biotherapeutics. Despite their limitations, monoclonal antibodies have occupied a
large fraction of the biopharmaceutical market. VHHs provide a potential to circumvent those
limitations as they are the smallest form of an antibody with a combination of some beneficial
features of both full-length antibodies and the small biological molecules (Muyldermans, 2013).
VHHs are small-sized (15 kDa) antibody fragments that are characterized by high affinities (in
picomolar range) comparable or even superior to those of conventional antibodies or antibody
fragments (Fab or scFv), high solubility and robustness in harsh conditions such as extremes of
pH, or temperature. VHHs can be isolated from immune libraries with all their appealing
properties and allow high production yields in bacteria or other expression hosts. The general
protocol for isolation and selection of VHHs from immune libraries has been described elsewhere

(Pardon et al., 2014).
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Camelid VHHs exhibit a high degree of sequence homology with the VH domain of human
immunoglobulins, rendering them less immunogenic than murine VHs. Nevertheless, their
straightforward humanization is useful to make them suitable for chronic treatments (Vincke et
al., 2009). Furthermore, their small size is favorable where a higher degree of tissue penetration
is required (i.e. imaging tool) that enable them to reach those regions or molecules that are
typically inaccessible to full-length antibodies. However, it is not desirable for chronic therapies.
The size of a nanobody is below the cut-off limit of glomerular filtration system (765 kDa), that
leads to rapid clearance from the circulation. Therefore, substantial efforts have been made to
extend their half-life. These include (PEG)-ylation (conjugation with polyethylene glycol),
coupling to long-lived serum proteins such as 1gG or albumin (human serum albumin) and
conjugation to the Fc domain of conventional antibodies (extensively described in De Vlieger et
al., 2019).

Moreover, their single domain and monomeric nature facilitate straightforward
engineering into modular blocks with high affinity (termed as avidity) and improved
physicochemical properties. There have been several examples where VHHs were formatted to
make bivalent, trivalent or tetravalent fusions. Moreover, VHHs recognizing different epitopes
can be fused together to obtain multispecific (e.g. bispecific) and versatile antibodies. Some of
these engineered VHHs are at this moment being investigated in clinical trials (reviewed in

(Steeland et al., 2016).

1.3 VHH-Fc fusion proteins

The small size and fast renal clearance of VHH are not favorable characteristics to provide long
term protection in some diseases. Several approaches ensure the prolongation of half-life, while
the Fc domain as a fusion partner for VHH-based therapeutics appears as the most
straightforward strategy that also provides the fusion with a number of additional beneficial
biological and pharmacological properties. Several studies have examined the merits of VHH-Fc
fusions for treating various diseases (Gunaydin et al., 2016; Hussack et al., 2018; Laursen et al.,
2018). To date, many Fc fusion proteins with other proteins such as TNF receptor, VEGFR1 have

been developed and commercialized (reviewed in Czajkowsky et al., 2012). Enbrel and Orencia
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are the most popular ones; both were developed to treat autoimmune diseases (Shukla et al.,

2017); however, Fc fusions with VHHs are yet to reach the pipeline.

1.3.1 Valency

One of the major advantages of Fc fusion protein is that the Fc domain serves as a dimerization
motif, that contributes to the avidity effect, that is often desirable for improved efficacy of the
therapeutic protein. It has been noted previously that bivalent VHHs displayed 4000-fold better
and broadened neutralization potency as compared to their monovalent VHH counterparts

(Hultberg et al., 2011), and this was confirmed in an ample number of studies.

1.3.2 Half-life extension

The efficacy of the clinically relevant VHHs can be improved by fine-tuning the residence time. In
this context, the IgG Fc domain seems qualified as it interacts with the neonatal FcRn receptor in
a pH-dependent manner. The Fc domain binds FcRn tightly at acidic pH (<6.5) in the endosome,
but not at physiological pH (7.4) and protects IgG from degradation (Roopenian and Akilesh,
2007), thereby contributing to its longer serum half-life. The binding site for FcRn resides at the
CH2-CH3 interface of the IgG Fc domain. VHH-Fc fusions assemble as a homodimer and have a
molecular mass of approximately 80 kDa, that is above the cutoff of glomerular filtration, thereby
resulting in the increased half-life. Zhao et al. showed that a neutralizing VHH against Middle East
respiratory syndrome coronavirus (MERS-CoV) fused with a human IgG1 Fc could be detected in
serum 10 days post-injection, whereas it is not true for its monovalent VHH equivalent (Zhao et
al., 2018). However, the half-life of Fc fusion proteins is relatively short (1-2 weeks), as compared

to intact antibodies (3-4 weeks) (Suzuki et al., 2010).

1.3.3 Fc receptor-mediated effector functions

The antibody effector functions governed by the Fc tail are believed to play an important role in
killing tumor and infected cells as a humoral arm of the immune response via interaction with
specialized Fc-receptors and complement proteins and form a link between innate and adaptive

immunity. To date, four different classes of Fcy receptors have been defined in mouse: FcyRI
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(CD64), FcyRIl (CD32), FcyRIll (CD16) and FcyRIV (Figure 3). These receptors bind to different IgG
subclasses with varying affinity and specificity. Whereas FcyRI displays nanomolar affinity for
select IgG subclasses such as IgG1/3 in humans and IgG2a/c in mice, all the other receptors have
low to medium affinity (in micromolar range) and a broader isotype binding pattern. However,
the low-affinity receptors can only bind to IgG in form of immune complex. The high affinity
receptor FcyRl on immune cells is saturated in the presence of serum IgG (Nimmerjahn and

Ravetch, 2011).

FcyRl FcyRIll FcyRIV FcyRIIB
Q
3 N
¢ —I—
ITAM ITIM
Y %o 7O a
FcyRIIA
FcyRIA FeyRIIC FcyRIIIA FcyRIIIB FcyRIIB
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Figure 3. The extended family of mouse and human Fcy-receptors. The family of classical FcyRs consists
of several activating and one inhibitory member. In addition, humans have a glycosylphosphatidylinositol
(GPI)-linked FcyR (FcyRIIIB) exclusively expressed on neutrophils (adapted from Nimmerjahn and Ravetch,
2011).

Besides these differences in affinity and specificity, other distinguishing feature among
FcyR subtypes is their role in signal transduction. There are two different classes of Fc receptors:
activation receptors (FcyRl, lll, IV in mice and FcyRIA, 1IA, 1IC, IlIA, [1IB in humans) and inhibitory
receptors (FcyRIIB). The majority of activating receptors transmit their signal viaimmunoreceptor
tyrosine-base activation motifs (ITAM) such as the FcR common y-chain. Whereas, the inhibitory
FcyR has to associate with an immunoreceptor tyrosine-base inhibitory motifs (ITIM) in its
cytosolic domain (Ravetch and Lanier, 2000). The coexpression of these receptors on the same
immune effector cell is critical for simultaneous triggering of activating and inhibitory signaling

pathways and to generate a balanced cellular effector function.
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The IgG subclasses and their affinity for the Fc receptors varies widely between different
species. For instance, four 1gG subclasses are present in mice (IgG1, 1gG2a, IgG2b and 1gG3) and
humans (IgG1-1gG4). Mouse IgG2a interacts strongly with activating receptors FcyRI, FcyRIV, but
weakly with the inhibitory FcyRIIB receptor (Bruhns and Jonsson, 2015). Mouse and human FcyRs
have quite different expression patterns and IgG binding characteristics. Interestingly, in contrast
to poor binding of human FcyRs to mouse 1gG subclasses, mouse FcyRs efficiently bind human
IgG subclasses. For example, human FcyRI has affinity for mouse 1gG2a and IgG2b, but not for
mouse 1gG1 (Bruhns, 2012).

Innate immune effector cells, such as dendritic cells (DCs), neutrophils, monocytes,
macrophages, basophils and mast cells express activating and inhibitory FcyRs and their
expression varies in different cell types. In mice, for example, monocytes and macrophages
express all activating and inhibitory FcyRs (FcyRI-FcyRIV), DCs mainly express the activating FcyRl,
FcyRlll and inhibitory FcyRIIB, whereas neutrophils express FcyRIIB, FcyRIll and FcyRIV. In contrast,
B cells and NK cells do not co-express both activating and inhibitory receptors. B cells solely
express inhibitory receptor FcyRIIB, whereas NK cells only express activating FcyRIIl (Nimmerjahn
and Ravetch, 2008). Inhibitory receptors have particular application in allergic reactions. For
instance, activation of inhibitory FcyRIIB by Fc-fusion proteins is associated with the simultaneous
downregulation of Fc receptor for IgE (FceR) on mast cells that leads to decreased inflammatory
response and may be crucial for treating allergic asthma (Daeron et al., 1995). A recent study
demonstrated that several FDA-approved Fc-fusion proteins including TNFR-Fc (Etanercept),
CTLA4-Fc 1 (Abatacept), CTLA4-Fc 2 (Belatacept), FIX-Fc (Coagulation factor IX, Fc-fusion protein)
and FVIII-Fc (Antihemophilic factor, Fc-fusion protein) show diversity in binding to Fc receptors
and Clq, and the fusion partner can influence the effector functions of the Fc-fusion proteins
(Lagassé et al., 2019).

The important antibody-mediated effector mechanisms are antibody-dependent cell-
mediated cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP) and
complement dependent cytotoxicity (CDC). ADCC is thought critical for destruction of the
infected and tumor cells and dependent on binding to the Fc gamma receptors (FcyRs) localized

on innate effector cells including monocytes, macrophages, neutrophils and natural killer (NK)
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cells. However, NK cells are the most important contributor of ADCC which express only FcyRIIIA.
Crosslinking with this receptor results in release of cytotoxic granules containing perforin and/or
granzyme that triggers death of the target cancer cells. The antibody interaction with the Fc
receptor can be improved further by either amino acid mutation in the Fc domain or alterations
of the glycan structure (Strohl, 2009). For instance, ADCC can be enhanced by removing fucose
from the Fc domain of 1gG, resulting in increased affinity to FcyRIIIA (Shields et al., 2002; Zeitlin
etal., 2011). ADCP is the uptake of antibody coated infected cells or antigen-antibody complexes
by phagocytic cells including neutrophils, eosinophils, monocytes, macrophages and dendritic
cells (DC) that express FcyRI, FcyRIll and FcaRl. These cells mediate the transport of immune
complexes to lysosome for degradation and antigen processing for presentation on major
histocompatibility complex (MHC) on the cell surface. On the other hand, CDC triggers the
cytolysis by immune complex interaction to the first component of the complement cascade
(C1qg) and subsequent activation of the classical pathway leading to phagocytosis and lysis of
pathogens and infected cells.

Killing and/or uptake of infected cells or virions by leukocytes via FcyRs is considered to
be of importance for the antiviral activity of at least some antibodies directed against multiple
viruses including HIV-1, influenza, SARS and RSV (Tay et al., 2019). For example, FcyR have been
shown to be essential for the protection offered by antibodies directed against the RSV small
hydrophobic protein and most likely greatly contribute to the protective activity of Synagis
(Schepens et al., 2014, Hiatt et al., 2014). In addition, antibodies directed against the RSV G

protein were shown to enable ADPC in vitro (Cortjens et al., 2017).

1.3.4 Isotype dependent protection

Given the fact that secretory IgA is the predominant antibody isotype at the vulnerable mucosal
membranes where the majority of pathogen initiate the infection, IgA-based fusions are believed
to confer better protection against mucosal pathogens compared to other antibody isotypes.
VHH-IgA fusions expressed in Arabidopsis thaliana seeds have been shown to protect weaned
piglets against ETEC (enterotoxigenic Escherichia coli) infection upon oral delivery. Compared

with the groups receiving VHH-IgG-based treatment, VHH-IgA groups showed reduced fecal
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shedding of ETEC pathogen and lower seroconversion corroborating reduced ETEC exposure,

suggesting the merits of IgAs at the intestinal mucosa (Virdi et al., 2013).

1.3.5 Purification of VHH-Fc fusions

Besides the above-mentioned advantages, Fc-fusions are also superior to VHH moieties by
themselves in a technological viewpoint. Since, in most cases, the in vivo validation of a
therapeutic protein requires highly pure protein the addition of an affinity tag (i.e. Histidine tag
is needed in most cases. Alternatively, fusion of a VHH to the Fc domain enables the facile and
cost-effective purification by commercially available affinity resins (Carter, 2011). For instance,
VHH-IgG fusions can efficiently be purified by protein-G/A affinity chromatography. Likewise,
most VHH-IgA fusions can be purified via IgA-specific resins such as SSL7 and Jacalin, however
only at analytical scale. Note however that there are no affinity resins for mouse IgA-Fc based

purification.

1.4 Potential applications of VHHs

The discovery of VHHs gave a momentum to the new era of engineered and personalized
medicines for therapeutic interventions. VHHs offer several advantages over conventional
antibodies. Given their peculiar characteristics including small size, ease of manipulation and
selection from immune libraries, economic and efficient production in bacterial expression
system, low immunogenicity, strong affinity, recognition of hidden epitopes, excellent tissue
penetration capacity, high thermostability and solubility; VHHs are very convenient for a broad

range of research, diagnostic and therapeutic applications.

1.4.1 VHHs in research and diagnosis

VHH fusions coupled to a fluorescent protein have an important implication in live cell
microscopy and new functional studies. Such fusion proteins, also known as chromobodies, a
VHH against an endogenous protein is fused to a fluorescent protein (i.e. GFP, RFP) that can
efficiently express in the living cells and enables subcellular localization studies of the target

protein (Rothbauer et al., 2006). Moreover, anti-GFP VHH has been employed in super-resolution
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microscopy when coupled with an organic dye (Ries et al., 2012) and studying in vivo protein-
protein interactions (Herce et al., 2013). Owing to their high stability, monomeric nature and
oriented immobilization on the solid surface, VHHs have extensively been studied for developing
affinity reagents for protein purification and immunoprecipitation. To this end, immobilized
VHHs (commercially known as nanotrap) were developed against GFP that were commercialized
by ChromoTek GmbH (Klooster et al., 2007; Rothbauer et al., 2008). Moreover, I1gG purification
was achieved with VHH-based affinity ligand that was commercialized by Thermo Fisher Scientific
(CaptureSelect 1gG-CH1 Affinity Matrix). LambdaFabSelect affinity ligand is another commercial
VHH from GE Healthcare Life Sciences that is directed against the constant domain of the human
A light chain (CA).

Recently, VHHs have gained much attention in developing a non-invasive in vivo imaging
tool as they fulfill most of the requisites of an ideal imaging probe including their amenability for
radiolabeling, deep tissue penetration, high solubility, and rapid renal clearance. These
characteristics make them suitable for several imaging techniques such as PET (Positron-emission
tomography) and SPET (Single photon emission tomography) (Van Audenhove and Gettemans,
2016) (Chakravarty et al., 2014). Many studies have attempted to utilize radiolabeled VHHs. For
example, VHHs labeled at its C-terminal histidine tag with *™Tc was used to monitor EGFR
(Epidermal Growth Factor Receptor) expression for in vivo tumor imaging (Huang et al., 2008).
Moreover, VHHs are also used in biosensors as their small size and directional immobilization
allow highest coating density on the sensor surface with maximal detection sensitivity, and their

superior stability contributes to the longer shelf-life of the biosensor (Saerens et al., 2005).

1.4.2 VHHs in therapeutics

Although polyclonal and monoclonal antibodies have been ruling the therapeutic areas for ages
with significant achievements, the single domain antibodies have gained popularity over the past
decade due to their striking characteristics. In addition to the aforementioned applications as
research and diagnostic tools, VHHs and derived fusions have also been exploited for therapeutic
purposes to treat various disease conditions. These include cancer (Woodham et al., 2018),

inflammatory diseases (Menzel et al., 2018), and neurological disorders (Rotman et al., 2015).
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More recently, the first VHH, Caplacizumab (also known as ALX-0081) developed by Ablynx NV
(Belgium) has been approved by FDA for the treatment of acquired thrombotic
thrombocytopenic purpura (aTTP). Caplacizumab is a humanized bivalent VHH which is
commercialized under the trade-name of Cablivi™ (Peyvandi et al., 2016). Fusions of VHHs
against infectious diseases such as bacteria (Virdi et al., 2013; Virdi et al., 2019), viruses (Detalle
et al., 2016), and parasites (Unciti-Broceta et al., 2015) are actively being studied. Interestingly,
VHHs are endowed with the potential to reach undruggable targets such as G protein, which is a
highly valued approach to block the GPCR signaling and treating multiple diseases (De Groof et
al., 2019; Gulati et al., 2018).

2. Production platforms for recombinant antibodies and their derivatives

Nowadays, engineered antibody molecules and their derivatives are being increasingly exploited
as a research tool for therapeutic development. Numerous products are already available in the
market and many are currently being validated in clinical trials for the treatment of several
diseases. However, the inability to produce large amounts of such proteins economically may
limit the applicability of these technologies. Since, precise post-translational modifications, like
glycosylation, has a significant influence on vyield, stability, functionality, pharmacokinetic
behavior and immunogenicity of the engineered proteins (de Marco, 2009; Frenzel et al., 2013),
the selection of an appropriate expression platform is a very crucial step toward successful
production of biotherapeutics. This section covers the general aspects of different recombinant

protein production platforms and their comparison.

2.1 Bacterial expression system

The first biopharmaceutical reaching the market was Insulin (Humulin®, Eli Lilly & Co), and that
was produced in Escherichia coli. Since then, bacterial expression systems have been very popular
for the production of antibody fragments such as scFv, Fab, and single-domain antibodies (sdAbs)
as they do not require human-like post-translational modification. Short generation time and
ease of manipulation of E. coli allow rapid production, purification and analysis of large quantities

of proteins in a shorter time compared to other expression platforms. Although the bacterial
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expression system is the most inexpensive system, they are associated with some limitations.
Some expressed proteins often end up in aggregates and form inclusion bodies due to the
reducing cytoplasmic environment (Philibert et al., 2007; Schmidt, 2004). The inclusion bodies
are then solubilized in an appropriate buffer and the functional proteins with correct disulfide
bonds are recovered. This entire process is usually labor-intensive and time-consuming. An
alternate method is to direct the secretion of the recombinant antibodies in the oxidizing
environment of bacterial periplasm by fusing them with a secretion signal (e.g. PelB) (Sletta et
al.,, 2007). Importantly, E. coli is not suitable for the production of glycoproteins such as full-
length antibodies, or VHH-Fc fusions. Thus, it is necessary to produce them in eukaryotic

platforms as discussed below.

2.2 Mammalian expression systems

The major advantage of using a mammalian expression system is their ability to produce
antibodies with the glycosylation pattern that is naturally present in human proteins. The most
common mammalian cell lines (non-human) include Chinese hamster ovary (CHO) cells, baby
hamster kidney (BHK) cells, and murine myeloma cells (NSO and Sp2/0). CHO cell lines are still
the favored choice for large-scale production of the recombinant glycoproteins. However, these
cell lines can also synthesize non-human-like glycoforms that can impact the immunogenicity,
and thus result in rapid clearance of the therapeutic glycoproteins (Ghaderi et al., 2010; Ghaderi
et al.,, 2012). Recently, human cell lines, such as human embryonic kidney (HEK) cells, have
emerged as a powerful alternative that produces therapeutic proteins with fully human
glycosylation (Swiech et al., 2012); but they are often associated with the potential risk of human-
specific virus contamination (Dumont et al., 2016). The mammalian expression systems offer high
yield (up to 10 g/L), high batch-to-batch consistency, and scalability in bioreactors (up to several
thousand liters) (Zhu and Hatton, 2018); however, the initial capital and operating costs are very
high due to rigid controls and maintenance of the sterile environment (Ecker et al., 2015). Thus,
substantial efforts have been devoted to developing scalable production platforms such as plants

expression system.
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2.3 Plant expression systems

Plants are the most underestimated production platform for expression of therapeutic
recombinant proteins, enzymes, and hormones (Dirisala et al., 2017; Tschofen et al., 2016), that
have several advantages over bacterial and mammalian expression systems. The main argument
is that plant systems are safe as they do not harbor mammalian pathogens, for instance when
the proteins are required for controlling cell growth and differentiation to subsequently use in
cell therapy. Plants are able to assemble functional antibodies with complex glycosylation. The
first ever functional antibody production in transgenic plants was documented in 1989 (Hiatt et
al.,, 1989). From then on, many antibodies and derivatives have been produced in plants (De
Muynck et al., 2010; Rybicki, 2010; Yusibov et al., 2016). The proper folding and assembly of the
functional antibodies in plants are orchestrated by ER-specific chaperones like BiP (binding
protein) (Nuttall et al., 2002). However, the glycosylation accounts for the most significant
difference between plant- and mammalian-derived glycosylation. The initial N-glycosylation in
the endoplasmic reticulum (ER) is high-mannose type containing five to nine mannose residues
and well conserved in both plant and mammalian system until the protein enters the Golgi
apparatus. In the plant Golgi, the nascent glycoprotein undergoes species-specific glycosylation
resulting in the addition of different plant-specific complex oligosaccharides such as core a(1,3)-
linked fucose and [3(1,2)-linked xylose that are never found in mammals (Gomord et al., 2010).
The heterogeneity in glycosylation significantly influences the stability, physicochemical
properties and immunogenicity of the plant-derived products, that raises concerns about their
safety, especially for the parenteral administration (see ref. Walsh and Jefferis, 2006). Thus, the
production of therapeutic glycoproteins with minimal adverse effects remains a considerable
challenge. Two approaches have been employed to address the demerits of plant-derived
therapeutic proteins- subcellular localization to avoid the addition of unwanted sugar and
glycoengineering to replace plant-specific glycans to human-like glycans (Vukusic et al., 2016). In
the first approach, the glycoprotein is retained in the ER by fusing with the C-terminal KDEL tag
(ER retention motif, Lys-Asp-Glu-Leu), that prevents the transport to Golgi apparatus and
addition of plant-specific complex glycans. However, in some cases, a significant amount of

complex glycans could be detected, probably due to ER leakage and inaccessibility or partial
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degradation of the KDEL tag (Abranches et al., 2008; De Meyer et al., 2015). Alternatively, a
variety of strategies have been employed for glycoengineering of the plant glycosylation system,
including conventional homologous recombination to generate knock-out plants lacking
endogenous plant-specific glycosyltransferases and RNAi (RNA interference) mediated knock-
down of the same enzymes (Bosch et al., 2013; Schahs et al., 2007; Strasser et al., 2008).

Many of the plant systems are cost-effective and scalable because they do not require
maintenance of a sterile environment and large stainless-steel fermenters (Stoger et al., 2014).
The cost for plant-derived mAbs production has been estimated to be about €100/g (Buyel et al.,
2017), that is comparable to €50-200/g for mAbs production in CHO cells-based systems (Lim et
al., 2010). It is important to note that initial investment and downstream processing costs for
plant-derived products may be the same as the other production platforms, but their operating
cost is much lower due to simple cultivation strategy of an intact plant, that substantially reduces
the overall cost for the production at industrial scale. ELELYSO™ (Protalix Biotherapeutics Inc.,
Israel) was the first plant-derived biopharmaceutical drug that was approved by the FDA in 2012
for human use to treat the rare genetic disorder, Gaucher's disease. ELELYSO™ is a commercial
name of the glucocerebrosidase enzyme which was produced in sterile grown carrot cells (Mor,
2015). This success story was an important breakthrough that opened the new avenues for plant-
based manufacturing facilities.

There is a huge variety of plants and plant organs that are being explored for the
production of therapeutic proteins to achieve high accumulation with low investment cost. These
systems include seed-based systems such as Arabidopsis (Palaci et al., 2019; Virdi et al., 2016),
tobacco (Ceballo et al., 2017), rice endosperms (Ou et al., 2014), corn (Zhong et al., 2006), crops
like peas or soybeans (Daniell et al., 2001; Virdi et al., 2019); leaf-based systems such as tobacco
(Bakshi et al., 2019; De Meyer et al., 2015), fruits like tomatoes (Juarez et al., 2012), plant cell-
culture system such as tobacco cell lines BY-2 and NT-1 (Raven et al., 2015). Each of these systems
has certain advantages, hence the particular expression system can be chosen depending on the
objectives. In most cases, stable transgenic lines can be obtained either by Agrobacterium-
mediated transformation or by particle bombardment protocols to integrate a foreign gene in

the plant genome (reviewed in Ko and Koprowski, 2005). However, Agrobacterium-mediated
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transformation is the preferred choice as it provides more stable transformants with low copy

number and less silencing effects than the particle bombardment method (Travella et al., 2005).

2.3.1 Expression in seeds

Seed-based systems are very promising for the production of heterologous recombinant
proteins. Seeds are natural storage organs for nutrients to allow the next generation embryos to
develop, and this property ensures long-term storage of recombinant antibodies at ambient
temperature without any significant loss of activity, thus they are also ideal for easy
transportation without maintenance of cold chain (Boothe et al., 2010). Numerous antibodies,
and engineered antibody fragments such as scFv, Fabs, sdAbs and their fusions with Fc tail have
successfully been synthesized in Arabidopsis seeds (De Jaeger et al., 2002; De Meyer et al., 2015;
Loos et al., 2011). Moreover, seeds would be very advantageous for oral delivery of antibodies
to allow passive mucosal immunization against several infectious diseases (Juarez et al., 2016;
Virdi et al., 2013; Virdi et al., 2019). Additionally, plant-based edible subunit vaccines have also
been studied against various pathogens (including HIV, Plague, piglet enterotoxigenic Escherichia
coli (ETEC) diarrhea) causing infectious diseases in humans or commercially important animals
(Alvarez and Cardineau, 2010; Chan and Daniell, 2015). Edible vaccines are attractive alternatives
for needle-based vaccination. The major disadvantage of the seed-based system is that it is time-
consuming during the development phase because it takes several months to a year to obtain
homozygous plants producing the seeds; however, after that, plants can be easily scaled-up

(Palaci et al., 2019).

2.3.2 Expression in leaves

Recently, the leaf expression system has emerged as the most widely used method for
inexpensive production of heterologous proteins in plants. Both stable and transient expression
has been achieved in leaves. Several plants have been explored for this system and the tobacco
plants (Nicotiana species) are the most suited for such applications. Nicotiana tabacum is the
most reliable expression host for stable expression. However, it takes several months to obtain

homozygous line, thus transient expression may be regarded as the most preferable method. In
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addition to the merits of in planta expression, transient expression in leaves offers a high protein
yield in a very short period of time (days to two weeks). Thus, this system significantly reduces
the protein production timeline, that is not achievable with stable expression. However,
transiently expressed proteins are often contaminated with alkaloids, therefore efficient
downstream processing is required (Paul and Ma, 2011a). The leaf expression system is suitable
for early discovery and refinement phase that allows validation of variety of engineered antibody
formats in several in vitro assays (Virdi et al., 2016). However, for in vivo validation that requires
antibodies in milligram amounts, one has to opt for seed-based expression systems. Arabidopsis
seed enables accumulation levels of IgG and IgA antibodies up to 0.2% to 3% of total seed weight
that suffice to perform pilot scale in vivo experiments (Virdi et al., 2013). However, crop plants
such as soybean are much suited for bulk production that provide larger biomass compared to
Arabidopsis seeds.

Nicotiana benthamiana is the widely used model for transient expression due to its
amenability for agroinfiltration-mediated gene delivery, and this is based on the fact that this
variety is a natural occurring mutant in the RNA dependent RNA polymerase gene, thus resulting
in lower degrees of post transcriptional silencing. The traditional method for transient expression
involves the utilization of standard, non-viral vectors comprised of the gene of interest under
transcriptional control of strong constitutive promoters, and the highest yield is achieved by
adding a KDEL peptide and ER-retention signal to the C-terminus of the gene of interest. The
suspension of Agrobacterium tumefaciens bearing an expression cassette containing the gene of
interest and a strong constitutive promoter (i.e. 35S CaMV (cauliflower mosaic virus) promoter)
is delivered into the extracellular leaf spaces by syringe (physical) or vacuum infiltration, this
process is known as agroinfiltration. Although flexibility with syringe infiltration allows the
introduction of multiple constructs in the same leaf, thereby permitting multiple analyses with a
single leaf (Vaghchhipawala et al., 2011). It is not possible with vacuum infiltration where the
entire plantis infiltrated with the one construct. However, vacuum infiltration is more robust and
has the potential for enormous scalability that facilitated the development of biopharmaceuticals

at the industrial scale.
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Antibody production by conventional plant-based systems has been considered as a very
slow means of industrial scale manufacturing as compared to bioreactors using mammalian cell
culture, until two major technological breakthroughs in Nicotiana-based manufacturing system.
These include glycoengineered transgenic plants that can produce antibodies with mammalian
glycoforms (Strasser et al., 2008) and viral-based transient expression system allowing high yield
and upscaling of the antibodies in days (Hiatt and Pauly, 2006; Marillonnet et al., 2005). Besides
the above-mentioned method, another strategy for transient expression utilizes plant viruses as
adapted expression vectors. The earlier method was based on a mature virus particle carrying
the gene of interest as an additional open reading frame in the functional genome (Lico et al.,
2008). However, use of this method was hindered due to the limited packaging capacity of the
viruses. The second, more advanced method allows the expression vector to contain only a few
elements such as a promoter, terminator, enhancer and silencing suppressor gene that are
crucial for transgene expression in the plant tissue. These vectors are referred to as the
"deconstructed virus" (Gleba et al., 2007) that enables the development of a most advanced
technology termed ‘Magnifection’ (Donini and Marusic, 2019) which was trademarked by Icon
Genetics (Hale, Germany) as magnlCON® technology and vectors (Klimyuk et al., 2014). The
magnICON® technology allows the production of several heterologous proteins such as
cytokines, growth hormones, single-chain antibodies and monoclonal antibodies at high levels in
plants (1-5 g/kg FW) and is currently used by many industries and research laboratories
worldwide. For example, Mapp Biopharmaceuticals Inc. developed an analogue of Palivizumab
and produced in glycoengineered N. benthamiana plants using magnIlCON® to reduce the
manufacturing cost and provide cost-effective treatment for respiratory syncytial virus (RSV)
infection (Zeitlin et al., 2013). The virus neutralization activity and RSV F-binding affinity of plant-
produced palivizumab (palivizumab-N) were comparable to that of conventional palivizumab
produced by a mouse myeloma cell line. Moreover, palivizumab-N displayed protection against
RSV infection in the cotton rat disease model in prophylactic and therapeutic settings (Zeitlin et
al., 2013).

Currently, several plant-derived biopharmaceuticals based on ‘MagnICON’ are being

validated in clinical trials. These include ZMapp (Mapp Biopharmaceutical, San Diego, United
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States) against Ebola virus (clinical trial number- NCT03719586, https://clinicaltrials.gov), which

comprise the cocktail of three chimeric neutralizing antibodies produced in N. benthamiana
plants with knocked-down plant-specific glycosyl transferases (1,2-xylosyltransferase; and al,3-
fucosyltransferase) (Qiu et al., 2014). These antibodies were first used to treat humans in the
2014 Ebola outbreak as alternative treatment was not yet available. HAI-05, subunit influenza
vaccine against H5N1 was also produced in N. benthamiana (clinical trial number- NCT01250795,

https://clinicaltrials.gov) (Shoji et al., 2012).

2.3.3 Yeast expression system

Another attractive platform for the production of therapeutic proteins is yeast expression that is
useful for both basic laboratory research and industrial production. Pichia pastoris has gained
enormous popularity in recent years due to its unique features that can be attributed to several
features: these include ease of genetic manipulation, the rapid growth rate in relatively cheap
and defined media thus decreasing the production cost, no susceptibility to contamination with
endotoxins or viruses, stable expression and scalability in fermenters. Like other eukaryotic
systems, P. pastoris is capable of diverse post-translational modifications including proteolytic
processing, protein folding, disulfide bridge formation and oligomerization, glycosylation,
methylation, and acylation (Wang et al., 2016).

Moreover, P. pastoris secretes large amount of active recombinant proteins with very few
endogenous proteins, using the secretion signal, that eases downstream processing. The most
commonly employed secretion signal is derived from the alpha mating factor (a-MF) leader
sequence of Saccharomyces cerevisiae that has proven to direct and process heterologous
protein through the secretion pathway effectively. The a-MF signal sequence composed of 19-
amino acid pre- and 67 amino acid pro-peptides regions. First, the pre-signal directs the nascent
protein to the ER and subsequently is cleaved off by signal peptidases, followed by transferring
the protein to the Golgi by a pro-signal, where it is finally removed by the Kex2 endopeptidase
(Kurjan and Herskowitz, 1982).

P. pastoris is a methylotrophic yeast, that is able to metabolize methanol as its sole carbon

and energy source. Thus, the cloning system based on the inducible AOX1 promoter has been
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extensively explored (Gomes et al., 2018). Methanol is oxidized to formaldehyde using molecular
oxygen by the enzyme alcohol oxidase. The poorer affinity of this enzyme to O is compensated
by producing a large amount of alcohol oxidase. In P. pastoris, two genes (AOX1 and AOX2) code
for alcohol oxidase, while the majority of production is regulated by AOX1. The strong and tightly
regulation methanol inducible promoter for AOX1 (Paox:) holds the advantage over other
inducible promoters. Its repression and de-repression depend on the presence of carbon sources
such as glucose, glycerol or ethanol. Upon depletion of the carbon sources, and the addition of
methanol, Paox: is fully induced and drives the high expression of the heterologous protein
(reviewed in Ahmad et al., 2014). However, its toxic and highly flammable nature makes
methanol undesirable for industrial-scale production. To circumvent these disadvantages,
several variants of Paox: have been explored that do not demand methanol for induction and
allow high expression of the heterologous protein (Wang et al., 2017; Zahrl et al., 2017).

Since the majority of biopharmaceuticals are glycoproteins, the glycosylation machinery
of the host is of tremendous interest. In contrast to homogenous and complex N-glycans in
humans, P. pastoris provide their glycoproteins with heterogeneous high-mannose type which is
detrimental to the pharmacokinetic behavior of the therapeutic proteins and leads to increased
serum clearance in the human circulation due to interaction with human mannose receptors (De
Pourcq et al., 2010). More recently, considerable efforts have been made towards the
humanization of protein glycosylation pathways in order to produce therapeutic glycoproteins
and antibodies with humanized glycosylation profiles (De Pourcq et al., 2010; Van Landuyt et al.,
2018; Wildt and Gerngross, 2005).

Yeast expression systems have received approval from numerous regulatory agencies
such as FDA, EMA, PMDA, CDSCO for production of a range of biopharmaceuticals (Sanchez-
Garcia et al., 2016). In recent years, Pichia pastoris has gained attention for the production of
numerous biopharmaceutical products including human serum albumin, human insulin, trypsin,
collagen, hepatitis B vaccine, interferon-alpha 2b, and Nanobody® ALX-0061, among others

(https://pichia.com/science-center/commercialized-products/). At present, several P. pastoris

full-length antibodies are being studied in clinical trials. Eptinezumab (formerly known as

ALD403) is currently in Phase Il clinical trials (NCT02974153, https://clinicaltrials.gov/). It is a
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humanized monoclonal antibody against calcitonin gene-related peptide (CGRP) that is being
developed by Alder Biopharmaceuticals for the treatment of migraine

(https://www.alderbio.com/pipeline/). Other examples are Vobarlizumab (ALX0061,

recombinant sdAbs against IL6 receptor), and ALX0171 (recombinant anti-RSV sdAbs) used for
rheumatoid arthritis and RSV infection treatment, respectively; both are developed by Ablynx
NV. However, ALX0171 development program was stopped and the clinical trial has been
discontinued. Moreover, anti-Ebola antibody cocktail, ZMapp has also been developed in
glycoengineered P. pastoris strain (Glycoswitch); however, its in vivo efficacy has yet to be
addressed in animal models (Purcell et al., 2017). To conclude, the characteristics of different

expression platforms have been summarized in Table 3.

3. Conclusion

The global biopharmaceutical market accounted for $186,470 million in 2017 and is expected to
rise up to $526,008 million by 2025. The increased demand of biopharmaceuticals is attributed
to their ability to treat several untreatable diseases, that were incurable in the past. Full-length
monoclonal antibody dominates the market that represent approximately half of the market
share of total biopharmaceuticals, followed by vaccines, TNF blockers, hormones like insulin, and
other small molecules (VHHs) (Ecker et al., 2015). Currently, nearly 50 monoclonal antibodies
have been approved by the FDA and approximately 300 are in the stage of preclinical or clinical
development. Despite capturing significant fraction of total market share, monoclonal antibodies
are often associated with some limitations. Antibody fragments are attractive alternatives for
new therapeutic and diagnostic applications. Over the past few years, there has been surging
interest in the scientific community for developing VHH-based therapeutics as it offers several
advantages such as small size, ease of manufacturing, high thermostability, ease of engineering
to generate multivalent or multi specific moieties, and easy penetration. But, optimizing the
production process with high productivity and desired properties such as optimal glycosylation is
not an easy task. It is worthwhile to take a comparative view of different expression platforms

into account to choose an appropriate production host. Although, both plants and yeast seem
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cost-effective expression system for antibody production, yeast offers an advantage for rapid
production and analysis. However, plants have the potential to store the functional proteins

intact in seeds at ambient temperature for several years.

Table 3. Comparison of different expression platforms for therapeutic protein production
(adapted from (Yao et al., 2015) and (Dingermann, 2008)

Characteristics

E. coli

Pichia pastoris

Plants

Mammalian
cells (e.g. CHO)

Classification

Gram-negative

Methylotrophic

Higher eukaryotic

Higher eukaryotic

yeast

Disulfide bonds only in periplasm yes yes yes

Yes, no terminal Yes, typically
Glycosylation No Yes, terminal fucose

al,3 mannose human-like
Protein folding Low Medium High High
accuracy
Protein yield Medium High High Medium-High
Product quality Low Medium High High
Contamination risks Endotoxins Low Low Virus, Prions,
oncogenic DNA

Cost of production Low Low Moderate High

Use of antibiotics

Typically required

Not required

Not required

Not required

Safety costs Low Low Low High
Scale-up capacity High High Very High Very low
Storage costs Moderate Moderate Inexpensive Expensive

Process developed

Industrial scale

Industrial scale

Industrial scale

Industrial scale

Production market

Yes

Yes

Yes

Yes
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Abstract

Owing to their appealing characteristics, VHHs have much to offer in various applications. Here,
we exploited VHH-Fc fusions as a vaccine delivery vehicle and antivirals for the infectious agent.
Antibodies are being used already for a long time as a precise selective targeting agent; however,
their complex structure poses several obstacles. VHHs offer an attractive alternative due to their
small size and ease of engineering. A triple fusion of VHH with a vaccine antigen and Fc domain
enables the vaccine delivery to the tissue-specific receptors and also to the Fc receptors on
antigen presenting cells, thereby eliciting focused immune response.

On the other hand, VHHs also have potential as antivirals to replace already available
expensive therapies. For instance, VHHs against the respiratory syncytial virus have been shown
to have a virus neutralization potency in the picomolar range by inhibiting fusion to the host cell
membranes. Furthermore, Fc fusions to these VHHs not only improve the breadth of the
neutralization by offering Fc-mediated effector functions, but also increase the half-life of the
associated VHHs.

This chapter addresses the scope of VHH-Fc fusions to deliver vaccine antigens to a
selected intestinal receptor allowing to fight against an enteric pathogen, and also the potential

to develop improved VHH-antivirals for RSV infections.
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Part 1. VHHs as vaccine delivery vehicle

Vaccination has been established as the most successful public health interventions for the
prevention of a wide range of infectious diseases. The health benefits of vaccines are
indisputable. Vaccination involves the administration of the antigenic preparation that
subsequently results in activation of adaptive immunity and provides long-term protection
against that pathogen. The very first development of a vaccine as a public health tool was
demonstrated by Edward Jenner for smallpox in 1796. Since then, many milestones have been
achieved in vaccine research yielding many cost-effective and safe vaccines with reduced adverse
reactions induced by the vaccine material. There are several types of vaccines. The most
traditional vaccine method utilizes live-attenuated/killed pathogens or inactivated bacterial
toxins to initiate an immune response. The traditional methods became increasingly common
and were employed to develop several successful vaccines such as vaccinia (Jacobs et al., 2009),
tuberculosis (Luca and Mihaescu, 2013), and polio (Blume and Geesink, 2000). Despite these
successes, the traditional methods started to lose interest among the scientific community as
they failed to provide required protection without any adverse reactions. The risk of strain
reversion to a more virulent phenotype and inefficient attenuation resulting in a more severe
disease state (Pliaka et al., 2012; Unnikrishnan et al., 2012) is the major concerns with live-
attenuated vaccines. Thus, with the advancements in biotechnology research and in search of an
efficient vaccination strategy, the next generation vaccines such as recombinant/DNA vaccine,
conjugated vaccines and subunit vaccines are being developed, all having their own advantages

and disadvantages as summarized in Table 1.
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Table 1. Comparison of different types of vaccines (Baxter, 2007; Vartak and Sucheck, 2016)

Vaccine type

Advantages

Disadvantages

Example

Live attenuated

very potent, multiple doses are
not required

immune response against all
the antigens associated with
the infection is generated

Risk of reversion of the
pathogen to infectious state
that may cause illness

Measles, mumps,
rubella (MMR
combined
vaccine), Varicella
(Chickenpox),
Influenza (nasal
spray), Rotavirus

Killed/
inactivated

Safe to use in
immunocompromised patients
No risk of reversion thus can't
cause a disease state.

Storage conditions are not
critical compare to live
attenuated vaccines.

Require several doses
Inefficient

Adverse reaction at the
vaccine site due to adjuvant
Do not give rise to cytotoxic T
cells

Polio (IPV),
Hepatitis A

purified antigenic components.

is crucial as they could be
immunogenic causing
suppression of the antigenic
immune response

Better stability compared to | ¢ High production cost | Vaccine to protect
traditional vaccines. compared to other vaccine | horses from West
No risk of reversion can't cause types Nile virus
. a disease state. e Mutation in host DNA is

Recombinant/ . . .

DNA Storage conditions are not possible in case of DNA
critical. vaccines
Better control on vaccine
design as the desired gene can
be added or deleted.
Safe to use in | « Conjugation chemistry is | Haemophilus
immunocompromised patients difficult to control which | influenza type b
can't cause a disease state could cause  batch-wise | (Hib),
Fewer chances of adverse variation. Pneumococcal,

Conjugated reactions because of the | ® Choice of the carrier protein | Meningococcal

Subunit vaccine

Safe to use in
immunocompromised patients
can't cause a disease state

Fewer chances of adverse
reactions because of the
purified antigenic components.

Less immunogenic than live
attenuated vaccines

Particular antigens should be
identified causing the disease

Hepatitis B,
Human
papillomavirus
(Cervarix)

1.1 Targeted Subunit vaccines

Subunit vaccines are designed to possess only minimal microbial components (e.g. peptide,
proteins or polysaccharides) that are necessary to produce an appropriate immune response,
which makes them safer compared to traditional vaccines. Although subunits vaccines have the

potential to circumvent the difficulties of classical vaccine development approach, they are often
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poorly immunogenic due to the limited number of components and their non-replicating nature
(Demento et al., 2011). This necessitates the co-administration of potent immunostimulatory
agents (adjuvants or carrier), higher doses and multiple boosters to achieve prolonged immunity
(Abdel-Aal et al., 2008; Boato et al., 2007; Demento et al., 2011; Skwarczynski et al., 2012).

The characteristics of subunit vaccines such as efficacy, immunogenicity, stability and the
number of doses required can be further improved by incorporation with several other
components including vaccine delivery system (e.g. emulsions, liposomes, and polymers) (Moyle
and Toth, 2013; Vartak and Sucheck, 2016). Moreover, the subunit vaccines can be coupled to
the targeting moieties capable of directing them to certain immune cells (e.g. antigen presenting
cells) or organs (e.g. lymph nodes, mucosal-associated lymphoid tissue (MALT)) to generate a
focused immune response. Antigen-presenting cells (APCs) such as dendritic cells (DCs), and
macrophages are the vital components of the immune system that plays a crucial role in engulfing
and processing the antigens. APCs ultimately present the processed antigens via major
histocompatibility complex (MHC) molecules to T cells; thus, triggering their activation,
expansion and differentiation into the effector cells (Bilsborough and Viney, 2004; Holmgren and
Czerkinsky, 2005). APCs could also present the unprocessed antigens to B cells (Heesters et al.,
2016). During the protective immune response, B-cell derived plasma cells secrete high-affinity
antibodies (Abs), and T cells produce cytokines (CD4+ T cells) or show cytotoxic activity (CD8+ T
cells) for pathogen clearance. While, for the adaptive immune response, some lymphocytes
differentiate into memory cells that clear the pathogen upon secondary infections (Junt et al.,
2008; Randolph et al., 2008).

The efficacy of the vaccine can be significantly enhanced by specific targeting to the cell
surface receptors on APCs (Keler et al., 2007). Additionally, a precise targeting can also reduce
the adverse effects and degradation of vaccine material by irrelevant cell types. Currently,
therapeutics antibodies are being developed to fight against various infectious diseases by
targeting disease-specific antigens in pathogens. The exquisite binding specificity of an antibody
can be exploited for selective targeting of a vaccine antigen to APCs. The antigen payload that
subsequently elicits the adaptive immune response can be coupled either genetically by

producing recombinant antibody-antigen fusion constructs or chemically by linking the antigen
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to APC-specific binding antibodies (Lehmann et al., 2016). The genetic fusion method has several
advantages over chemical coupling. Genetic fusion allows more controlled coupling of an exact
number of antigens, while this is unpredictable in the chemical coupling. Additionally, targeting
antibodies can be engineered to contain improved characteristics such as high accumulation,
host compatibility (humanization), appropriate folding and solubility by changing amino acid
composition (Chiu and Gilliland, 2016; Ducancel and Muller, 2012; Teplyakov et al., 2018; Van
der Weken et al., 2019). Antibodies possess several other features including complement fixation
and effector functions of the Fc tail that also serves as a dimerization motif. For genetically
engineered vaccines, the vaccine antigen may be fused to APC-specific full-length antibodies
(Dudziak et al., 2007), antibody fragments such as single-chain variable fragments (scFv), Fabs,
single-domain antibodies (VHH) (Fang et al., 2017b; Schjetne et al., 2007), or natural ligands
against pattern recognition receptors (PRRs) expressed by APCs such as Toll-like receptors (TLRs)
or C-type lectin receptors (CLRs) (Yu et al., 2018). VHH-Fc fusions seem superior due to their
distinct properties, as described in Chapter 1 (Czajkowsky et al., 2012). Moreover, the choice of
an Fc scaffold holds promise in directing the vaccine antigen to the Fc receptors on APCs. For
instance, both human IgG1 and 1gG3 exhibit higher affinity for FcyR than IgG2 and IgG4 (Bruhns
and Jonsson, 2015), but 1gG3 is not favored due to its short half-life (Morell et al., 1970) and
susceptibility to proteolysis (Jefferis, 2007). The short half-life of IgG3 was explained by the
presence of histidine residue at 435 position that results in reduced interaction with FcRn

(Stapleton et al., 2011). Therefore, the human IgG1 isotype is the targeting antibody of choice.

1.2 Mucosal vs parenteral vaccination

In addition to vaccine targeting to APCs, the route of administration is equally important and
strongly affects the quality of the immune response (Mohanan et al., 2010). Traditionally, the
subcutaneous injection was the preferred method for all the adjuvanted vaccines, excluding BCG
vaccine. It was later observed that the vaccines caused severe local adverse reactions at the site
of injection due to the adjuvants used in the formulation. Therefore, the intramuscular injection
was considered as an alternative route, that also elicited a better immune response with a

reduced rate of adverse reactions compared to subcutaneous injection in some studies (Cook,
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2008; Cook et al., 2006; Ruben et al., 2001). Although the traditional methods via parenteral
routes (intramuscular, subcutaneous, and intradermal) have proven to be useful to stimulate the
systemic immune response, the generated circulatory antibodies are not sufficient to fight
against mucosal infections (Holmgren and Czerkinsky, 2005). Given that the majority of infections
occur at the mucosal membranes, the establishment of protective mucosal immunity is of
paramount importance.

Mucosal vaccines can not only trigger both antigen-specific humoral and cell-mediated
immune responses at mucosal membranes, but they also result in systemic responses, that has
been well documented in several studies. Moreover, mucosal vaccinations have the potential to
achieve long-lasting B- and T-cell memory (Brandtzaeg, 2007; Sheridan and Lefrancois, 2011). The
acquisition of mucosal homing property of B and T cells is dependent on the specialized dendritic
cells that migrate from mucosa to draining lymph nodes and allow lymphocytes to enter the
mucosal tissues (Mora and von Andrian, 2009). The mucosal vaccination is characterized by
induction of pathogen-specific secretory IgA (SIgA), that also ensures cross-protection against
viruses (Hasegawa et al., 2015).

Needle-free mucosal vaccines can be delivered via various routes based on the nature of
the infection caused by the pathogen. For instances, vaccine administration via the oral route
stimulates the immune response against intestinal infections caused by enteric pathogens such
as enterotoxigenic Escherichia coli (ETEC), Shigella species, Vibrio cholerae, Helicobacter pylori,
and rotaviruses. On the contrary, intranasal administration is effective at inducing an immune
response against respiratory infections caused by Mycoplasma pneumoniae, influenza virus and
respiratory syncytial virus; and sexually transmitted genital infections caused by HIV, Chlamydia
trachomatis, Neisseria gonorrhoeae and herpes simplex virus (Holmgren and Czerkinsky, 2005;
Lycke, 2012). In addition, sublingual vaccination is gaining a lot of interest because it evokes
strong mucosal and systemic antibody responses, as well as T-cell mediated cytotoxic responses
(Carmichael et al., 2011; Cho et al., 2010; Domm et al., 2011). One study even demonstrated that
sublingual administration of adjuvanted subunit influenza vaccine evoked comparable B-cell
memory responses to those elicited by intramuscular injection with conventional influenza

vaccines (Gallorini et al., 2014). Moreover, it has been shown that pulmonary inoculation with
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aerosolized virus-like particles (VLP)-based vaccines targeting the HIV coreceptor CCR5, could
elicit both a mucosal as well as a systemic immune response resulting in high-titers of systemic
antibodies (Hunter et al., 2009). These studies demonstrate the potential of mucosal vaccines to
prevent infection at the portal of pathogen entry.

Furthermore, oral vaccines do not need extensive purification, as the gut is heavily
populated with gut microflora. Thus, they are cost-effective and practical for mass vaccination.
Moreover, needle-free administration reduces risks of transmitting blood-borne infections
through the infected needle (Srivastava et al., 2015) and does not require the specific training for
vaccination. However, the orally delivered subunit vaccines are poorly immunogenic due to
degradation of most antigenic epitopes by the harsh environment in the gut-intestinal (GlI) tract
(Neutra and Kozlowski, 2006), thus they must be protected with supplemental materials or
adjuvants to potentiate the vaccination capacity (Gutjahr et al., 2016).

Nevertheless, it is difficult to predict the in vivo efficacy of the vaccine protein, as multiple
factors affect the functional outcome. Many mucosal vaccines candidates, that were successful
in preclinical studies in animal models failed to confer protection in clinical trials (Czerkinsky and
Holmgren, 2010; Pasetti et al., 2011), showing that results obtained in animal model systems
cannot automatically be extrapolated to humans. Because of the low efficacy of most orally
administered mucosal vaccines, only a few licensed oral vaccines currently exist. (summarized in

Table 2), and more research is needed to make oral vaccines more potent and efficient.
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Table 2. Licensed mucosal vaccines for human use (reused from Kim and Jang, 2017)

Trade o, Immunological '
Pathogen Composition Dosage .g Efficacy
name mechanism
Live attenuated, Over 70%-
. Mucosal IgA and .
. Rotarix, monovalent or Oral, 3 . L 90% against
Rotavirus systemic neutralizing
RotaTeg pentavalent doses oG severe
rotaviruses g disease
Orimune, | Live attenuated o
. (012 trivalent, bivalent, Oral, 3 Mucosal IgA and Over 90% in
Poliovirus ) . . most of the
Poliomyeli | and monovalent doses systemic IgG world
tis vaccine | polioviruses
M I 1gA i Variabl
Salmonella | Vivotif, Live attenuated S. Oral, 3-4 ucosal lgA, systemic ariable,
Typhi Ty21A Typhi bacteria doses '8G, and CTL but more
s y P responses than 50%
Inactivated V. . . .
. Dukoral, nactivate . Antibacterial, toxin- Strong herd
Vibrio cholera O1 classical | Oral, 2-3 o .
ORC-Vax, . specific, and LPS- protection
cholera Shanchol and El Tor biotypes doses specific lgA over 85%
with or without CTB P & ?
Live viral
reassortant with the
trivalent mix of H1 H lutinin- and .
rivalen mlxq , Intranasal emagg u. inin- an 85% in
Influenza H3, and B strains of in voun neuraminidase- children
type A and FluMist hemagglutinin and y 8 specific mucosal IgA . "
. . children, 2 ) variable in
B virus neuraminidase and systemic IgG
. doses adults
genes in an responses
attenuated donor
strain

1.3 Antigen sampling and immune responses in the gut

The mucosal immune system is composed of both inductive and effector sites based on their
anatomical and functional characteristics. The inductive site in the GALT (Gut-associated
lymphoid tissue) includes Peyer's patches and isolated lymphoid follicles that acquire the
intestinal antigen and initiate a primary adaptive response; whereas effector sites such as lamina
propria contain antigen-specific IgA-producing plasma cells and memory B and T cells. The gut

epithelium is organized as crypt-villus structures and is composed of the four principle cell types:
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enterocytes, goblet cells, Paneth cells and enteroendocrine cells. Enterocytes are the major cell
type in the intestinal epithelium and have a primary function in nutrient absorption. However,
these cells also express specific receptors on their surface to enable receptor-mediated
endocytosis (Melkebeek et al., 2012). In addition, enterocytes express polymericimmunoglobulin
receptor (plgR) that facilitates the secretion of secretory IgA. Goblet cells secrete mucus, Paneth
cells secrete antimicrobial peptides and proteins, whereas enteroendocrine cells produce
hormone-like molecules (Kong et al.,, 2018). In addition to crypt-villus formation, a smaller
proportion of intestinal epithelium exist as small flat sections that are called follicle-associated
epithelium (FAE). The most distinguishing feature of the FAE is the presence of specialized
antigen-sampling cells, known as M cells or ‘microfold’ cells. M cells are highly phagocytic and
shuttle the intestinal antigen to underlying follicles. The basolateral membrane of the M cells is
invaginated to form an intraepithelial pocket. Within these pockets, antigen-presenting cells
(APCs) and lymphocytes are present that take up transcytosed antigens. In comparison to
enterocytes, M cells are far less abundant and account for only 1% of all intestinal epithelial cell
populations. Next to M cells and enterocytes, dendritic cells (DCs) in the lamina propria can also
participate in sampling both pathogenic and commensal bacteria by extending their dendrites
between epithelial cells (Rescigno et al., 2001).

Further, the transcytosed antigen is taken up by dendritic cells which play a crucial role in
inducing immune responses to control the infection. Under steady-state conditions, production
of local factors such as TGF-f3 and prostaglandin E; by intestinal epithelial cells results in partial
maturation of DCs in Peyer's patches (PP) or lamina propria (LP). These semi-mature DCs present
antigen to naive CD4* T cells in the mesenteric lymph nodes (MLN) or PP and induce their
differentiation into either tolerogenic T cells (Tu3) or regulatory T cells (Treg). On the contrary,
when pathogen is encountered, they are recognized by TLRs expressed by macrophages, DCs and
intestinal epithelial cells, resulting in inflammation. This leads to the complete maturation of DCs
and secretion of IL-12. These mature DCs migrate to MLN and subsequently activate the
pathogen-specific effector T cells (Tul, Tu2 and/or Tul7 cells) (Cerutti et al., 2011, Devriendt et
al., 2011). Finally, effector T cells migrate to B cell follicles of germinal center and secrete

cytokines to promote IgA class switching (Bemark et al., 2012). Moreover, IgA+ plasma cells
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terminally differentiate in lamina propria to secrete secretory IgA (SIgA) that are the major
immune effector component in the mucosa. SIgAs transport across the epithelial cells via plgR
and eliminate the pathogenic antigen by making antigen-IgA complexes, thereby inhibiting the

antigen binding to the specific receptors (Kim and Jang, 2017) (Figure 1).

Lumen Figure 1. Schematic diagram of mucosal
immune induction. The luminal antigens
transcytosed by M cells encounter
dendritic cells (DCs) in the subepithelial
dome of Peyer’s patch. DCs loaded with the
antigens migrate to the interfollicular T cell
zone and induce the effector T cells.
Antigen-specific effector CD4+ T cells
express CD40 ligand and induce the IgA+
plasmablasts. FDC, follicular dendritic cell;
TCR, T-cell receptor; TGF B, transforming
growth factor B; IL, interleukin; AID, activa-
tion-induced cytidine deaminase; CSR,
class switch recombination; CXCL13, CXC

~— B, IL4, Alb.CSn

IL-10, retinoic acid  Germinal | Plasmablast chemokine ligand 13; CXCR5, CXC
center chemokine receptor 5. (reused from Kim
and Jang, 2017).

1.4 VHHs as delivery vehicle to combat enteric pathogens

Given the fact that most pathogens colonize and invade the host at mucosal surfaces, it seems
logical to pursue needle-free mucosal vaccination. In contrast to parenteral vaccination, oral
immunization is capable of inducing a mucosal immune response to battle intestinal pathogens
(Melkebeek et al., 2012). The oral route is more challenging due to the hostile environment in
the gastrointestinal tract such as low gastric pH, degradation by proteolytic enzymes, rendering
the oral vaccine ineffective. Thus, encapsulation of the vaccine antigens in biodegradable
microparticles as delivery systems is of paramount importance. Nevertheless, the intestinal wall
is almost impermeable except for the metabolites and small products from digestion. This results
in poor uptake of such vaccine microparticles by intestinal cells and inefficient transport across

the epithelial barrier to reach the underlying GALT. Repeated large dose administration of vaccine
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antigens is the simplest method by far to overcome these difficulties. However, producing the
vaccines in large quantities becomes very expensive, what makes this strategy unsuitable. M cell-
mediated transport leads to induction of local and short-live antigen-specific IgA immune
response and also systemic tolerance to the fed antigen; thus antigen-specific systemic response
is not generated (Russell-Jones, 2000).

However, some molecules use a special mechanism and are capable of inducing good
serum antibody response by crossing the intestinal barrier. These molecules bind to specific
receptors on villous enterocytes, rather than on M cells. Selective targeting of vaccine antigens
to a receptor on intestinal cells facilitates the induction of local as well as systemic immune
responses towards the intestinal infection (Devriendt et al., 2012). A fusion protein comprised of
a vaccine antigen and a receptor targeting ligand can be envisioned to provoke efficient adaptive
immune responses both locally and systemically. The strong affinity and specificity of antibodies
makes them ideal targeting moieties for vaccine delivery.

In the recent past, aminopeptidase N (APN) on enterocytes was identified as a receptor
for F4ac fimbriae of F4+ ETEC (enterotoxigenic E. coli) that causes severe diarrhea in piglets. The
orally delivered anti-APN rabbit polyclonal antibodies elicited a mucosal immune response
(Melkebeek et al., 2012) that suggests a hypothesis to target an antigen to this receptor via
antigen-antibody fusions to elicit the intestinal mucosal immune response. However, antigen
fusions to a conventional antibody remains challenging owing to their complex structure. An
alternative would be to use simplified antibody versions or antibody fragments such as VHHs,
that offer several advantages as discussed earlier. For instance, Lipovaxin-MM (developed by
Lipotek) is an antibody-conjugated vaccine formulation to treat metastatic melanoma. It is
composed of DC-SIGN (C-type lectin receptors expressed on dendritic cells) targeting single
domain antibody fragment (VH or VL of the antibody) and liposome nanoparticle-based vaccine
encapsulating melanoma antigens and IFN-y. Lipovaxin-MM has recently been successful in a
phase | clinical trial (Gargett et al., 2018).

Although, VHH itself is enough to act as a targeting ligand, fusion to an Fc domain can
further potentiate the immune response. Thus, a vaccine antigen fused to APN-targeting VHH-Fc

would be an ideal mucosal vaccine for enteric pathogens that are taken up by enterocytes, and
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the Fc domain would allow selective delivery of transcytosed antigens to the antigen presenting
cells (APCs) such as dendritic cells. A first part of this thesis greatly concentrates on designing

different permutations of antigen-antibody constructs to deliver antigen payloads to the

intestinal mucosa.
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Part 2. Passive immunization against Respiratory syncytial virus

Passive immunization has proven to be an extraordinary method to provide immediate
protection against many human pathogens including bacteria, virus, fungi and parasites. Passive
immunization is generally employed when a vaccination is not available for a certain disease or
is not functional (for instance in immunocompromised individuals). Passive immunization
involves the administration of 1gG obtained from human plasma or human(ized) monoclonal
antibodies. Although often expensive, passive immunization has been proved to be life-saving
for several viral infections. For example, prophylactic administration of Palivizumab is the only
proven means to protect against respiratory syncytial virus (RSV). Numerous advantages offered
by VHHs make their use appealing for antiviral development. In this section, we focus on VHH-

based antiviral development for the respiratory syncytial virus (RSV).

2.1 Respiratory syncytial virus - brief introduction

Respiratory syncytial virus (RSV) is one of the leading causes of lower respiratory tractillness (e.g.
bronchiolitis, pneumonia) in infants and young children worldwide (Shi et al., 2017). Virtually, all
children will have had an RSV infection by two years of age (Hall et al., 1991). As immunity
induced by previous infections is not durable; recurring infections are common throughout life.
The immature immune system as well as the early lung development of infants and neonates,
correlate with increased susceptibility to respiratory tract infections (Levy, 2007). The most
common lower respiratory tract infection (LRTI) in infants is bronchiolitis which is usually caused
by RSV. However, children older than 2 years do not develop bronchiolitis upon RSV infection.
RSV associated upper respiratory tract infection is more common in older children and young
adults (Sidwell and Barnard, 2006). Although RSV is rarely lethal in healthy people, it can cause
severe illness in high-risk groups (e.g. premature infants), immunocompromised individuals, frail

and community-dwelling elderly persons (Falsey et al., 2005).
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2.2 Clinical manifestations and pathogenesis

Children start to develop respiratory symptoms after 4-6 days of the incubation period (Meissner,
2016). Some common clinical manifestations in infants are tachypnea, cough, crackles, wheezing,
fever, pharyngitis or respiratory distress. The disease is often associated with lethargy, irritability
and poor feeding. Older children and adults present with cold-like symptoms such as cough, fever
and congestion (Eiland, 2009). There is growing evidence that children who had severe RSV
infection early in life are more likely to develop long term wheezing during early childhood,
impaired lung function, hyper-reactive airways, and asthma later in life (Fauroux et al., 2017,
Mohapatra and Boyapalle, 2008; Scheltema et al., 2018).

RSV is highly contagious and transmitted through direct contact with respiratory
secretions from infected individuals. Factors that contribute to virus pathogenesis could be
environmental, viral, and host factors. The weather has a significant impact on RSV spread and
infection. In temperate climates, RSV circulates more in the winter season, typically peaking in
January and February; compared to enterovirus infections that predominate in summer (van
Drunen Littel-van den Hurk and Watkiss, 2012). Cigarette smoking or air pollution has a
detrimental effect on respiratory health that results in necrotic cell death rather than RSV-
induced apoptotic cell death (Groskreutz et al., 2009). Apoptosis is an efficient way to clear the
airway from RSV infected cells and is associated with a less significant inflammatory response.
Moreover, RSV-related infections are influenced by several host factors such as premature birth,
young age (<6 months), chronic lung disease at prematurity, incomplete development of the
respiratory system, T-cell immunodeficiency, immunosuppression or old age, and congenital
heart disease (Simoes et al., 2015). Interestingly, an association between vitamin D deficiency
and RSV-related bronchiolitis has been reported, typically during the first year of life (Belderbos
et al., 2011). However, more recent evidence suggests otherwise as the study could not confirm
this observation (Beigelman et al., 2015). Moreover, genetic predisposition of the host is also
associated with the disease severity. Several single nucleotide polymorphism (SNPs) have been
identified in the genes that are involved in innate immunity (TLR4 and VDR) and altered Th1/Th2

immune responses (IL4, IL13), surfactant protein genes (SPA and SPD), host cell receptor genes,

49



and cytokine or chemokine response genes (CCR5, IFN, IL6, IL10, TGFB1) (Alvarez et al., 2018;
Choi et al., 2013; Miyairi and DeVincenzo, 2008).

RSV infection occurs in both the bronchiole and alveolar epithelium and is associated with
the obstruction of small airways by cellular debris (Johnson et al., 2017). Macrophages and
epithelial cells secrete several cytokines and chemokines including IL-6, IL-8/CXCL8, IL-10/p, IP-
10/CXCL10, MCP-1/CCL2, MIP-1a,/CCL3, MIP-13/CCL4, RANTES/CCLS, TNF-a, and IFN-o/p and
they were majorly found in respiratory secretions of hospitalized children (van Drunen Littel-van
den Hurk and Watkiss, 2012). IL-8 upregulation correlates with the neutrophil recruitment that
constitutes at least 84% of the total immune cell population. Although neutrophils are often
protective in RSV infection by clearing RSV-infected cells, high number of these cells correlated

with disease severity (van Drunen Littel-van den Hurk and Watkiss, 2012).

2.3 RSV burden on the health care system

Since its discovery about 60 years ago, RSV has been established as a major public health burden
globally; however, reported incidence and mortality of RSV acute lower respiratory infection
(ALRI) varies in different geographical locations (Nair et al., 2010; Stein et al., 2017). In 2015, RSV
has been estimated to cause about 33.1 million ALRI incidences. 10 % of these cases (3.2 million)
required hospitalization, with 59,600 in-hospital deaths in children younger than 5 years,
resulting in a substantial burden on health-care industries (Shi et al., 2017). RSV-related mortality
has been sporadically studied in developed countries (Lee et al., 2016; Leung et al., 2014);
however, little is known about in-hospital fatality rate in developing or low-income countries
where hospital-based surveillance is performed less frequently. Poorly defined data of disease
severity in resource-limited settings might limit our ability to accurately access the overall burden
in the full community. Therefore, it is possible that RSV-associated true case fatality rate is
significantly higher than estimated (Karron and Black, 2017; Nokes et al., 2009). Finally, the global
burden of RSV disease is overwhelming, therefore development of an effective therapeutic and

preventive interventions are indispensable (Figure 2).
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Figure 2. Location of studies reporting incidence, hospital admission, and in-house case fatality in
children with RSV-associated acute lower respiratory infection (reused from Shi et al., 2017).

2.4 RSV Virology

RSV is a non-segmented negative-sense single-stranded RNA virus. It is an enveloped virus that
belongs to the family Pneumoviridae, genus Orthopneumovirus. Its 15.2 kb long genome consists
of 10 genes and encodes 11 proteins since two partially overlapping (upstream and downstream)
open reading frames in the M2 mRNA vyield two distinct matrix proteins, M2-1 and M2-2
(Borchers et al., 2013). Four genes code for intracellular proteins, namely N (nucleocapsid), P
(phosphoprotein), M (matrix protein), and L ("large" protein, containing the RNA polymerase
catalytic motifs) and are involved in genome transcription, replication and virus assembly. M2-1
is also a component of the mature assembly; however, the function of M2-2 is currently
unknown. Non-structural proteins (NS1 and NS2) preferentially interfere with IFN-a/p signaling,
thus play a significant role in evading immune responses (Lo et al., 2005). Three proteins
contribute to the viral coat: glycoprotein (G), fusion (F), and small hydrophobic (SH) protein. The
G and F surface proteins are responsible for viral entry by attachment and fusions, respectively
to the host's cell membrane receptors, allowing the release of the viral genome in the cytoplasm.

The role of SH protein is not well understood. Unlike protein G, protein F is highly conserved and
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shares a significant level of sequence identity with its counterparts in other paramyxoviruses

(Collins et al., 1984). (Figure 3)

(a] 532 503 1203 514 958 410 932 1903 961 6578 (nt)
133 124 351 241 256 64 298 574 284 2165 (aa)
( b} iNnNer enve! |.lj.l_.'il_.'_l.J_'. elin
ribonucleocapsid proteins J,f" M: matrix

M: nucleoprotein

P: phosphoprotein Envelope proteins
L: large polymerase F: fusion
- G: attachment

M2: two subunits; SH: small hydrophobic

M2.1 and M2.2 (regulatory)

(=) ss RNA N51 and N52

Figure 3. RSV genome and proteins. (a) negative-sense RNA genome encodes 11 proteins. The number
above and below the map represent length in nucleotides (nt) and amino acids (aa) respectively. (b)
Mapping of 11 proteins on RSV virion and their corresponding classes. (reused from Taleb et al., 2018)

Protein F is synthesized as an inactive precursor Fo and activated by furin-like host
proteases during transport to the cell surface to yield two disulfide-linked subunits, N-terminal
F» and C-terminal F1 (Gonzalez-Reyes et al., 2001). The newly generated Fi subunit has a
hydrophobic N terminus that represents the fusion peptide of the metastable prefusion
conformation containing trimers of disulfide-linked heterodimers (F2-F1). This prefusion state is
refolded to acquire a stable post-fusion confirmation during the subsequent fusion process. RSV
infections in humans elicits antibodies that recognize preferentially either postfusion F, prefusion
F or both. However, the RSV neutralizing activity of human sera is mainly mediated by antibodies
that preferentially bind the F protein in its prefusion conformation (Ngwuta et al., 2015).
Moreover, detailed analysis of a broad panel of RSV F-specific monoclonal antibodies isolated
form human volunteers demonstrated that the most potent RSV neutralizing antibodies
preferentially bind the prefusion F protein (Gilman et al., 2016). Hence, the prefusion state is an
important target for developing antivirals or small molecules that can block the virus entry by

inhibiting the refolding process (Krarup et al., 2015; Rossey et al., 2018).

52



RSV has been classified into two antigenic subgroups, A and B on the basis of the reaction
with monoclonal antibodies against surface antigens (Mufson et al., 1985). Based on the genetic
variability of the G protein, RSV A and B subtypes are further subdivided into 12 genotypes and
20 genotypes, respectively (Duvvuri et al., 2015). A relationship between RSV A and RSV B
subtypes in terms of disease severity still remains controversial (Wright and Piedimonte, 2011),
although some studies have reported that RSV A has a significant association with higher severity
of illness and may more frequently increase the need of intensive care treatment (Jafri et al.,
2013; Walsh et al., 1997). Both the subtypes can co-circulate during one epidemic, but in general,
one predominates (Anderson et al., 1985; Kneyber et al., 1998; Laham et al., 2017; Ogunsemowo

et al., 2018).

2.5 Treatment and prevention

RSV has a significant impact on global health. However, despite decades of research a
vaccine or effective antiviral therapy for RSV is still missing. Consequently, the current primary
treatment for RSV infection is still mainly supportive care with oxygen and fluid management.
Different modalities such as antibiotics, hypertonic saline, and bronchodilators have failed in the
past (Smith et al., 2017). Incomplete understanding of the body's immune response against RSV
poses a challenge to RSV vaccine development efforts. The first formalin-inactivated (FI) RSV
vaccine was developed in 1966, that resulted in increased disease severity in those children who
were seronegative for RSV before vaccination and also caused the death of two infants (Kim et
al.,, 1969). Thus, the vaccine was discontinued. Substantial effort is being devoted into RSV
disease prevention; more than 15 RSV vaccines based on different strategies such as inactivated
or live attenuated, subunit, virus-like particles (VLPs), and nanoparticles-based vaccines are
currently in the pipeline as summarized in Figure 4 (obtained from RSV Vaccine snapshot—PATH

Vaccine Resource Library’, http://www.vaccineresources.org/).
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Figure 4. RSV vaccines and therapeutic antibodies in clinical trial.
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The most advanced RSV vaccine in development is the Novavax F-protein nanoparticle
vaccine. This vaccine consists of insect cells produced postfusion F proteins that spontaneously
arrange into nanoparticles. In cotton rats, this vaccine induces neutralizing antibodies and
protects against RSV infections (Smith et al., 2012). Although immunogenic in elderly, this vaccine
was not effective in reducing RSV infections in this population (Fries et al., 2017).

Maternal immunization allows to protect infants for a few months after birth. In this
approach, a pregnant woman is vaccinated to increase her immunity and subsequent transfer of
the neutralizing antibodies to the developing fetus. The half-life of the maternal antibodies and
insufficient antibody transfer in case of premature birth are critical issues for this strategy. The
Aluminum adjuvanted Novavax F-protein nanoparticle vaccine was shown to be safe and
immunogenic in women of childbearing age (August et al., 2017). In a recent phase Il clinical trial
this vaccine could reduce RSV LRTI hospitalizations but did not met its primary objective to reduce
the frequency of medically relevant RSV LRTI infections. New vaccine candidates based on the
RSV F protein stabilized in its prefusion conformation are currently under clinical development
(Graham, 2019).

Next to active vaccination, passive vaccination can be an effective strategy to protect
from viral infections. Currently, a humanized monoclonal antibody, Palivizumab (Synagis from
Medlmmune) is the only available immunoprophylaxis for RSV disease. This antibody binds
antigenic site Il present on both the postfusion and prefusion conformation of the F protein and
has moderate RSV neutralizing activity. Monthly intramuscular injections with this antibody (50
or 100 mg) can reduce hospitalizations of high-risk infants with about 55% (Null et al., 1998).
However, its use is limited to only high-risk children, due to its expensive production based on
mammalian expression system. Therefore, affordable antibodies that can protect newborns in
the first few months after birth are being developed. MEDI8897 is a recombinant half-life
extended human monoclonal antibody that specifically targets the perfusion RSV F protein
(antigenic site ¢) with an RSV neutralizing activity that is 50 times more potent than palivizumab.
A 50 mg injection with this antibody is believed to be able to protect infants from RSV infections

for the duration of a 5-month season (Domachowske et al., 2018).
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VHHs have the potential to combat viral infections by interfering at several steps of the
virus replication cycle. These include prevention of virus-cell attachment, virus uncoating and
viral entry. For instance, a neutralizing bivalent VHH against H5N1, that was administered
intranasally in mice, was shown to avert influenza A virus attachment to the host membrane,
thus abrogating the subsequent virus replication (lbanez et al., 2011). In another study, five
neutralizing VHHs were analyzed for their mechanism to block the virus replication cycle of the
polio virus. All of them were found to be involved in initial phases- attachment and uncoating,
while the latter was dependent on capsid stabilization by VHH (Schotte et al., 2014).

Several studies have reported the RSV F-specific VHHs with neutralizing potency in the
nanomolar range (Hultberg et al., 2011; Rossey et al., 2017). These VHHs were also developed in
their oligomeric state and exerted at least a thousand fold better neutralization than their
monovalent equivalent (Detalle et al., 2016; Hultberg et al., 2011). However, the short retention
time and short half-life in circulation of VHHs impact the time-frame in which prophylactic VHH
treatment can provide protection and impact the efficacy of single dose therapeutic VHH
treatment (Schepens et al., 2011). Another example is MD3606 in which 4 different head-to-tail
fused VHHs are linked to the Fc fragment of human IgG1. The individual VHHs can potently
neutralize either group 1 influenza A viruses, group 2 influenza A viruses, Yamagata lineage
influenza B viruses or Victoria lineage influenza B viruses. Consequently, prophylactic MD3606
treatment could protect mice from lethal infections with various influenza A and B viruses.
Although MD3606 could potently neutralize these viruses in vitro, its protective activity in vivo

appeared to be dependent on its Fc effector functions (Laursen et al., 2018).

3. Conclusion

VHH technology has grown significantly in the past few years and is estimated to grow even
further, and that is quite evident as the number of published studies has exploded since its
discovery. In this thesis, we have extended the use of VHH moieties to VHH-Fc fusion proteins to

evaluate their efficiency to combat infectious diseases as antivirals and vaccine delivery systems.
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Single-domain antibodies or VHHs have emerged as a potential competitor of monoclonal
antibodies-based therapeutics due to their peculiar properties. This thesis highlights the
application of VHHs to combat infectious diseases. We took advantage of the single domain
nature of the VHH to explore two different applications: engineer VHH derivative fusions into an
effective antiviral agent against respiratory syncytial virus and characterize a transcytotic
receptor binding VHH to construct a vaccine delivery vehicle for intestinal infections. The two
major objectives were set to assess the feasibility of engineering a VHH to have added

advantages.

Development of a VHH-based vaccine delivery vehicle

The prime aim of this project was to develop a vaccine delivery system against intestinal
infections. Poor uptake of orally delivered subunit vaccines across the intestinal epithelium often
poses a major hurdle in developing mucosal vaccines. Therefore, we aimed at targeting the
vaccine antigen to a transcytotic receptor on small intestinal epithelial cells by making fusions
with receptor-binding antibodies, that should enhance their uptake and subsequent immune
response. For this purpose, two strategies based on single-chain variable fragment (scFv) and
single-domain antibody (VHH) were designed to make antigen-antibody fusion constructs for
targeted delivery. As a monoclonal antibody (IMMO013) against an intestinal receptor
Aminopeptidase N (APN) was already available and was shown to deliver antigens via B-glucan
microparticles to APN (Baert et al., 2015), scFv-fusions would be first made for rapid screening of
antigen-antibody fusions and their characterization. As an alternative strategy, we intended to
generate VHHs as new binders against APN by immunizing llamas and screening phage library,
which would allow to make and evaluate VHH-based vaccine antigen carriers. The scFv-based or
VHH-based fusion proteins would be selected based on their accumulation levels and APN
binding strength, followed by their characterization in cell-based binding and uptake assays. The
best performing fusions would be evaluated for their capacity to induce focused immune

response upon oral immunization in piglet models.
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Development of VHH-Fc fusions against respiratory syncytial virus
The second objective of this thesis was to develop VHH-Fc fusions to combat RSV infection by
using the plant-based expression systems. In addition to advantages over VHH alone, VHH-Fc
fusions could be better than conventional monoclonal antibodies (mAbs). A multispecific
construct can be created by fusing different VHHs in one molecule. Moreover, the isolation of
VHHs by panning is more straightforward than selection of conventional mAbs which relies on a
clone by clone approach. Here, as a proof of concept, we chose two RSV specific VHHs that were
previously isolated and shown to have RSV neutralizing potency in the micromolar range
(Hultberg et al., 2011). It was demonstrated that the neutralizing potency of VHH was improved
by approximately 4000-fold when engineered into a bivalent construct (Hultberg et al., 2011).
Therefore, we specifically aimed to make VHH fusions with the Fc domain of murine IgG to
generate bivalent molecule with improved neutralization. As these fusions need a eukaryotic
expression system, we wanted to evaluate their production in infiltrated Nicotiana benthamiana
leaves via transient expression system, as this system is known to allow for rapid analysis (Virdi
et al., 2016). Subsequently, the plan was to test these VHH-Fc fusions for their in vitro neutralizing
potency with lab strains and binding to RSV fusion protein (RSV F) in ELISA and on cells, and to
characterize them via in vivo settings in mice. Besides their protection against RSV infection, the
VHH-Fc fusions would be compared with VHHs and conventional antibodies in terms of their
thermostability, lung retention time and Fc-effector functions.

Additionally, we also aimed to assess the merits of IgA at the pulmonary mucosal surface.
Since IgA are the predominant antibodies at mucosal membranes, they are believed to perform
better compared to IgGs (Virdi et al.,, 2013). However, they cannot be purified due to
unavailability of the affinity ligand. Thus, we aimed to provide a solution to this issue by
introducing a mutation in IgA Fc domain to be able to purify on commercially available resin. The
mutant IgA Fcs would be fused to RSV F binding VHHs and tested for their RSV F binding and

neutralization potency.
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Abstract

Mucosal vaccines have great potential to elicit both mucosal as well as systemic immune
responses. Orally administered vaccines to fight against enteric pathogens are often unsuccessful
due to the well-developed mucosal barriers of the gastrointestinal tract and their poor uptake by
intestinal epithelial cells. Selective targeting of the vaccine antigen to a intestinal receptor such
as aminopeptidase N (APN) can be a promising approach to circumvent the difficulties associated
with oral vaccine development. This study involves the engineering of a novel antigen carrier, by
fusing a target antigen to an anti-APN antibody. Although monoclonal antibodies have been used
for ages as a targeting agent, their engineering to make antigen fusions is rather difficult due to
their structural complexities. The antibody fragments such as scFv (single-chain variable
fragment) and VHH (single domain antibody) offer several advantages over conventional
antibodies including small size, ease of engineering and production. Here, we developed various
permutations of antigen fused to the scFv derived from an anti-APN monoclonal antibody and Fc
domains of a conventional antibody. This chapter describes the limitations of scFv-based fusion
constructs such as low accumulation in several recombinant protein production platforms.
Replacing the scFv with a VHH in several synthetic fusions resulted in improved accumulation
levels in Pichia pastoris expression system. This suggests that the low production levels are most
likely due to instability of the fused variable fragments often not resulting in correct folding and

assembly.
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Introduction

During the past decades, particular interest has been focused on the development of effective
mucosal vaccines because of their efficiency in inducing mucosal as well as systemic immune
responses (Neutra and Kozlowski, 2006). However, only a handful of mucosal vaccines are
commercially available. Orally administered vaccines pass the same gauntlet of host defenses as
do microbial pathogens. They are diluted in mucosal secretions, degraded by proteases, and
subunit vaccines are often not very immunogenic. Moreover, poor uptake by intestinal cells
hinders the transcytosis of vaccine antigen across the epithelium to reach underlying inductive
sites. A promising approach to address this last issue is to target the antigen selectively to
receptors at mucosal membranes as an antigen-ligand fusion (Longet et al., 2018). Since villus
enterocytes are predominant in small intestine, transcytotic receptors on enterocytes may be an
interesting target to deliver the vaccine antigen.

In the recent past, APN (Aminopeptidase N) was identified as a receptor on enterocytes
through which some enteric pathogens make their entry. Moreover, antibodies against this APN
receptor are known to be internalized across the mucosal surface through this receptor
(Melkebeek et al., 2012). Although monoclonal antibodies have not lost their importance as
targeting agents or as vaccine carriers, their large size and complex structure limit their
application for genetic fusions. One approach that has potential to advance the antibody-based
targeting is to reduce the size of the complex molecule and design simplified versions that can
be easily produced with comparable binding characteristics as that of the monoclonal antibodies.
The advancements in genetic engineering made it possible to envision the vaccine carrier with
antibody fragments such as single-chain variable fragment (scFv) comprising variable domains of
the heavy chain (VH) and light chain (VL).

Here we report the design of a targeted vaccine delivery system based on antibody
engineering of an scFv that is derived from the APN-specific monoclonal antibody IMMO013, which
was shown to deliver antigen to APN via -glucan microparticles (Baert et al., 2015). With our

experience, we know that IMMO13 does not bind well to immobilized antigen in ELISA, while it
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was the best clone among other isolated anti-APN mAbs in terms of binding to APN expressed on
cell lines, thus it was chosen to design the antigen carrier.

The antibody-antigen fusion constructs were designed to deliver vaccine antigen to APN
receptor present at the intestinal mucosal membranes. The scFv derived from IMMO013 was
genetically fused to a model antigen (Green Fluorescent Proteins (GFP) in this case). GFP fusion
allows to trace the molecule in vivo. Moreover, we chose to also fuse the fragment crystallizable
(Fc) part of an antibody (Murine 1gG2a, Porcine 1gG3 and Porcine IgA) to this scFv::GFP fusions
for several reasons. It enables the purification on commercially available Fc specific resins and
also dimerization of the molecule, thereby generating avidity effect. Several permutations of
antigen (GFP), antibody (scFv) and Fc tail has been made and production was compared in two
production platforms — plant (Nicotiana benthamiana) and yeast (Pichia pastoris). Moreover,
similar constructs were made with irrelevant VHH (variable domain of the heavy chain-only
antibody) to compare with the production of scFv-based constructs. This chapter reports the
construction of scFv-based fusions and their difficulties with the accumulation. Finally, replacing

scFv with a VHH provides a solution to enhance accumulation level of fusion proteins.

Results and discussion

Cloning and expression of the scFv-fusions in Nicotiana benthamiana leaves

To design a novel antigen carrier, as a proof of concept, we genetically fused GFP to the scFv of
an anti-APN IMMO013 antibody (Baert et al., 2015) and the Fc part of a porcine IgG3 to be able to
track the molecule (referred to as 13-G-PG). Porcine 1gG3 is resistant to proteolytic degradation,
that makes them ideal fusion partner for oral immunization (Butler et al 2009). In parallel, the
control fusions GFP::Fc IgG3 without scFv (G-PG), scFv::GFP without Fc domain (13-G-) and two
fusions without GFP (conventional like antibody with porcine IgG3 constant region (13HL-PG) and
scFv fused to Fc part of porcine IgG3 (13-PG)) were designed via the GoldenBraid cloning system
(Sarrion-Perdigones et al., 2011). We used the 18-amino acid long Cys Linker (L) to join V4 and Vi
domain of scFv. CysL contains one cysteine residue at the C-terminus that promotes covalent

stabilization of the bivalent scFv dimers. This linker has been previously described to efficiently
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produce bispecific small immune proteins (bivalent- scFv fused to a CH3 domain of human IgG1),

where the position of the terminal Cys residue was determined by molecular modelling (Li et al.,

1997). Moreover, a helical linker was used to connect scFv with GFP, which is a helical domain

derived from the C-terminal domain (CTD) of the nuclear antigen La. The helix linker was

previously described to design a bispecific scFv fused with GFP for in vivo visualization of the

retargeting processes and to improve the stability of the scFv fusion proteins (Stamova et al.,

2012). The nomenclature for these fusions and cloning strategy is summarized in Figure 1 and

Figure S4, respectively.

Nomenclature
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Figure 1. Nomenclature and schematic representation (not drawn to scale) of the expression cassettes for
plant expression of the different recombinant fusions. 35S: the constitutive 35S promoter of cauliflower
mosaic virus; 252: the signal peptide sequence of the 252 seed storage protein, VH and VL sequences from
IMMO13 anti-APN mAb, constant region of porcine lambda light chain (CL), green fluorescent protein (eGFP),
the CH1, hinge and CH2-CH3 domain of porcine IgG3, the C-terminal endoplasmic reticulum retention motif
(KDEL) and the nopaline synthase terminator (Tnos), connecting linkers (Cys L and Helix L). Dashed line
represents the disulfide bridge between the CysL of the bivalent scFv.

CysL, GSTSGSGKPGSGEGSTGC; Helix L, EKEALKKIIEDQQESLNK.
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These constructs were produced in infiltrated Nicotiana benthamiana leaves via Agrobacterium
tumefaciens — mediated transient expression to facilitate the rapid analysis. Five days after
infiltration, the crude leaf extracts were prepared and analyzed by western blotting in reducing
conditions with the two different detection setups. The fusion proteins with Fc domain were
probed with anti-pig IgG antibody, and GFP-fusions were probed with anti-GFP antibodies (Figure
2A). The G-PG fusion (GFP-Fc) with the expected molecular weight (56 kDa) was detected with
both probes, although the band intensity with the anti-IgG probe was at least 10-fold weaker in
comparison to anti-GFP detection, but this could be because of the sensitivity of the detection
antibody. A high molecular weight band (~140 kDa) most likely corresponds to aggregates or a
non-reduced bivalent form with glycosylation. 13-G- (scFv-GFP, 57.8 kDa) along with some
degradation products was also detectable with anti-GFP. Moreover, the band intensity of the
degradation products is quite high, suggesting that 13-G- could be unstable and more prone to
proteolytic degradation. The other fusions (13HL-PG, 13-PG and 13-G-PG) were below the
detection limit in both probe settings, suggesting a low accumulation level in the leaf extracts
(Figure 2A).

Therefore, the expression of the engineered fusion products was confirmed in target
binding ELISA. There were several detection possibilities based on the fusion proteins as indicated
in Figure 2B, 2C and 2D. All the control fusion proteins and 13-G-PG (scFv-GFP-Fc) were
detectable in their respective detection settings. 13-G-PG was analyzed by two methods. The first
method in which the ELISA plates were coated with anti-GFP and detection was performed with
anti-pig 1gG antibody, indicates the presence of GFP-Fc fusion in the fusion protein (Figure 2B).
The second method in which the plates were coated with porcine APN to capture the scFv allows
to measure the bound 13-G-PG fusion protein with anti-pig IgG antibody (Figure 2C). This ELISA
setup confirms the presence of anti-APN scFv and the Fc domain, that is only possible when the
complete fusion molecule is properly folded and carrying all the fusion moieties including scFv,
GFP and Fc domain. Moreover, 13HL-PG and 13-PG were also detected with the second detection
method (Figure 2C). As observed in the western blotting, G-PG was readily detected in ELISA

(Figure 2B), whereas 13-G- only gave a low signal-to-noise ratio, correlating with high degradation
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in the western blotting (Figure 2B). Finally, the ELISA data allow to conclude that all the fusion
products are properly folded and functional; however, the accumulation level is very low for all

fusions containing the scFv ‘13’ moiety.
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Figure 2. Characterization of plant-produced fusion proteins.

(A) Western blot analysis under reducing conditions with the crude leaf extracts obtained after
transient expression with the fusion constructs. The blot was probed with anti-pig 1gG antibody (left)
and anti-GFP antibody (right). The theoretical molecular weights are shown below. Red, full-length
protein (G-PG and 13-G-), black dots represent the artifacts; (B, C and D) ELISAs to analyze fusion
proteins in crude leaf extracts in three different settings. (B) plates were coated with anti-GFP and
bound proteins were detected with anti-pig 1gG. (C, D), plates were coated with APN and bound
proteins were detected with anti-pig 1gG (C) and anti-GFP antibody (D). The graph shows the O.D. (492
nm) values obtained for each individual sample.
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Enrichment and purification of the fusion proteins

Since the expression level for the engineered fusion proteins was very weak, they were enriched
by affinity purification to perform further analyses. All the fusion proteins excluding 13-G- were
purified using protein A affinity chromatography. The purification yield of 13-G-PG was in the
range of 3 mg/Kg of fresh leaf weight, while the G-PG yielded 200 mg/Kg FW that is nearly 60-
fold more than that of 13-G-PG. The purification yield for other proteins was also very low and is
summarized in Figure 3A. 13-G- was purified by anti-GFP coupled agarose beads. Importantly,
the low yield of all fusions containing the scFv module suggests that the scFv somehow influences
the stability of the fusion proteins. Next, the purified samples were assessed in western blot to
test their quality and integrity. The engineered fusion products of precise molecular weights were
detected on western blots with some high molecular weight aggregates (Figure 3A). For 13-G-PG,
a smaller fragment corresponding 50 kDa band was also observed that may be due to a cleavage
between scFv and GFP, resulting in one 50 kDa band of cleaved -GFP-Fc and a smaller fragment
for scFv that could not be detected by anti-pig I1gG in the western blot.

Next, an ELISA was performed to confirm the binding of the purified scFv containing
fusions to APN. G-PG was assessed for binding to anti-GFP. The 13-G-PG (also 13HL-PG and 13-
PG) exhibited a very weak binding to APN, whereas anti-GFP coating displayed a stronger signal
(Figure 3B). The poor binding of 13-G-PG to APN was not a complete surprise, because the parent
IMMO13 mAb also binds weakly to the immobilized APN in ELISA. For such clones, ELISA is not an
ideal method, although it is informative for the initial screening. Furthermore, 13-G- was barely
detectable in western blot and undetectable in ELISA (not shown). This suggests that either the
anti-GFP purification is not efficient or the protein is very unstable and is completely degraded

during the purification procedure.
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Figure 3. Affinity purification of fusion proteins. The proteins were purified on protein A except for 13-
G, that was purified on anti-GFP coupled agarose beads. (A) The purified samples were analyzed in
western blot under reducing condition and detected with anti-pig IgG. 13-G- was detected with anti-GFP
antibody. C, crude leaf extract; F, flow-through; W, wash fractions; E1-E4, elution fractions. The arrow
represents the expected molecular weight of the full-length protein. The purification yield is shown in the
table. (B) ELISA was performed to analyze binding activity of the fusion antibodies. The ELISA plates were
coated with APN (top) and anti-GFP (bottom), and bound proteins detected with anti-pig 1gG antibody.
The graph shows the O.D. (492 nm) values obtained for each individual sample.

Binding of the fusion proteins to APN-expressing cell lines

Next, the fusion proteins were assessed for their binding to full-length APN expressed on the
biological membrane of cell lines via flow cytometry. APN-stable IPEC-J2 cell lines were used for
this purpose (Melkebeek et al., 2012). The anti-APN monoclonal antibody IMMO013 served as a
positive control. Since the produced fusion antibodies contain GFP, they were directly detected
by flow cytometry; whereas antibodies that do not carry an internal fluorescent tag (for instance
—IMMO013) were detected by fluorophore-labeled secondary antibody. 13-G-PG was able to stain
32% of the total cell population, whereas the negative control G-PG did not show any binding.
The control proteins IMMO013, 13HL-PG, 13-PG and 13-G- (with or without GFP) also displayed
binding to APN-expressing cells (Figure 4). This assay was repeated with the new protein
preparations and higher concentration (up to 10 ug). Moreover, the purified proteins were eluted

in the high salt buffer, which is not recommended for cell-based analysis. The proteins were
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FITC-A

FITC-A

dialyzed against PBS to perform subsequent analyses and protein integrity was tested in ELISA

(Figure S1). However, no detectable binding could be achieved in flow cytometry. We assumed

that 13-G-PG folds in such a manner that GFP fluorescence is undetectable by flow cytometry.

Therefore, in the next assay setup, detection was also performed with fluorophore-labelled anti-

pig 1gG, but no binding could be observed. These data suggest that 13-G-PG is very unstable

and/or affinity of scFv to APN is abolished due to improper folding. Moreover, the protein yield

was very low and most of the protein was lost during downstream processing. Thus, batch-to-

batch variation of the production process was also a limiting factor and results were not

reproducible. Therefore, a production platform that resulted in high yield could allow for an easy

characterization and subsequent production and purification.
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Figure 4. APN binding assay with APN-stable IPEC-J2 cell lines. The fusion antibodies were analyzed to test
their binding to the APN expressed on the cell membrane. Cells were incubated with fusion antibodies.
IMMO013 is a positive control, whereas isotype and cells alone are negative controls. Bound antibodies were
probed with fluorescently labelled secondary antibody and fluorescent was measured by flow cytometry.
No secondary antibody was added for GFP-fusion antibodies (13-G-PG, G-PG, 13-G-) and cells were detected
based on their GFP fluorescence. Each box represents the percentage of cells that were stained by the

antibodies.
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An alternative production platform and linkers connecting different domains do not improve
the yield

Since the yield was very low in N. benthamiana and upscaling of the production process was very
cumbersome, we decided to evaluate an alternative expression system. Based on the results of
(De Meyer et al., 2015), recombinant protein expression in P. pastoris provides an interesting
alternative (De Meyer et al., 2015). So, P. pastoris was chosen to produce the scFv-antigen-Fc
fusion proteins with some additional permutations (Figure S2). Several aspects and components
were compared including origin of the Fc domain (mouse vs porcine), isotype (I1gG2a, 1gG3 and
IgA), position of the GFP fusion at either C- or N-terminal end of the Fc domain, scFv from IMMO013
by itself and scFv from a different anti-APN monoclonal antibody C5C8. To this end, scFv-GFP-Fc
was made with mouse IgG Fc (referred to as 13-G-MG) to compare the expression with mouse
monoclonal antibody IMMO013 which is the positive control, and with porcine IgA Fc (referred to
as 13-G-PA) to improve the stability during oral immunization. In the constructs which included
the model antigen GFP, GFP was fused at both N- and C-terminal end of the Fc part to see the
effect of fusion position. 13-G- was made as before without any modification. Moreover, only
scFv with a histidine tag was made to evaluate whether the scFv alone is functional or not. All
these genes were cloned, checked for their sequence, transformed in Pichia, and finally the
recombinant fusion proteins secreted in the culture supernatant were analyzed by western blot.
The result was that only those fusion proteins without the scFv of IMMO013 namely G-MG and
MG-G were observed in western blot, whereas all scFv-fusions could not be detected (Figure 5).

G-MG MG-G
a b e d

Figure 5. Expression of the fusion proteins in Pichia pastoris. The expression plasmids were
transformed in P. pastoris and four clones each construct were analyzed via methanol induction to
screen for the highest expressing clone. The secreted proteins in the culture supernatant were
analyzed using western blot under reducing conditions and probed with anti-mouse IgG polyclonal
antibody. Black arrow represents the full-length protein.

73



Furthermore, scFv of IMMO13 alone was also not detectable via the his-tag in western blot,
suggesting that scFv itself is not expressing well. Therefore, we sought to investigate whether the
connecting linker between VH and VL influences the folding and assembly. For 13-G-MG, two
new constructs were made as shown in Figure S3 where the linkers originally used were replaced
with GGGGS linker. However, also this did not result in any significant improvement in the
expression levels. These data led us to conclude that scFv of IMMO13 and derived fusions cannot

be produced regardless of the expression platforms and connecting linkers.

The transition from scFv to VHH improves the yield of the fusion protein

To confirm that incorrect folding of the scFv was the problem for expression, and to obtain more
information on the feasibility to make such complex fusions composed of three domains, the
anti-APN scFv of IMMO13 was replaced with another affinity ligand. Here, we took advantage of
the single domain nature of a VHH domain of heavy-chain only antibodies that does not require
optimization of the connecting linker and also allow easy engineering due to their small size. To
this end, the two irrelevant VHHs namely VHH V2 (Virdi et al., 2013) and VHH D3 (Moonens et
al., 2014) were grafted on the GFP:Fc scaffold (GFP fused to the Fc domain of murine 1gG2a) via
GGGGS linker (referred to as V2-G-MG and D3-G-MG) (Figure 6A), and were examined for their
expression levels in P. pastoris. The secreted proteins in the culture supernatant were analyzed
by SDS-PAGE in reducing conditions, and bands were revealed by Coomassie staining and western
blotting. Noteworthy is that detectable expression level was even accomplished after Coomassie
staining, that was never the case with scFv derived fusions (Figure 6B), suggesting that VHH-
fusions allow accumulation and good yield in P. pastoris. Likewise, western blots also revealed
prominent bands with two different detection probes. The anti-lIgG detection displayed a band
for full-length protein and also a smaller fragment corresponding to the Fc domain (Figure 6C).
The anti-GFP detection revealed four bands, of which the largest corresponds to the molecular
weight of full-length fusion, the smaller fragment (approximately 26 kDa) most likely corresponds
to GFP (Figure 6D). The two intermediate bands correspond to various cleavage patterns in such
fusion molecules, of which some possibilities are indicated in Figure 6E. The cleavage might occur

within the linker, hinge or the CH2-CH3 interface. Nevertheless, VHH fusions appear to be more
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straightforward and provide clear information about the integrity of the fusion proteins. It is clear

that with these accumulation levels, VHH-GFP-Fc fusions could be purified and upscaled.
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Figure 6. Cloning and expression of the fusion proteins in P. pastoris. (A) Schematic representation (not
drawn to scale) of the expression cassettes for cloning in the expression vector under control of AOX1
promoter (AOX1) and AOX1 terminator (T), and a-mating factor (a-MF) secretion signal. Two VHHs (VHH
V2 and VHH D3) were used to make the fusions. (G4S)s, Glycine-Serine linker; eGFP, green fluorescence
protein. The expression plasmids were transformed in P. pastoris and eight clones (a-h) each construct
were analyzed via methanol induction to screen for highest expressing clone. The secreted proteins in
the culture supernatant were analyzed using Coomassie staining (B) and western blot (C, D) under
reducing conditions. The blot was probed with anti-mouse IgG antibody (C) and anti-GFP antibody (D).
(E) represents the different proteolytic cleavage possibilities in the fusion proteins. Black arrow and
arrowhead represent the full-length protein and the cleaved product, respectively.
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Conclusion

In conclusion, this study shows the difficulties that can occur with the production of IMMO013 scFv
and derived scFv fusion proteins. It seems logical to pursue scFv-based fusions if the specific
monoclonal antibody is already available, thereby the cumbersome process of immunizing llama
and screening immune libraries to obtain a VHH can be avoided. However, scFv itself is associated
with various limitations to obtain a fully functional and high expressed protein. We assessed the
scFv fusions in different stages. First, the fusions were made in the plant expression system, and
examined for their functionality in ELISA. However, the results were not reproducible due to the
difficulty in producing large quantities. Next, the fusions were made in various permutations to
gain more information about the fusion position, type and origin of the Fc domain, and the
alternative production platform. In addition, two different linkers were also tested by replacing
the previous linkers connecting the VH-VL in scFv and scFv to GFP. All these efforts did not result
in any significant improvement in the yield. It is possible that shorter or longer linkers, or linkers
with different amino acid compositions may have a positive effect on the solubility and folding;
however, this is a trial-and-error approach. Thus, it is worthwhile to explore the various linkers
before grafting the scFv on the fusion partner. Finally, it is important to note that the search of
the high-expressing clones required to make more than 50 constructs, that somehow limits the
practicality of the scFv-based antigen carrier with this system.

Thanks to their single domain nature, the VHHs are easily engineered and fusion
molecules carrying both the antigen and Fc domain with VHH were possible to make in P.
pastoris. Although the VHH-fusions also seem susceptible to cleavage, it is different from the scFv
degradation, as observed in the western blot analysis. Perhaps, the scFv further augments the
instability of the scFv-based fusion molecules. Thus, they were more prone to degradation as
compared to VHH-fusions, and unable to be detected in western blot or ELISA. As a final note,
VHH-based fusions offer a great potential to design a complex fusion protein and allow rapid

analysis by their production in yeast expression systems.
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Materials and Methods-

Vectors, strains, cell lines and DNA sequences

The plant expression vectors of GoldenBraid2.0 cloning system were used for protein expression
in N. benthamiana (Sarrion-Perdigones et al., 2011). The yeast expression vector pPICZalphaH6E
(NCBI accession number KM035419.1) modified for GoldenBraid cloning (named pKaiGG) was
used for cloning the fusions under the control of the methanol inducible promoter AOX1 (Juarez
et al., unpublished). The pKaiGG vector contains the Zeocin resistance marker for selection in
bacterial as well as in yeast cells. E. coli strain DH5a was used for the construction and storage of
the fusion expression vector (Meselson and Yuan, 1968). The fusions were expressed in N.
benthamiana leaves and P. pastoris wild type strain NRRL Y-11430 (Kuberl et al., 2011). APN
stable cell lines (IPEC-J2 and BHK-21) were cultured as described previously (Baert et al., 2015;
Melkebeek et al., 2012).

DNA sequences corresponding to the fragment crystallizable (Fc) domain of porcine IgG3
(CH1-Hinge-CH2-CH3; NCBI accession number EU372658), porcine IgA (Hinge-CH2-CH3; NCBI
accession number U12594), mouse IgG2a (Hinge-CH2-CH3; NCBI accession number KC295246.1),
VL and VH of anti-APN monoclonal antibody IMMO013 (Baert et al., 2015), constant region of
porcine lambda light chain CL (NCBI accession number CU467669, 2693..3009), eGFP (NCBI
accession number, GenBank- NC_025025.1, Protein- YP_009062989.1), Helix linker (Stamova et
al., 2012), Cys linker (Li et al., 1997) were synthesized by Gen9 (Ginkgo Bioworks). VHH V2 (Virdi
et al.,, 2013) and VHH D3 (Moonens et al., 2014) coding sequences were obtained from the

previously cloned vector in our laboratory.

Construction of the plant expression plasmids harboring the coding sequence of the fusion
proteins

The plant expression vectors were created by taking advantage of seamless assembly offered by
GoldenBraid2.0 cloning system as described previously (Sarrion-Perdigones et al., 2011). Briefly,
the DNA sequences corresponding to Fc domain of porcine 1gG3, CL, VL and VH from IMMO013

anti-APN mAb, Cys linker and Helix linker were assembled in a plant expression vector (Figure 1).
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The N-terminal 252 plant signal peptide (Krebbers et al., 1988) and C-terminal KDEL sequence
were added to the coding sequences of VHH and Fc, respectively. The fusions were cloned under
the control of constitutive 35S promotor of cauliflower mosaic virus (CaMV-35S) and nopaline
synthase terminator (Tnos). First, all the GB parts including VH, VL, CL, CH1-Hinge-CH2-CH3
domain, 35S promoter and Tnos terminator were cloned separately in the domesticator vector
(pUPD) and then assembled into the destination vector (pDGBa2). To achieve high accumulation
levels, the resulting transcriptional unit was subsequently fused to the silencing suppressor p19
cloned in another vector pDGBal (Sarrion-Perdigones et al., 2011). In this way, we obtained the
final plant expression vector pDGBQ2 harboring fusion proteins referred to as 13HL-PG (like full-
length conventional antibody), 13-PG (scFv fused to porcine IgG3 Fc domain), 13-G-PG (scFv fused
to eGFP and porcine I1gG3 Fc domain), and G-PG (eGFP fused to porcine IgG3 Fc domain) (Figure
S4). DH5a cells were transformed with the expression plasmid and transformants were screened
on the media supplemented with spectinomycin selection. The plasmids were isolated using
GenelJET plasmid miniprep kit (ThermoFisher- K0502) to confirm the recombinants by restriction
analysis and sequencing. Finally, the expression vectors were transformed into heat shock
competent A. tumefaciens cells (strain — LBA4404) for production in the plant expression system

(Hoekema et al., 1983).

Expression of the fusion proteins in Nicotiana benthamiana

A. tumefaciens cells bearing the expression vector were infiltrated in N. benthamiana leaves as
previously described (De Buck et al., 2012; Juarez et al., 2013). Briefly, overnight grown bacterial
culture in YEB medium were sedimented and pellet was resuspended in certain volume of
agroinfiltration buffer (10 mM MES pH 5.6, 10 mM MgCl,, and 200 mM acetosyringone) needed
to obtain an optical density of 0.2 at 600 nm, followed by gentle shaking for 2 hours at room
temperature. The resulting suspension was used to infiltrate the abaxial surface of young leaves
of 4-5-weeks old N. benthamiana plants. The leaves were harvested 5 days post infiltration and
extracts were prepared to obtain total soluble protein in a ratio of 1:3 (w/v) in Dulbecco’s

phosphate buffered saline (Lonza- 17-512F) supplemented with cOmplete protease inhibitor
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cocktail (Sigma-Aldrich- 11697498001). After centrifugation, the clarified extract was

immediately used to examine for transgene expression via SDS-PAGE and ELISA.

Purification of the fusion proteins from crude leaf extract

The leaf extracts from about 5 g of infiltrated leaves were prepared as described above and
filtered through 0.45-um Millex® Syringe Filters (Merck) and incubated with pre-equilibrated
protein A resin (GE Healthcare) on a shaker at 4°C for 1 h, except for 13-G- which was incubated
with GBP-Fc coupled agarose beads (De Meyer et al., 2015). These extracts were then applied to
PD10 columns (Pharmacia) by gravity flow, followed by washing with 10 ml wash buffer
(Equilibration buffer DPBS, Lonza). The bound antibodies were eluted in three fractions with 250
pl of 1 M Arginine (pH 2.7) and neutralized immediately with 1 M Tris-HCI (tris (hydroxy methyl)
aminomethane) pH 9. The protein concentration was determined by OD2so measurement. The

purified antibodies were analyzed by western blot and ELISA.

Immunoblotting

Transiently expressed fusion proteins (10 pl of crude leaf extract) were analyzed on 4-20%
precast protein gels (Bio-Rad- 4561096). Samples were prepared in NUPAGE LDS Sample buffer
(ThermoFisher- NPO008) with a reducing agent (ThermoFisher- NP0009). For immunoblotting,
the proteins were blotted onto a polyvinylidene difluoride membrane (Bio-Rad- 1704156) using
the semidry transfer method (Bio-Rad). The membrane was subsequently blocked for one hour
with 5% (w/v) of skimmed milk in PBS containing 0.05% Tween-20 (PBST) and probed with 1/5000
diluted HRP-conjugated anti-pig 1gG (Bethyl- A100-104P) or 1/500 anti-GFP VHH-Fc (mouse IgG
Fc) (De Meyer et al., 2015) followed by 1/5000 HRP-conjugated anti-mouse 1gG (GE Healthcare,
NXA931). The membrane was then washed three times with PBST, and bands were visualized by
adding WesternBright ECL HRP substrate (Advansta- K-12045-D20). All incubation steps were

performed at room temperature on the orbital shaker.

APN binding ELISA
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96-well ELISA plates (Nunc Polysorp®) were coated for two hours at 37°C with 400 ng of APN
(Sigma) diluted in PBS. Plates were then washed three times with PBST and blocked overnight at
4°C with 3% (w/v) gelatin prepared in PBS and 0.05% Tween-80. For another ELISA setup, the
plates were coated overnight at 4°C with 200 ng of anti-GFP VHH-Fc (De Meyer et al., 2015).
Following three washing steps with PBST, plates were blocked with 4% (w/v) skimmed milk
prepared in PBST. Subsequently, the proteins were serially diluted in dilution buffer (2% skimmed
milk + PBS + 0.05% Tween-20), added to each well and incubated for 1 hour at RT. After washing,
bound fusion proteins were detected by anti-pig IgG (Bethyl- A100-104P), diluted 1:10000 in the
dilution buffer. Following incubation for 1 hour at RT, plates were washed three times with PBST
and developed by adding HRP substrate (SIGMAFAST™ OPD tablets dissolved in 20 ml deionized
water, Sigma-Aldrich- P9187). Finally, the reaction was stopped with 1 M hydrochloric acid and
the optical density of the colorimetric reaction was measured at 492 nm (VersaMax, Molecular

Devices, Sunnyvale, California).

Flow cytometry

Binding of the different fusions was analyzed using flow cytometry. The APN-expressing cell line
IPEC-J2-APN was grown until 90% confluence and detached with StemPro accutase (Gibco).
Detached cells (3.0 x 10°) were transferred to a conical bottom 96-well microtiter plate (Gibco)
in 200 pl culture medium and centrifuged for 3 min at 350 g and 4°C. Cells were incubated with
2.5 pg/ml of 13-G-PG and G-PG, and 1 pg/ml of other fusions, anti-APN monoclonal antibody
(mADb, clone IMMO013) and IgG1 isotype control on ice for 30 minutes. The GFP fusions were
detected by measuring the GFP fluorescence, whereas the other bound antibodies were detected
with FITC-labelled mouse anti-pig 1gG antibody (Abcam) or sheep anti-mouse 1gG (Sigma) to
detect all antibodies including IMMO13. Cells were incubated for 30 minutes on ice. Dead cells
were excluded using Sytox blue staining (5 nM; Molecular probes). A total of 10000 viable, single

cells were measured for each condition (Cytoflex, Beckman Coulter).

Construction of the yeast expression vector harboring scFv- and VHH-fusion proteins
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The fusion proteins were cloned in the yeast expression vector pKaiGG (Juarez et al.,
unpublished) via GoldenBraid cloning system. Briefly, similar to the plant expression vector, all
parts (coding sequences) were first cloned in a domesticator vector pUPD2, followed by the
assembly in the yeast expression vector pKaiGG. Subsequently, the plasmids were transformed
in E. coli DH5a.. Upon plasmid preparation and sequence confirmation of the insert, yeast cells
were transformed with the Pmel-linearized vectors and transformants were selected on YPD (1%

yeast extract, 2% peptone, 2% Dextrose) supplemented with 50 mg/ml Zeocin (Invitrogen).

Expression of the scFv/VHH-fusion proteins produced in Pichia pastoris

Expression of scFv/VHH-IgG fusions was first analyzed in 2 ml cultures. On day one, 2 ml of BMGY
medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB, 0.1M potassium phosphate pH 6, 1%
glycerol) with 25 mg/ml Zeocin was inoculated with individual transformants and incubated while
shaking at 28°C for 48 h. For each fusion construct, four to eight independent transformants were
grown in 24-well plates. Cells were then pelleted for 10 min at 1500 g and resuspended in 2 ml
BMMY medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB, 0.1M potassium phosphate pH
6, 1% methanol) to induce the expression. Cultures were incubated while shaking at 28°C for 48
h and spiked with 1% methanol (v/v) every 12 h. After 48 h of induction, the yeast cells were
pelleted, and the supernatant was analyzed by SDS-PAGE, western blot and ELISA to assess the

accumulation of secreted fusions.
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Supplementary Figures
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Figure S1. Binding activity of the fusion proteins after dialysis. The ELISA plates were coated with
APN (left) and anti-GFP (right), and bound proteins were detected with anti-pig 1gG antibody. The
graph shows the O.D. (492 nm) values obtained for each individual sample.

82



13-G-PG 13-G-PA 13-G-MG 58-G-MG

MG-G G-MG

13.6-p [0 v | e
15.6 i o ) v e
13-6-pa o v R
15-06- [ v | N
13- 5 v | e
157 [ v
58-G-MG|“""'F|| ssvi | [T | seve [IEERY [ ecre | R 1|
13- o v
13 o v | N
ST - |

v o)

83

Figure S2. Schematic
representation (not drawn
to scale) of the expression
cassettes for yeast
production of IMMO013
scFv and derived fusions,
featuring the AOX1
promoter and terminator,
o-MF secretion signal, scFv
derived from IMMO013
(13VL-CysL-13VH) and
from C5C8 anti-APN mAb
(58VL-CysL-58VH), green
fluorescent protein (eGFP),
hinge and CH2-CH3
domain of porcine 1gG3
(plgG3), porcine IgA (plgA)
or murine 1gG2a (mlgG2a),
connecting linker (Helix L),
and the C-terminal 6x
histidine tag (H6).
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Figure S3. Expression cassettes with the replacement of connecting linkers with Gly-Ser linker. Two
13-G-MG constructs were cloned and expressed in Pichia pastoris. In the first construct, the scFv linker
was replaced with Gly-Ser (GGGGS) linker; while in the second construct, both scFv linker and helix
linker (linker connecting scFv to GFP) were replaced with a Gly-Ser linker.
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Figure S4. Schematic representation of cloning scFv fusions (13-G-PG) into GoldenBraid 2.0 cloning
vectors. 35S: the constitutive 35S promoter of cauliflower mosaic virus; 252-VL: the signal peptide
sequence of the 252 seed storage protein fused with VL sequence from IMMO013 anti-APN mAb, Cys-VH:
Cys linker fused with VH sequence of IMMO13, HIx-GFP: Helix linker fused with green fluorescent protein
(GFP), Fc-KDEL: hinge and Fc domain of porcine IgG3 and the KDEL at C-terminus. Tnos: the nopaline
synthase terminator, P19: silencing suppressor, Amp": ampicillin resistance marker, Kan": kanamycin
resistance marker, Spect”: spectinomycin resistance marker.
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ABSTRACT

Targeting a vaccine to the mucosal surface has recently been recognized as a promising approach
to efficiently induce mucosal immune responses against enteric pathogens. However, poor
uptake and inefficient transport of orally delivered subunit vaccines across the intestinal
epithelium combined with weak immune responses still present important bottlenecks for
mucosal vaccination. A possible strategy suggested to surmount these hurdles is to target the
selected antigen to transcytotic receptors, such as aminopeptidase N (APN) present on
enterocytes and antigen-presenting cells (APCs). Therefore, we aimed to identify potent and
selective VHHs against porcine aminopeptidase N (pAPN), that were fused to the fragment
crystallizable (Fc) domain of murine 1gG2a, resulting in dimeric VHH-MG fusions. Out of a library
of 30 VHH-MG fusion candidates, two fusions displaying the best binding on pAPN-expressing
cells were selected and showed in vivo internalization across the porcine gut epithelium. Our
results demonstrate the potential of bivalent VHH-MG fusions as delivery vehicles for vaccine
antigens. VHH-mediated and APN-targeted antigens to generate focused immune responses at

the mucosal membranes remains to be further validated via in vivo settings.
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Introduction

The vast majority of pathogens and external noxious substances enter the body through the
mucosal surfaces of the respiratory, gastrointestinal (Gl) and urogenital tracts, and thus mucosal
immunity is of paramount importance to counter infection. Currently, needle-free oral vaccine
delivery is the most attractive route of administration for protection against intestinal pathogens,
because it offers many advantages, such as ease of administration, no risk of blood-borne
infection and practicality for mass vaccination (Juarez et al., 2016; Lycke, 2012). In contrast to
subunit vaccines, only live attenuated vaccines or inactivated pathogen particles have been found
to be effective in stimulating an efficient immune response. However, because of the safety
issues associated with orally delivered live attenuated or inactivated pathogens, only a handful
of such vaccines have been licensed. On the other hand, subunit vaccines are considered to be
safe because they do not contain the live component of the pathogen, but poor transport of
vaccine antigens across the intestinal epithelium to reach the underlying immune inductive sites
resulting in a poor immune response pose a major hurdle to the development of oral vaccine
delivery. Enterocytes or absorptive villus epithelial cells constitute "90% of all intestinal
epithelium and they possess phagocytosis and transcytosis capacities to transport enteric
pathogens or macromolecules across the epithelial barrier (Snoeck et al.,, 2008). Therefore,
antigen targeting to transcytotic receptors on enterocytes is an interesting approach for vaccine
delivery and inducing a strong mucosal as well as systemic immune response against intestinal
pathogens (Devriendt et al., 2012)

In the recent past, aminopeptidase N (APN) has been identified as a receptor for F4
fimbriae that is expressed on a variety of cells including small intestinal enterocytes and APCs,
but not on epithelial cells of other parts of the GI tract (Melkebeek et al., 2012). Oral
immunization with APN-specific polyclonal antibodies triggered mucosal immunity (Melkebeek
et al., 2012). Moreover, functionalization of microparticles with APN-specific mouse monoclonal
antibodies also increased uptake of these particles by the intestinal epithelium and triggered
systemic immune responses (Baert et al.,, 2015). These findings suggest that an APN-specific
delivery agent conjugated with a vaccine antigen could be an interesting strategy to elicit a strong

intestinal immune response. To date, several targeting mechanisms have been identified, such
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as antibodies, cell-mediated targeting (DC immunotherapy, T cell adoptive transfer), and
chemical conjugation of the antigen to small molecules such as glycans and amino acids
(Narasimhan et al., 2016). Because of their strong affinity and specificity, antibodies are the ideal
proteins to which an antigen of interest can be genetically fused for targeting to the APN-
expressing enterocytes. Different antibody formats can be used, such as a monoclonal antibody
(mADb), the single-chain variable fragments (scFvs), or the variable domain of heavy-chain-only
antibodies (VHH, also known as nanobody). Although conventional mAbs have originally been
preferred as a targeting vehicle, their production as fusion with the antigens turned out to be
cumbersome and time-consuming. In addition, the structural complexity hampers their use as
potential ligands. Therefore, other simpler forms such as scFvs and VHHs were considered as
alternative approaches to full-sized antibodies. Although the advances in antibody engineering
made it possible to easily design and clone scFv genes based on the targeting performance of
mADbs, the stability and accumulation of the synthetic scFv proteins vary heavily, depending on
several factors, including the unpredictable length of the requisite linker to obtain proper folding
and the assembly of the two variable domains, and this often restricted scFv targeting
applications (Cheng and Allen, 2010; Robinson and Sauer, 1998). On the other hand, the VHH
immunoglobulin domain is only a 15-kDa variable fragment derived from the camelid heavy-chain
only antibody (Duarte et al., 2016). Unlike scFv, VHH contains its antigen-binding properties in a
single, long and variable loop rather than in two variable domains in conventional antibodies and
derived scFvs, while retaining similar affinity. Owing to its peculiar properties such as small size,
ease of production, good thermostability and efficient tissue penetration, VHH has received great
interest for various applications compared with classical antibodies (De Meyer et al., 2014; Helma
et al., 2015; Muyldermans, 2013)

The present study focuses on evaluating the VHH domain as a carrier for targeted vaccine
delivery to the gut epithelium to induce strong mucosal immune responses. We identified a panel
of 28 VHHs by immunizing llama with porcine APN (pAPN) and screening on pAPN-expressing cell
lines. The selected binders belong to at least 14 different families based on their similarity (>80%

sequence identity) in the epitope binding CDR3 sequence. In order to increase affinity and avidity
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and at the same time allow easy purification, these VHH domains were fused to the Fc domain of
murine 1gG2a, hereafter, referred to as VHH-MG fusions.

Nowadays, different production platforms such as mammalian cells, yeast, plants, etc. are
used for the production of complex assembled glycoproteins such as antibodies. Production
based on mammalian cells, like Chinese Hamster Ovary (CHO) cells is straightforward for the
production of mAbs but is complicated, expensive and often associated with the risk of animal-
derived products when synthetic fusions need to be produced (Ellis and Gerety, 1990; Frenzel et
al., 2013; Yusibov et al., 2016). Therefore, transgenic plants and yeast expression systems show
a great potential. Yeast such as Pichia pastoris possesses a clear advantage over plant expression
systems in terms of short generation time, cost effectiveness, ease of genetic manipulation and
scalability (Schmidt, 2004; Weinacker et al., 2013). Moreover, P. pastoris secretes very low
amount of endogenous proteins, therefore secreted recombinant proteins are highly enriched,
which facilitates downstream processing (Cregg et al., 2000; Sallach et al., 2009). On the other
hand, the glycosylation profile of recombinant proteins in plants is much more alike that of
animal cells than the yeast expression platform (see ref. Donini and Marusic, 2019).

Here, we chose the Pichia platform as a more convenient, faster and flexible platform to
test the production of different pAPN-binding VHH-MG fusion proteins and their capacity to raise
mucosal immune responses. The yeast-produced VHH-MG fusions were further characterized for
their binding to and uptake in pAPN-expressing cells. At least two VHH-MGs were produced to
high levels, appeared to be stable and were efficiently endocytosed on cell lines and in loops of

the porcine gut under physiological conditions.
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Results

Construction of an APN-specific VHH library

To prepare an anti-APN VHH library, two llamas were immunized five times with commercially
available kidney pAPN. However, because we wanted to target intestinal pAPN and not kidney
pPAPN, which are encoded by the same gene but might differ in glycosylation pattern and in the
accessibility of particular antibody epitopes, the sixth booster was given with intestinal pAPN
prepared by a lengthy procedure as described in the Materials and Methods section. Two
independent VHH-phage display libraries were constructed, each consisting of about 108
transformants. After two consecutive rounds of panning, performed on stably transfected BHK21
cells expressing pig aminopeptidase N, 190 clones were randomly selected and sequenced.
Through comparative alignment, VHHs having more than 80% sequence identity in their CDR3
region (B-cell lineages) were grouped as one family because they most likely recognize the same
epitope (see ref. Pardon et al., 2014), but their characteristics (e.g. affinity, expression yield,
stability etc.) can be different. In this way, we obtained 28 unique VHHs belonging to 14 different
families as candidate binders to APN (Supplementary Fig. S1). These 28 unique VHHs were
produced in E. coli cells and the crude periplasmic extracts were analyzed for their binding
specificity via flow cytometry on pAPN-expressing BHK21 cells. The parental non-transfected
BHK-21 cells served as negative control cells. An irrelevant VHH, (BCII10 specific for bacterial B-
lactamase, described by Conrath et al. (2001) and a mouse anti-APN mAb IMMO013 (Baert et al.,
2015) were used as negative and positive control, respectively. This differential FACS analysis
confirmed 22 of the originally 28 screened different VHHs belonging to 11 different families
specific for porcine APN, demonstrating that the panning of the library on pAPN-transfected cells

highly enriched for APN-binding VHH clones (Supplementary Fig. S1).

Construction of a VHH-MG expression vector via the BioXP DNA printer
Because the FACS analysis for the panning on APN-transfected BHK-21 cells was performed with
crude periplasmic extracts containing an unknown concentration of phagemids, the quality of

binding of the different VHHs had to be further analyzed with purified proteins to allow
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comparison among the different VHHs and to rule out any experimental variables such as
nanobody expression, periplasmic extraction efficiency, etc in the FACS analysis (Supplementary
Fig. S1). Important to realize is that some of the VHHs may contain an amber stop codon within
the VHH sequence, because the VHH library with C-terminal histidine tag was prepared in the
suppressor E. coli strain TG1 that reads the amber stop codon (TAG) as glutamine (Q). Thus, when
an amber codon was identified by sequencing, it was also replaced by the glutamine codon.

Classically the selected VHHs are sub-cloned in direct fusion with an affinity tag in a non-
suppressor E. coli strain, but here we followed a new strategy. We sub-cloned the VHHs in direct
fusion with an Fc fragment to have the fusions produced in the medium of Pichia pastoris,
providing the following advantages: Fc can be used as an affinity tag for protein purification, it
makes the VHH-Fc fusion bivalent providing an avidity effect, and it allows comparison with the
mouse monoclonal antibody IMMO13 for APN binding as positive control. Twenty-eight selected
VHHs were fused to the Fc domain of mouse IgG2a and cloned into an in-house P. pastoris
expression vector. Two irrelevant VHHs, V2 (Virdi et al., 2013) and D3 (Moonens et al., 2014),
specific for the F4 and F18 fimbriae of enterotoxigenic E. coli, respectively, were included as
negative control.

The sequences of the VHH and Fc domain were synthesized using Gibson cloning strategy
on the BioXP™ 3200 System and transformed into the yeast expression vector (Fig. 1a). All 30
constructs (with 28 selected VHHs and 2 negative controls) successfully built with the BioXP DNA
printer were transformed into E. coli and four colonies per construct were analyzed by colony
PCR or restriction digestion followed by sequencing to identify clones with the right insert.
Twenty-three out of 30 constructs (77%) resulted in an error-free clone by sequencing only one
colony, while for seven other VHH-MG constructs, two colonies had to be analyzed to obtain the
right clone; for only one clone, i.e. 2L58MG (3%) the sequence was still incorrect in all four
colonies, having one mutation in the coding sequence (Fig. 1b). Coincidently, this incorrect clone
from family 12 was also negative in panning during VHH library preparation (Supplementary

Fig. S1). Therefore, we omitted it from the further analyses.
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Figure 1. Schematic representation of the BioXp™ 3200 System-based Gibson cloning strategy to efficiently
obtain VHH-MG fusions (a). The 40 bp at the ends of the VHH-MG fusion fragments are homologous with
the ends of the Sapl-linearized pKaiGG vector. MG represents the Fc domain of Mouse 1gG. VHH-MG
fragments were synthesized and ligated into Sapl-digested pKaiGG in an overnight run on the BioXP
system. DH5a cells were transformed with ligation samples and transformants were screened on Zeocin
(Zeo)-supplemented medium. Subsequently, DNA was isolated from four randomly selected clones and
analyzed by restriction digestion or colony PCR and sequencing to screen for positive clones. (b) Efficiency
of obtaining error-free clones via the BioXP cloning system. The probability to obtain error-free clones was
77% when one clone was screened and 97% when two clones were screened per construct via sequencing.

Yeast-produced VHH-MG fusions bind efficiently to full-length, surface-expressed APN

The 29 obtained VHH-MG encoding constructs were then transformed into Pichia, and for each,
four individual yeast colonies were screened to identify the transformant producing the highest
amount of VHH-MG accumulating in the culture medium. Therefore, equal amounts of
supernatant were analyzed by SDS-PAGE and by western blotting to examine the intensity of the
recombinant protein signal and the integrity of the protein (Supplementary Fig. S2). Only for the
best expressing constructs, a band could be observed after SDS-PAGE; but for most constructs, a
band was clearly present at the expected molecular weight after western blot analysis. The
concentration of the different VHH-MGs produced in P. pastoris was determined using purified
V2-MG and D3-MG reference proteins, and this ranged from 4 to 60 mg/l in 2-ml cultures, based
on the analysis by Imagelab software. Only for some fusions, such as 3L11MG (family 9) and

2L22MG (family 5), a degradation product was detected besides the full-length product,
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suggesting that the VHH has an effect on the stability of the VHH-MG fusion as was also seen for
VHH-IgA fusions (Bakshi et al., 2019)
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Figure 2. Selection of APN-specific VHH-MG via ELISA and flow cytometry. Clones are arranged
according to the family they belong to and separated by a dotted line. (a) ELISA plates were coated with
APN and incubated with the culture medium. APN binding of VHH-MG is depicted as O.D. values of the
colorimetric reaction. (b) Flow cytometry screening for the VHH-MGs that bind to full-length APN
expressed on the membrane of BHK21 (gray bars) and IPEC-J2 (black bars) cell lines. IMMO013 (murine
IgG1) is the positive control. IgG1 isotype, V2-MG and D3-MG are the negative controls. V2-MG and D3-
MG fusions contain a VHH (V2 and D3, respectively) that binds an irrelevant target. The graph shows the
mean fluorescence intensity (MFI).

Next, we determined the binding specificity of the VHH-MG fusions in a kidney APN-
specific ELISA (Fig. 2a). Three-fold dilution series of VHH-MG in the culture supernatant were
probed with anti-mouse IgG. The three strongest VHH-MGs, i.e. 2L48MG, 3L94MG and 2L76MG,

displayed a strong binding activity to immobilized APN, each belonging to a different CDR3 group.
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These three VHH-MGs also showed good binding in the FACS assay performed after the panning
to screen for phage displayed VHHs (Supplementary Fig. S1). Interestingly however, some
families of VHH-MG fusions were completely negative in the ELISA, for instance family 4 (2L63-
MG, 2L69-MG), while they were strong binders in the FACS assay (Supplementary Fig. S1). It is
thus important to note that the relative binding activity on APN-coated wells in the ELISA assay
did not correlate with the affinity of the VHH-MG fusions for the cell-expressed APN. Notably,
VHH screening was performed via FACS using the cells expressing APN on their surface, so binding
on immobilized APN might differ with binding on cells, perhaps because epitopes become less
accessible during immobilization. Also, because the experiments were performed with crude
medium samples, in which the VHH-MG protein accumulation was not equilibrated, the ELISA
signal could be related to the protein concentration in the culture medium rather than to the
affinity. (Fig. 2a, Supplementary Fig. S1).

VHH-MG fusions were further assessed for their binding specificity and affinity on parent
cell lines versus the derived transfected APN-expressing cell lines (BHK21 and IPEC-J2) via flow
cytometry with equal amounts of VHH-MG protein (Fig. 2b). Of note, IPEC-J2 are porcine small
intestinal epithelial cell lines which express low levels of APN on their surface and hence stably
transfected cells were used. Based on the relative VHH-MG concentration, as determined by
western blotting, equal molar amounts of the VHH-MG proteins and the positive control
(IMMO13) were spiked into spent medium of P. pastoris. Several strong APN-binders were
identified based on the number of cells with bound VHH-MG through flow cytometry, whereas
no binding was observed of spent medium with non-transfected BHK21/IPEC-J2 cells.
Interestingly, family 4 (2L63 and 2L69), which was negative in an APN-specific ELISA, turned out
to contain strong binders in the cell-based binding assay (Fig. 2b, Supplementary Fig. S2). These
findings were in line with the FACS data obtained from the crude periplasmic extract during VHH
library screening (Supplementary Fig. S1). We found that the amplitude of the binding activity on
IPEC-J2-APN cells in comparison to BHK21-APN was significantly lower, which may be related to
the amount of APN expressed on the IPEC-J2 cell membrane.

We selected different families showing binding activity in the flow cytometric screening

to further assess their affinity for small intestinal tissue via immunohistochemistry (IHC).
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However, only six families containing strong (1, 4, 8, 9) and moderate binders (5, 12) have been
shown that were randomly selected for upscaling. As can be seen in Figure 3, each VHH-MG
displayed binding to the intestinal ileum, whereas all controls were negative and did not show

background; moreover, the intensity of the signal correlated with the binding activity in the FACS

analysis (Fig. 2b).

Figure 3. Binding analysis of anti-APN VHH-MG fusions on intestinal explants. Equal quantities of VHH-
MG obtained after induction in yeast culture medium were assessed for binding on intestinal explants.
IMMO013 is a positive control, and Isotype and D3-MG are the negative controls. Binding of the VHH-Fc
fusions to the explant was visualized by anti-mouse IgG-FITC (green) and counterstained with Hoechst
(blue); scale bars: 100 um.

Purified APN-binding VHH-MG fusions are internalized by intestinal epithelial cells
For each family, a single VHH-MG fusion displaying high expression and secretion in the spent

Pichia medium and showing strong binding in FACS, was selected for upscaling. Secreted VHH-



MG fusions were affinity purified on protein A and further assessed by size exclusion
chromatography (SEC) (Fig. 4a). For most fusions, the SEC profile showed two major peaks, one
representing aggregates and multimers, and one representing the monomer with the
corresponding molecular weight of two associated VHH-MG polypeptides. The major portion of
the 2L76 VHH-MG was found in aggregates; therefore, we excluded it from further analysis (data
not shown). For the remaining six fusions, the fractions corresponding to the monomeric VHH-
MG were pooled and further analyzed by SDS-PAGE under both reducing and non-reducing
conditions to verify dimerization. Because peaks for monomers and aggregates in the SEC profile
slightly overlap, the pooled purified VHH-MGs still contain a small quantity of aggregates. The
samples on the non-reducing gel nicely displayed an 80-kDa band (Fig. 4b), which corresponds
to a monomeric VHH-MG composed of two VHH-MG polypeptides of 40 kDa, as seen in the SDS-
PAGE under reducing conditions. Moreover, some high-molecular weight bands that most likely
represent the aggregates or glycan variants were also observed.

Next, we tested the binding characteristics of the different purified VHH-MG fusions in
ELISA and FACS (Fig. 5a and 5b, respectively). Although all of the six selected fusions showed
strong binding on APN-expressing cells, the binding efficiency on the immobilized antigen in ELISA
varied a lot, as was observed with the crude samples (Supplementary Fig. S1). These findings
imply that screening for strong binders via ELISA would not be an ideal approach for applications
aiming to target membrane proteins.

Because efficient endocytosis by the target cell population of the potential vaccine-
carrying system is of high importance to obtain a strong immune response, we further
investigated whether the APN-binding VHH-MG fusions showed specific uptake by cells via the
APN receptor. We used APN-expressing BHK21 cells because of their strong binding capacity of
VHH-MG in FACS (Fig. 5b). The VHH-MG proteins were stained with a different fluorescent
molecule to discriminate between membrane-associated VHH-MG and internalized VHH-MG via
the APN receptor. Confocal imaging clearly demonstrated the APN-dependent uptake of VHH-
MG fusions, because uptake of irrelevant VHH-MG fusions could not be observed (Fig. 5c). Three
VHH-MG fusions (3L94-MG, 2L65-MG and 2L48-MG) were found to be the most potent APN

binders and they were taken up by APN-expressing cells (Fig. 5c).
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Figure 4. Purification of the different VHH-MG fusions. (a) Size exclusion chromatography (SEC)
profile of six different VHH-MG fusions after protein A purification, labeled with its respective name
at the top right corner. The arrows indicate the position and molecular weight of ~80 kDa,
corresponding to monomeric VHH-MG fusions assembled by disulfide bridges between the hinge of
two VHH-MG polypeptides (~40 kDa each). (b) SDS-PAGE analysis of pooled fractions of the 80-kDa
peak after SEC on 4-20% polyacrylamide gel under both reducing (left) and non-reducing (right)
conditions. The expected position of the intact full-length polypeptide is indicated by the arrowhead
for monovalent VHH-MG (~40 kDa) in reducing conditions and by the arrow for bivalent VHH-MG (~80
kDa) in non-reducing conditions. M, molecular weight marker (kDa).

97



a b

12 600000— [ 2 pg/ml_BHK21
' M B3 0.2 ug/ml_BHK21
L]
1.04 = 3L9AMG 400000 — M B 2 pg/ml_IPECJ2
E 0.8- ‘ = 2L65MG I B 0.2 pg/ml_IPECJ2
5 08 —— 2L48-MG Hg/mL
2 0.6+ v 2L22-MG E2°°°°°' H I I I
a + 2L69MG S H I
G 0.4 o 2LBMG I H RE) PE M_m_
0.2 -8~ IMM013
—-A- GBP-MG 500 |'||‘| |'|
00 4 ‘2 0 2 4 o l'.—
10 10 10 10 10 N X»G o xx\() > x&(’) 96 v@(} @ @6\?} ‘ 0‘ *‘Q
C

Figure 5. Binding analysis and APN-mediated endocytosis of purified VHH-MG fusions. (a) APN-binding
ELISA with purified VHH-MG fusions. A three-fold dilution series of purified VHH-MGs were incubated on an
APN-coated microtiter plate and probed with anti-mouse IgG conjugated with horse radish peroxidase. The
binding of VHH-MG to immobilized antigen is depicted as OD (492 nm) values. IMMO013 is a positive and GBP-
MG is a negative control. The background threshold was determined as twice the OD (492 nm) value of the
negative control. (b) Binding of the VHH-MG fusions to APN-expressing cells determined by flow cytometry.
Graph shows the number of APN-positive cells that bind to VHH-MG at the indicated concentration (ug/ml).
(c) Endocytosis of VHH-MG by APN-expressing cell lines. APN-expressing cells were incubated with VHH-MG
on ice to allow binding followed by incubation at 37°C for 30 min to allow endocytosis. Cells were then fixed
and stained with AF568-conjugated anti-mouse IgG (red) to visualize bound VHH-MG. Following
permeabilization, cells were stained with anti-mouse IgG-FITC (green) to visualize endocytosed VHH-MG.
Nucleus was stained with Hoechst (blue). IMMO13 is the positive, and isotype and GBP-MG are the negative
controls. Images represent a single confocal z-section, scale bars: 100 um.
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In vivo behavior of selected APN-specific VHH-Fc candidates in a gut ligated loop assay

To assess the in vivo behavior of the selected VHH-Fc IgG constructs, we performed a gut ligated
loop assay in the small intestine (jejunum) of piglets. Figure 6 shows that 3L94-MG and 2L65-MG
were able to bind to the entire apical epithelium of the villi, similar to the binding profile of
IMMO13. In contrast, 2L48 and 2L22 showed a more patchy binding profile. Supplementary
Figure S3 shows that the binding profile is similar in different animals. We conclude that 3L94-
MG and 2L65-MG are the best binders onto the small intestine enterocytes of a gut ligated loop

assay.

Figure 6. Gut ligated loop experiment to determine the uptake of VHH-MG by enterocytes. Sections from
jejunal loops stained with sheep anti-mouse IgG (FITC, green) and counterstained with Hoechst (blue). The
different anti-APN VHH-MG and anti-APN mAb (IMMO013) are detected on the epithelial cells of the villi
(scale bars: 100 um)
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Discussion

Despite their potential for generating both local and systemic immune responses, only few
mucosal vaccines currently exist. The subunit vaccines very often trigger only a weak
immunogenic response upon oral delivery, for which tolerance and the lack of uptake and
presentation to the APCs are only two of the postulated reasons. Therefore, it was hypothesized
that the selective targeting of subunit vaccines to intestinal receptors could help internalization
of the vaccine to elicit more effective immune responses. Aminopeptidase N was previously
described as a receptor for F4 fimbriae that is expressed on a variety of cells, including small
intestinal enterocytes and APCs (see ref. Melkebeek et al., 2012), and as a target for oral delivery
of mucosal vaccines. Very promising in this respect is that polyclonal antibodies raised against
APN in rabbits were shown to be endocytosed by porcine enterocytes after oral administration
to young piglets (Melkebeek et al., 2012). Moreover, a strong immune response against specific
rabbit epitopes of the Fc portion of the polyclonal antibodies was found upon oral administration,
whereas no immune response was observed upon oral administration of other polyclonal rabbit
antibodies not binding to APN (Melkebeek et al., 2012). This led to the hypothesis that APN-
dependent targeting of antigens might promote the efficacy of mucosal vaccines, for which a
strong APN-binding carrier would be essential (Baert et al., 2015). Indeed, targeting with antigen
loaded R-glucan particles to APN enhanced their uptake and the immune response against the
antigen.

Here, we demonstrate the isolation and characterization of APN-specific VHHs. VHHs
have extensively been used for diagnostic and therapeutic applications because of their peculiar
properties (Lafaye and Li, 2018; Steeland et al., 2016; Van Audenhove and Gettemans, 2016).
Thanks to their small size, VHHs can easily be engineered to make genetic fusions with the model
antigens. VHH against MHC class Il proteins fused to a tumor-associated antigen has been shown
to establish a strong and lasting immune response as a result of efficient processing and
presentation of the exogenous antigen by APCs such as dendritic cells, B cells and macrophages
(Fang et al., 2017a). Moreover, targeting an antigen via the Fc domain to Fcy receptors on APCs

has been shown to elicit both humoral and cell-mediated immune response (see ref. Czajkowsky
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et al., 2012). Importantly, the Fc domain of an antibody has an added advantage over VHHs
specific for Fcy receptors, because they generate bivalent molecules that are often preferred for
many applications owing to avidity effects and the capacity to cross-link. Fc fusions also offer
many other advantages in terms of improved VHH serum half-life, purification on commercially
available resins and recognition by Fc receptors present on the APCs (Narasimhan et al., 2016;
Nimmerjahn and Ravetch, 2007). Thus, the VHHs identified in this study were fused to an Fc
domain. We chose to first use the Fc fragment of a known mouse IgG (MG), enabling us to
measure a specific immune response against mouse Fc epitopes upon oral delivery of APN-
targeted VHH-mouse Fc fusions in pigs. The fact that there are many similarities between pigs
and humans in terms of anatomy, physiology and genetics, raises the possibility to use pigs as an
effective model system for preclinical studies of the human diseases (Guo et al., 2016; Meurens
et al., 2012; Ober et al., 2001). However, the Fc domain from murine origin might not display
efficient Fc-mediated effector functions in piglet models, because, in contrast to the information
available about human and mouse Fc receptors, still little is known for pigs and especially on the
interaction of the latter with murine IgG subclasses. It was recently reported that human IgG bind
to human ortholog receptors with similar affinities than what is known for the human FcyR
(Dekkers et al., 2017; Egli et al., 2019), suggesting that mouse IgG might show a similar binding
to porcine FcyR. However, as long as experimental evidence is lacking on the interaction between
murine Fc and porcine Fc receptors, the mouse Fc fragment should be replaced by a porcine Fc
fragment in future experiments with other antigens when using pigs as a model system for in vivo
validation of the vaccine targeting strategy.

We further determined the binding of VHH-MG fusions to pAPN via ELISA and to pAPN-
expressing cells via flow cytometry. However, because binding to immobilized antigen may not
be equivalent to binding to the cell membrane, flow cytometry data was the most reliable. It
showed binding to the full-length protein in its native form that is expressed on the biological
membrane. Moreover, we observed a clear correlation with the binding on intestinal tissue that
further confirmed the flow cytometry data. Next, we demonstrated the uptake of VHH-MG on

pAPN-expressing cells and porcine intestinal tissue in a gut ligated loop experiment. These data
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support the efficient transport of the APN-targeted subunit vaccine across the intestinal
epithelium.

Moreover, orally delivered subunit vaccines have to pass the gut epithelia that is
protected by mucosal immune defense mechanisms and well-developed barriers such as low
gastric pH and the presence of proteolytic enzymes resulting in the degradation of vaccine
materials. Thus, oral delivery of VHH-based subunit vaccines might not generate a strong immune
response that would otherwise be true when injected. To circumvent these hurdles, the subunit
vaccine can be protected by encapsulation in a biodegradable particulate delivery system. Baert
et al. (2015) reported that oral administration of B-glucan microparticles conjugated to mAb
against APN (IMMO013) can efficiently deliver the antigen payload and elicits a strong systemic
immune response in piglets.

In conclusion, we have identified pAPN-specific VHHs and fused them to the Fc domain of
a conventional antibody and showed efficient binding and uptake by the small intestinal
epithelium under physiological conditions. The conjugation of a model antigen to these pAPN-
specific VHHs can be envisioned as a next step to evaluate whether protein domains binding to
the APN receptor of small intestinal enterocytes can trigger the targeted immune response at
the gut epithelium. Finally, the present study extends the use of VHH as a delivery vehicle,
thereby paving the way to develop a more rational approach to the broader basket of effective

vaccine delivery systems.

Materials and methods

Vectors, strains, and cell lines

For the VHH library preparation, the pMECS phage display vector system was used that contains
the pelB signal sequence to secrete the expressed VHH in bacterial periplasm and that adds an
HA and Hise tag at the VHH carboxy-terminal end, enabling purification. The yeast expression
vector pPICZalphaH6E (NCBI accession number KM035419.1) modified for GoldenBraid cloning
(named pKaiGG) was used for cloning the VHH-Fc fusions under the control of the methanol

inducible promoter AOX1 (Juarez et al., unpublished). The vector contains the a-mating factor

102



secretion signal and Zeocin resistance marker for selection in bacterial as well as yeast cells. E.
coli strains TG1 and DH5a (Meselson and Yuan, 1968) were used for construction of the VHH
library and fusion expression vectors, respectively. The VHH-MG fusions were expressed in the
P. pastoris wild-type strain NRRL Y-11430 (Kuberl et al., 2011). Stable APN-expressing cell lines
(intestinal porcine epithelial cells IPEC-J2 and baby hamster kidney BHK-21) were obtained by

transfection and cultured as previously described (Baert et al., 2015; Melkebeek et al., 2012).

Purification of intestinal APN

Enterocytes were isolated from the small intestine of a 3-week-old piglet following the method
of Lundquvist et al. (1992). After analysis using light microscopy, more than 85% enterocyte purity
was observed. Next, brush border membrane vesicles (BBMVs) were isolated from the
enterocytes as described by Melkebeek et al. (2012). The obtained BBMVs were subsequently
lysed in 9 volumes of lysis buffer (100 mM Tris-HCI, 300 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, 2 mM leupeptin, 5 mM DTT, 1 mM AEBSF), sonicated for 2 min on ice,
rotated for 30 min at 4°C and centrifuged at 17,400 g for 15 min at 4°C. Supernatant was collected
and dialyzed in PBS using a 10-kDa MWCQO dialysis cassette (Thermo scientific). Protein
concentration was determined by BCA reaction (Pierce BCA protein assay kit), following the
manufacturer’s recommendations. Lysates were stored at -20°C until further use.

Intestinal pAPN was purified by immunoprecipitation from these lysates. First, affinity-
purified rabbit anti-APN IgG (in house) was crosslinked to protein A Sepharose beads (CL-4B,
Sigma). For this, 50 mg of beads were washed three times in 1 ml distilled water to remove salts
by centrifugation at 400 g for 2 min. Rabbit anti-APN IgG (4 mg) was added to the beads for 1 h
in PBS at room temperature (RT). Next, beads were washed twice with 1 ml 0.2 M sodium borate
buffer (pH 8.0), after which 1 ml 0.2 M sodium borate (pH 9.0) + 20 mM dimethylpimelimidate
(DMP, Sigma) was added for 30 min at RT. After crosslinking, the beads were washed twice for 1
hiin 1 ml 0.2 M ethanolamine + 50 mM ammonium bicarbonate buffer (pH 8.0). Next, the beads
were washed thrice in PBS before elution buffer (0.2 M Glycine-HCI, 50 mM L-arginine, 1 M NaCl
(pH 2.0)) was added to remove non-crosslinked 1gGs. Beads were washed again three times in

PBS and stored at 4°C until further use. Finally, the anti-APN-beads were incubated with 1 ml of
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BBMV lysate overnight at 4°C on a rotating wheel. Beads were centrifuged (400 g, 2 min, 4°C) and
supernatant was collected. Beads were washed thrice with PBS to remove unbound proteins.
Next, APN was eluted from the beads with elution buffer for 10 min at RT. After centrifugation,
supernatant was collected and neutralized with 1 M Tris-HCI (pH 9.0). Eluted APN was dialyzed
immediately in PBS and stored at -20°C. Concentration was determined with the Pierce BCA
protein assay kit and purity (>95%) was assessed by performing a silver staining (Pierce® silver

stain kit; Thermo Scientific), following the manufacturer’s instructions.

Generation of a pAPN-specific VHH library

Porcine APN-specific VHHs were developed by the VIB Nanobody Core facility, Brussels (Belgium),
as described previously (Pardon et al., 2014). Briefly, two llamas were immunized subcutaneously
on days 0, 7, 14, 21 and 28, each time with 320 pug (per animal) APN isolated from porcine kidney
(Sigma, cat. No. L6007-50UN). On day 35, each llama received a final booster with 200 pg of APN
isolated from pig intestine. The porcine intestinal APN was purified as described above. For all
immunizations, Gerbu P (GERBU Biotechnik) was used as adjuvant. On day 40, anticoagulated
blood was collected for lymphocyte preparation. Total RNA from peripheral blood lymphocytes
(PBLs) was used as template for first strand cDNA synthesis with an oligo(dT) primer. Using this
cDNA, the VHH-encoding sequences were amplified by PCR, digested with Pstl and Notl, and
cloned into the Pstl and Notl sites of the phagemid vector pMECS, and in this way fused to a
histidine tag. Electrocompetent E. coli TG1 cells were transformed with the recombinant pMECS
vector. An independent VHH library was obtained from each of the llamas, and each was
subjected to a panning (in solution), performed on stably transfected BHK-21 cells expressing
pAPN. The phage outputs of the first panning round from the two libraries were then pooled and
the pool was used for further panning rounds. 190 randomly selected colonies from the second
and third panning rounds (95 from each round) were sequenced and then grouped based on their
CDR3 sequences. Using crude periplasmic extracts, 28 unique VHH (Nanobody) sequences were

analyzed by flow cytometry for specificity to pAPN using pAPN-expressing BHK-21 cells.
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Construction of the VHH-MG fusion expression vectors

To clone the in silico designed VHH-MG fusions in the yeast expression vector pKaiGG, customized
reagents designed for Gibson Assembly® cloning were obtained from SGI-DNA (La Jolla,
California), being synthetically produced DNA fragments of the VHH-encoding sequences fused
to the Fc tail of mouse IgG2a with 40-base overlaps between the insert and the vector. The
expression vector pKaiGG adapted for Golden Gate cloning was digested with Sapl and column
purified (GenelJET PCR purification kit, ThermoFisher Cat. No. KO701). The VHH fragments were
always assembled with the same Fc fragment and were cloned at the 5’end in frame with the
alpha factor secretion signal sequence (from novel P. pastoris expression vector named
pPICZH6E; GenBank accession number KM035419) and at the 3’end with the transcription
termination sequence into the in-house Sapl-digested pKaiGG vector via the BioXp™ 3200 System
in an approximately 18-h reaction and transformed into E. coli DH5a. Upon plasmid preparation
and sequence confirmation of the insert, yeast cells were transformed with the Pmel-linearized
vectors and positive transformants were selected on YPD (1% yeast extract, 2% peptone, 2%

Dextrose) supplemented with 50 mg/ml Zeocin (Invitrogen).

Production of VHH-MG fusions in P. pastoris

Expression and secretion of the VHH-MG fusions in the medium was first analyzed in 2-ml
cultures. On day one, 2 ml of BMGY medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB,
0.1 M potassium phosphate (pH 6), 1% glycerol) with 25 mg/ml Zeocin was inoculated with
individual transformants and incubated while shaking at 28°C for 48 h. For each VHH-MG
construct, four independent transformants were grown in 24-well plates. The cells were then
pelleted for 10 min at 1500 g and resuspended in 2 ml BMMY medium (1% Bacto yeast extract,
2% peptone, 1.34% YNB, 0.1 M potassium phosphate (pH 6), 1% methanol) to induce expression
of VHH-MG. Cultures were incubated while shaking at 28°C for 48 h and spiked with 1% methanol
(v/v) every 12 h. After 48 h of induction, the yeast cells were pelleted, and the supernatant was
analyzed by SDS-PAGE, western blot and ELISA to assess the accumulation levels of the secreted

VHH-MG fusions in the medium.
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Affinity purification of VHH-MG fusions

Yeast transformants that yielded high levels of VHH-MG were selected for upscaling in 1-
cultures, using similar growth and induction conditions as described above for 2-ml cultures. P.
pastoris cultures grown in baffled flasks were harvested after 48 h of induction. Culture
supernatant was filtered using 0.22-uM PES membrane filters (Millipore) and affinity purified on
a 1-ml HiTrap MabSelect SuRe Protein A column (GE healthcare), equilibrated with 20 mM
sodium phosphate, 300 mM NaCl buffer, pH 7.8. Bound protein was eluted with 1 M arginine, pH
2.7 and immediately neutralized with 1 M Tris, pH 9. Relevant fractions with high concentration
of VHH-MG were pooled and subjected to size-exclusion chromatography (Superdex 200, GE
Healthcare). Fractions containing the major antibody peak in the chromatogram were pooled,
concentrated by dialyzing against 20% polyethylene glycol in PBS and stored at -80°C until use.

The protein concentration was determined by OD;g0o measurement.

SDS-PAGE and western blotting

VHH-MG fusions (crude/purified) were analyzed on a commercial 4 to 20% gradient gel (Bio-Rad)
under reducing conditions and stained with Coomassie G-250 following the manufacturer’s
instructions. For western blotting, proteins were transferred onto a polyvinylidene difluoride
membrane (PVDF) using the semidry transfer method (Bio-Rad). Blotted membrane was blocked
overnight with 2% skimmed milk in PBST (PBS + 0.1% (v/v) Tween-20) at 4°C. Thereafter, the
membrane was probed with anti-mouse 1gG (GE Healthcare, NXA931) conjugated to horseradish
peroxidase (HRP), diluted 1:2000 in blocking solution and incubated for 1 h at RT. The membrane
was then washed three times with PBST, and bands were visualized by adding HRP substrate
(WesternBright ECL, Advansta). The membrane was imaged using a ChemiDoc MP imaging

system (Bio-Rad) and analyzed by Imagelab software (Bio-Rad).
Antigen-binding ELISA

96-well ELISA plates (Nunc Polysorp®) were coated for two h at 37°C with 400 ng of APN (Sigma)

diluted in PBS. Plates were then washed three times with PBST and blocked overnight at 4°C with
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3% (w/v) gelatin prepared in PBS and 0.05% Tween-80. Following three washes with PBST, VHH-
MG fusions were serially diluted in dilution buffer (2% skimmed milk + PBS + 0.05% Tween-20),
added to each well and incubated for 1 h at RT. An in-house produced pAPN-specific mAb
(IMMO13, see ref. Baert et al., 2015) was used as a positive control. After washing, bound VHH-
MG fusions were detected by anti-mouse 1gG (GE Healthcare, NXA931), diluted 1:5000 in the
dilution buffer. Following incubation for 1 h at RT, plates were washed three times with PBST and
developed by adding HRP substrate (one SIGMAFAST™ OPD tablet dissolved in 20 ml deionized
water). Finally, the reaction was stopped with 1 M hydrochloric acid and the optical density of

the colorimetric reaction was measured at 492 nm (VersaMax™).

Flow cytometry

Binding of the different VHH-MG fusions to APN-expressing cell lines was analyzed using flow
cytometry. The wild-type and APN-transfected IPEC-J2 and BHK-21 cell lines were grown until
reaching a 90% confluence and detached with StemPro accutase (Gibco). Detached cells (3.0 x
10°) were transferred to a conical bottom 96-well microtiter plate (Gibco) in 200-ul culture
medium and centrifuged for 3 min at 350 g and 4°C. Cells were incubated with 2 pg/ml VHH-MG
fusions or anti-APN mAb (clone IMMO013) on ice for 30 min. Detection of bound VHH-MG fusions
was performed with an AF647-conjugated anti-mouse 1gG2a antibody (4 pg/ml; Invitrogen,
A21241) and with an AF647-conjugated anti-mouse IgG1 antibody (4 ug/ml; Invitrogen, A-21240)
for IMMO13. Cells were incubated for 30 min on ice. Dead cells were excluded using Sytox blue
staining (5 nM; Molecular probes). A total of 10,000 viable, single cells was measured for each

condition (Cytoflex, Beckman Coulter).

VHH-MG endocytosis assay

APN-expressing BHK-21 cells were seeded in 24-well plates (1.0 x 10° cells in 1 ml) on top of a
sterile cover slip and cultured until a monolayer was formed. Cells were washed twice with ice-
cold PBS and stored on ice before the VHH-MG fusions or IMMO013 were added to the cells (250
ul; 100 pg/ml) in ice-cold culture medium. After a 60-min incubation at 4°C, cells were washed

thrice with ice-cold PBS and incubated for 30 min at 37°C, 5% CO» in warm culture medium. After

107



washing twice in PBS, cells were fixed for 10 min with 500 pl 4% paraformaldehyde. Next, the
presence of VHH-MGs or IMMO13 on the cell membrane was detected with an AF568-conjugated
anti-mouse IgG(H+L) (2 pg/ml; Invitrogen, A-11004) for 30 min at RT and protected from light.
After washing three times with PBS + 1% FCS, cells were permeabilized with 250 ul 0.2% Triton-
X100 for 2 min and washed again with PBS + 1% FCS. Both VHH-MG and IMMO013 were then
detected using a FITC-conjugated anti-mouse I1gG (whole molecule) (Sigma, F2883) for 30 min at
RT, protected from light. After washing three times, the cover slip was taken out and mounted
on a microscope slide in mounting solution (DABCO). Images were taken with a confocal

microscope (Leica).

In vivo uptake of anti-APN VHH-MG

Three female, 5-week-old piglets were used to assess the uptake of the VHH-MGs in gut ligated
loops as described previously (Coddens et al., 2017). Briefly, following anesthesia and
laparotomy, the jejunum was localized and six 3-cm loops with 10-cm intervals between each
loop were made avoiding Peyer's patches. Blood supply was assured by placing the ligatures
between the mesenteric arcades. The pAPN-specific mAb (IMMO13, see ref. Baert et al., 2015)
was used as a positive control, while a GFP-specific VHH was used as a negative control (De Meyer
et al., 2015). The anti-APN mAb IMMO013 (1 mg) or an equimolar amount of the different VHH-
MGs were diluted in 3 ml of PBS and injected in the lumen of the loops. Upon injection, each loop
was returned to the abdominal cavity and the abdomen was closed. After a 5-h incubation, the
animals were euthanized with an overdose of sodium pentobarbital and tissue samples from
intestines, loops and mesenteric lymph nodes were collected. Tissue samples were embedded in
2% Methocel® MC (Fluka), snap frozen in liquid nitrogen and stored at -80°C until use. All animal
procedures were approved by the Ethical Committee of the Faculty of Veterinary Medicine of

Ghent University (EC 2018-04).

Immunohistochemistry

Cryosections (8 um) of porcine ileum and the ligated gut loops obtained from 3-week-old piglets

were cut with a Leica CM3050 S cryostat, mounted on APES-coated glass slides, dried (30 min,
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40°C) and fixed in acetone during 10 min at -20°C. Subsequently, the cryosections were incubated
during 30 min in ammonium chloride buffer (50 mM, pH 8) and washed thoroughly. All washing
steps were carried out at RT in PBS. Fc receptors were blocked for 30 min at 37°C with PBS
containing 10% sheep or goat serum. Binding of the VHH-MG or IMMO013 (10 pg/ml) was detected
by incubation for 1 h at 37°C with a FITC-conjugated sheep anti-mouse IgG (Sigma; F2883) or goat
anti-mouse 1gG2a. Nuclei were counterstained with Hoechst (10 pg/ml). The sections were
washed in ultrapure water and mounted in mounting solution (DABCO). Tissues were imaged
with a Leica DC 100 fluorescence microscope mounted with a Scion Corporation camera. Images

were analyzed and processed using Fiji.
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Supplementary figures
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Supplementary Figure S1. Screening of VHHs that bind APN-expressing cell lines. Crude periplasmic
extracts were prepared from TG1 cells harboring recombinant phagemids from the library. The 28 APN-
binding VHH candidates were screened on APN-expressing cell lines by flow cytometry. The clones were
grouped according to their similarity in CDR3 sequence; numbers on top between the dotted lines refer
to the family to which the different clones belong. The Y-axis represents the ratio of median florescence
intensity (MFI) of APN-transfected and parental non-transfected BHK21 cells.
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Supplementary Figure S2. Expression of different variants of APN-specific VHH-MG fusions in Pichia
pastoris. The culture medium of yeast transformants (4 colonies for each construct) were screened by
Coomassie staining and western blot analysis to identify the highest expressing clone. Here, only one
high expressing clone for each construct is shown and they were grouped according to their CDR3
similarity; the numbers between the dotted lines represent the family to which they belong (a).
Protein expression was induced for 48 h with 1% methanol. Cultures were harvested and supernatant
was analyzed by SDS-PAGE (b) and western blot (c). ‘V2-MG Pure’ was used as a loading control and
500 ng of samples were loaded for Coomassie staining and 200 ng for western blot. MG represents
the Fc domain of Mouse IgG.
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Figure S3
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Supplementary Figure S3. Sections from jejunal loops of three pigs. Merged images stained with
goat anti-mouse (FITC, green) and counterstained with Hoechst (Blue). Scale bars: 100 um.
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In part | of this chapter, we described the characterization of the anti-APN VHH-MG fusions and
identified two best performing fusions, 3L94-MG and 2L65-MG. These VHH-MG fusions displayed
binding to and uptake in both APN-expressing cells and porcine intestinal epithelium. Here, we
aimed to further characterize them for their potential to generate focused immune response in

vivo. Therefore, 3L94-MG and 2L65-MG were up-scaled and purified.

Study design for oral immunization -

To test the oral immunogenicity of 3L94-MG and 2L65-MG, an oral immunization experiment in
piglets was set up. We planned to test the immunogenicity in four experimental groups, as
described in Table 1. A new negative control containing irrelevant VHH fused to mouse IgG2a Fc
will be cloned, because Fc domain of GBP-MG was derived from mouse IgG3 that cannot be
compared with 3L94-MG and 2L65-MG. Each group comprised of 3 pigs (5 weeks old) will be
adjuvanted with 50 pg cholera toxin (CT). The piglets will be immunized on three consecutive
days with intragastric administration of equimolar amounts and a booster immunization will be
given on day 14. Immunogenicity will be evaluated by measuring serum antibody response
against mouse 1gG2a in ELISA as well as the increase in 1gG2a-specific antibody secreting cells in

blood and in the small intestine by ELIspot (Figure 1).

Table 1 Vaccination group and dosage

Groubs Dose Total protein

P required for 4 doses
3L94-MG 3 pigs 1mg 12 mg
2L65-MG 3 pigs 1mg 12 mg
3L94-MG + 2L65-MG 3 pigs 500 pg each 6 mg each
negative control 3 pigs 1mg 12 mg
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Figure 1. Schematic representation of the immunization experiment. All events have been
depicted in reference to the first vaccination (day 0 in time line). Different time points for
vaccination and sample collection (blood and intestinal tissue) are denoted with circles. At
day 28, experiment ended, and pigs were euthanized.

Purification and characterization of purified 3L94-MG and 2L65-MG

To describe the proof of concept, both the fusions were upscaled to obtain a final amount of at
least 20 mg. 10 liters of culture supernatants was first purified on protein A affinity
chromatography, and then by size exclusion chromatography. Figure 2 shows the purification
profile of only 3L94-MG, but a similar pattern was obtained for 2L65-MG. The pooled fractions
from affinity purification of one liter of concentrated culture supernatant (Figure 2A) were
subjected to size exclusion chromatography (Figure 2B). In SEC profile, two peaks were obtained,
where the second peak represents the bivalent 3L94-MG, corresponding to 80 kDa. These results
are consistent with the previous observation from small scale purification (Chapter 4, part 1). All
the SEC fractions were analyzed by SDS-PAGE, however only those corresponding to 80 kDa band
were pooled and used for the immunization experiment (Figure 2C). Finally, we obtained about
200 mg of both 3L94-MG and 2L65-MG from 10 liters of Pichia pastoris culture. Figure 2D shows
the SDS-PAGE analysis of 3L94-MG and 2L65-MG after purification as a quality check before
proceeding to the immunization experiment. Both the profiles in reducing and non-reducing

conditions are highly comparable with the previous data.
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Figure 2. Purification of the VHH-MG fusions. Protein A chromatography (A) and size-exclusion
chromatography (SEC) profile of 3L94-MG. The arrow and box indicate the pooled fractions
corresponding to the eluted proteins. In SEC profile, the second peak indicated by box represents the
position and molecular weight of 80 kDa, where monomeric 3L94-MG fusions assembled by disulfide
bridges between the hinge of two 3L94-MG polypeptides (40 kDa each). (C) SDS-PAGE analysis of the
SEC fractions on 4-12% Bis-Tris gels under reducing conditions. The box indicates the pooled fractions.
(D) SDS-PAGE analysis of the 80 kDa peak of both 3L94-MG and 2L65-MG after SEC on 4-20%
polyacrylamide gel under both non-reducing (left) and reducing (right) conditions. The expected
position of the intact full-length polypeptide is indicated by arrowhead for monovalent VHH-MG (~40
kDa) in reducing conditions and by arrow for bivalent VHH-MG (~80 kDa) in non-reducing conditions.
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Conclusion

A preliminary immunization experiment was performed as mentioned in the scheme (Figure 1,
Table 1), but using the irrelevant conventional mouse IgG2a as a negative control. However, the
results were not conclusive and no differential immunization responses were observed in the
different groups. Therefore, the experiment will be repeated with the ideal control (irrelevant
VHH fused with Fc domain of murine 1gG2a) that would allow comparison with APN-binding VHH-

Fc fusions.

Materials and methods

Production of 3L94-MG and 2L65-MG in Pichia pastoris

For upscaling, 10 liters of yeast cultures were grown in shake flasks. For this, 2 days grown
preculture in YPD medium (1% Bacto yeast extract, 2% glucose, 25 mg/ml Zeocin) was used for
1/50 inoculation in 250 ml BMGY medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB, 0.1M
potassium phosphate pH 6, 1% glycerol, 0.002% biotine) per 2-liter shake flask (a total of 40 shake
flasks were required) and incubated while shaking at 28°C for 24 h. The cells were then pelleted
for 10 min at 1500 g and resuspended in 250 ml BMMY medium (1% Bacto yeast extract, 2%
peptone, 1.34% YNB, 0.1M potassium phosphate pH 6, 1% methanol) to induce expression of
VHH-MG. Cultures were incubated while shaking at 28°C for 48 h and spiked with 1.25% methanol
(v/v) every 12 h. After 48 h of induction, the yeast cells were pelleted by centrifugation at 5000
rpm for 15 minutes and subsequently filtered using 0.22-uM PES membrane filters and

concentrated to about 1 liter by diafiltration for first chromatographic step.

Purification of 3L94-MG and 2L65-MG

Concentrated Pichia pastoris culture supernatants were subjected to 2x 5 ml MabSelect SuRe
Protein A columns (GE healthcare), equilibrated with 20 mM sodium phosphate, 300 mM NaCl
buffer, pH 7.8. Bound protein was eluted with 1 M arginine, pH 2.7 and immediately neutralized

with 1 M Tris, pH 9. Relevant fractions with high concentration of VHH-MG were pooled and
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subjected to size-exclusion chromatography (Superdex 200, GE Healthcare). Fractions containing
the major antibody peak in the chromatogram were pooled and stored at -80°C until use. The

protein concentration was determined by micro BCA kit (Pierce).

SDS-PAGE
The purified proteins were characterized by SDS-PAGE as described in chapter 4, Part I.
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Abstract

Orally administered vaccines have great potential to fight against the enteric pathogens,
however, poor uptake of the vaccine antigen by intestinal cells pose the huge challenge in their
development. A promising approach to address this issue is to target vaccine antigens selectively
to receptors on the mucosal membranes as an antigen-antibody fusion. Recent advances in
antibody engineering allow the production of antigen fusions to single-chain variable fragments
(scFv) derived from a monoclonal antibody, that overcomes the structural complexity of the
conventional antibodies. However, optimization of the requisite linker to connect VH and VL
domains is essential for their proper folding and functionality. On the other hand, single domain
antibodies based on the variable region of the heavy chain only antibodies do not need this
optimization of the linker between the variable regions in an scFv as all antigen binding
hypervariable loops are located within a single compact small globular domain. Thus, VHH (single
domain antibody) provides an easy solution to make such fusion constructs. This chapter
describes the design and production of VHH-based vaccine carriers. The model antigen tetanus
toxin C-fragment was fused to the anti-APN VHH 3L94 (characterized in the previous chapter)
and Fc domains of porcine IgG and IgA. The fusions without the Fc domain and IgA-based fusions
resulted in the high accumulation in Pichia pastoris as compared to IgG fusions. It is worthwhile
to further characterize these fusions in in vitro (cell-based) and in vivo settings to demonstrate

their potential as an ideal vaccine delivery system.
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Introduction

Mucosal vaccines have the potential to elicit both local as well as systemic immune responses
(Lycke, 2012). Since, the gut mucosa is protected by well-developed barriers including low pH,
digestive enzymes, orally delivered subunit vaccines against the intestinal pathogens fail to
develop a protective immunity as they encounter the same obstacles as do the other
microorganisms. Moreover, poor uptake of the antigen payload by intestinal cells renders the
oral vaccine unsuccessful. Thus, selective targeting of the vaccine antigen to transcytotic
receptors on intestinal cells can be envisioned to facilitate the antigen uptake. Since the complex
structure of the monoclonal antibodies limits their application as a targeting moiety, substantial
efforts have been invested to reduce the size of the antibodies.

Chapter 1 described the cloning of fusion proteins with an APN targeting scFv and a model
antigen (GFP), and their expression in Pichia pastoris, resulting in a very low yield. However, the
similar fusions with an irrelevant VHH yielded better expression. Thus, rather than a single-chain
variable fragment (scFv) derived from the anti-APN monoclonal antibody IMMO013, we decided
to opt for the single domain antibodies (VHH), that were isolated and characterized as described
in the previous chapter (Chapter 4). The APN binding VHH 3L94 was grafted on the model antigen
tetanus toxin C-fragment and produced in Pichia pastoris. Moreover, these VHH-antigen fusions
were also fused to an Fc domain of an antibody, resulting in a bivalent molecule. Here, these

fusions were produced in P. pastoris, analyzed for their specificity and integrity.
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Results and discussion

IgA fusions accumulate better than IgG fusions

To design a novel antigen carrier, an anti-APN VHH (3L94) was genetically fused to a model
antigen and an Fc domain derived from a conventional antibody of porcine origin. The
recombinant C-fragment of tetanus toxin (TTC, 52 kDa) has been exploited as a model vaccine
candidate in various studies (Jang et al., 2012; Lee et al., 2015). Owing to its immunogenic and
non-toxigenic nature, TTC might be an ideal model antigen for developing a novel vaccine carrier.
Moreover, both 1gG3 and IgAP were reported to be resistant to proteolytic degradation, as
compared to other isotypes (Brown et al., 1995; Butler et al., 2009). This attribute makes them
ideal to use as a fusion partner to deliver antigens to the intestinal mucosa upon oral delivery.
Thus, 3L94-TTC was fused to the N-terminal end of both 1gG3 and IgA® (referred to as 94-T-PG
and 94-T-PA, respectively) (Figure 1A). Additionally, two more fusions were made by linking the
VHH 3L94 carrier and the Fc of IgG3 and IgAP to the N-terminal of the TTC (termed 94-PG-T and
94-PA-T, respectively) (Figure 1A). These fusion proteins were expressed in P. pastoris and four
clones of each construct were screened for high expressers. The proteins expressed in the culture
supernatant were analyzed by western blotting in reducing conditions with two detection
systems. First, the Fc domain was detected by using anti-IgG antibody (for 94-T-PG and 94-PG-T)
(Figure 1B) and anti-IgA antibody (for 94-T-PA and 94-PA-T) (Figure 1C). Although anti-IgG
detection seems weaker as compared to anti-IgA detection, the bands corresponding to full-
length protein were detected in clones of the four different constructs, except for two clones of
94-T-PG. Moreover, anti-IgA detection for 94-PA-T also revealed a smaller fragment of about 55
kDa. To compare the expression level, the proteins were also probed with an anti-TTC antibody
(Figure 1D and 1E). In addition to the full-length band, a smaller fragment of different sizes was
observed for all the fusions, that most likely represents a cleavage product. The cleavage might
occur in GsS linker, hinge or between CH2-CH3 interface. It appears that more than 50% of IgA-
fusions are cleaved. Additional studies (such as N-terminal sequencing) are required to identify

the cleavage pattern in the fusion molecule.
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Figure 1. Cloning and expression of the fusion proteins in Pichia pastoris. (A) Schematic representation
(not drawn to scale) of the expression cassettes for cloning in the expression vector under control of
AOX1 promoter and terminator (T). 94, 3L94 (VHH); (G4S)a4, Glycine-Serine linker; TTC, tetanus toxin C
fragment. (B, C, D and E) The expression plasmids were transformed in P. pastoris and the culture
medium of four clones (a, b, ¢, d) of each construct were analyzed to screen for highest expressing clone.
The secreted proteins in the culture supernatant were analyzed using western blot under reducing
conditions, in two different probe setups- with anti-Fc domain antibody (B, C); and with anti-TTC antibody
(D, E). Black arrow represents the full-length protein, whereas arrowhead represents the cleavage
product. Note that the intensity of the bands in B and C, and D and E, should not be compared as different
detecting antibodies were used.
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Removal of Fc domain leads to improved expression in P. pastoris

Although the Fc fusions exhibited detectable expression levels in P. pastoris, the cleavage product
may be hard to purify and may also interfere with the functionality. To address this issue, we
made additional fusions without the Fc domain. Since, removal of Fc domain results in the
monovalent molecule, a bivalent VHH (3L94) linked with the Ga4S linker was also fused to TTC. 94-
94 without TTC was made as a negative control. A C-terminal His-tag was fused to all the
constructs to facilitate the purification (Figure 2A). The proteins expressed in culture supernatant
were analyzed via Coomassie staining after SDS-PAGE and western blotting. Both 94-T and 94-
94-T displayed clear bands corresponding to the full-length protein, while all fusions containing
Fc were undetectable in Coomassie staining (Figure 2B). For western blot, the proteins were
detected with anti-TTC antibody (Figure 2C), anti-his tag antibody (Figure 2D), and anti-VHH
antibody (Figure 2E). In the three different probed blots, prominent bands are present for full-
length proteins 94-T and 94-94-T. The anti-TTC detection exhibited some high molecular bands
that possibly represent the aggregates or different glycan variants. However, noteworthy is that
the anti-his detection only reveals the full-length protein suggesting that these could be

separated from all other fragments and purified by affinity chromatography.
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Figure 2. Expression of the VHH-TTC fusion proteins (lacking Fc domain) in P. pastoris. (A) Schematic
representation (not drawn to scale) of the expression cassettes for cloning in the Pichia pastoris expression
vector under control of AOX1 promoter and terminator (T). 94, 3L94 (VHH); (G4S)./s, Glycine-Serine linker;
TTC, tetanus toxin C fragment; H6, 6x histidine tag to facilitate the purification. (B, C, D, E) The expression
plasmids were transformed in Pichia pastoris and four clones of each construct were expressed by
methanol induction. Here, only one high expresser clone is shown. The secreted proteins in the culture
supernatant were analyzed using Coomassie staining (B) and western blot under reducing conditions. In
western blot, proteins were probed with three different probe setups- with anti-TTC antibody (C), anti-His
tag antibody (D) and anti-VHH antibody (E). The table shows the expected molecular weight of the
proteins. M, molecular weight marker; (+) ctrl, loading control (recombinant TTC from sigma for anti-TTC
detection (C), and his-tagged VHH (irrelevant) for anti-his (D) and anti-VHH detection (E).)
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The fusion proteins are functional in APN-binding ELISA

Next, all the proteins were analyzed for their binding to APN in ELISA. Depending on the fusion
tag, the proteins were detected by different antibodies. First, the presence of anti-APN VHH in
the fusion molecule was confirmed by anti-VHH antibody detection (Figure 3A). Although all the
fusions displayed binding to APN, their binding strength cannot be compared as the crude
samples were used for the ELISA. Interestingly, stronger ELISA signal of 94-94-T compared to 94-
T does not correlate with the band intensity in western blot, suggesting the strong avidity effect
of bivalent VHH in APN-binding ELISA. Moreover, all the fusions were also detected with anti-TTC
detection. Interestingly, 94-T-PA, that display lower expression than 94-PA-T displayed stronger
binding in ELISA, suggesting that most of the cleavage product doesn’t carry anti-APN VHH, thus
could not bind to APN and was undetectable in ELISA. The fusion proteins were further analyzed
by detection of the Fc domain. The IgG-fusions displayed a very weak ELISA signal with anti-IgG
detection (Figure 3C) that correlates with other two detections (Figure 3A and 3B) and their low
expression as observed in western blot (Figure 1B). Surprisingly, anti-IgA detection displayed a
very strong signal for 94-PA-T that confirms the full-length molecule containing anti-APN VHH
(3L94), TTC and Fc domain of IgA; while 94-T-PA was below the detection limit (Figure 3D),
indicating that 94-T-PA is either very unstable, thus completely degraded or its IgA Fc domain is
cleaved therefore it was still detectable by anti-TTC, but unable to be detected by anti-IgA
antibody. Despite being extensively cleaved, 94-PA-T appeared to be the best fusion among all

other Fc-fusion proteins in terms of expression and APN-binding in ELISA.
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Figure 3. Characterization of the fusion proteins in ELISA. The fusion proteins expressed in Pichia pastoris
were analyzed in ELISA to test their APN binding activity. The ELISA plates were coated with APN and a
dilution series of the secreted proteins in culture supernatant was detected in four different setups- anti-
VHH antibody (A), anti-TTC antibody (B), anti-pig IgG (C), and anti-pig IgA (D). (-), negative control =
irrelevant VHH—murine IgG fusion (V2-MG) (A), pig I1gG3 fusion (FaeG-1gG3) (C), VHH—pig IgA fusion (D3-
IgA) (D). The graph shows the 0.D. (492 nm) values obtained for each individual sample.

Conclusion

This chapter describes the effort to make a VHH-based vaccine carrier designed as either
monovalent or bivalent by fusing to an Fc domain. The different expression patterns of the fusion
molecules suggest that associated Fc domain impacts the integrity of the fusion molecule and its
presence significantly reduced the accumulation. The Fc fusions appeared vulnerable to
proteolytic cleavage, as evidenced by different fragments on reducing western blots. However,
the different ELISAs show that the APN binding VHH 3L94 at the amino terminal end of the fusions
is connected to the model antigen at the carboxyl terminal end of the fusion protein 94-PA-T,

suggesting that some fraction of the full-length molecule remains intact in the solution by non-
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covalent interactions. One might be puzzled by the different aspects affecting the integrity and
functionality of the fusion proteins. Nevertheless, 94-PA-T and the two fusions without Fc domain
94-T and 94-94-T, which accumulate very well, may deserve further validation in in vitro and in
vivo settings to assess their potential as a vaccine carrier to the intestinal membranes. As a final
note to this section describing the production of innovative antibody-based fusion constructs, it
is important to realize that the production and functionality of such fusions are very

unpredictable, and extensive validation is required to identify the best candidate.

Materials and Methods-

Vectors, strains and DNA sequences

The yeast expression vector pPICZalphaH6E (NCBI accession number KM035419.1) modified for
GoldenBraid cloning (named pKaiGG) was used for cloning the fusions under the control of the
methanol inducible promoter AOX1 (Juarez et al., unpublished). The vector contains Zeocin
resistance marker for selection in bacterial as well as in yeast cells. E. coli strain DH5a was used
for construction and storage of the expression vector (Meselson and Yuan, 1968). The fusions
were expressed in P. pastoris wild type strain NRRL Y-11430 (Kuberl et al., 2011). DNA sequences
corresponding to the fragment crystallizable (Fc) domain of porcine IgG3 (CH1-Hinge-CH2-CH3;
NCBI accession number EU372658), porcine IgA (Hinge-CH2-CH3; NCBI accession number
U12594), VHH (3L94) coding sequences were obtained from the previously cloned vector in our
laboratory. The coding sequence for C-fragment of tetanus toxin (TTC) (UniProtkB — P04958) was

codon optimized for P. pastoris and synthesized by SGI-DNA (La Jolla, California).

Construction of the yeast expression vector harboring VHH-fusion proteins

The fusion proteins were cloned in the yeast expression vector pKaiGG via GoldenBraid cloning
system (Sarrion-Perdigones et al., 2011). Briefly, all parts (coding sequences) were first cloned in
a domesticator vector pUPD2, followed by assembly in the yeast expression vector pKaiGG.
Subsequently, the plasmids were transformed in E. coli DH5a. Upon plasmid preparation and

sequence confirmation of the insert, yeast cells were transformed with the Pmel-linearized
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vectors and positive transformants were selected on YPD (1% yeast extract, 2% peptone, 2%

Dextrose) supplemented with 50 mg/ml Zeocin (Invitrogen).

Expression of the VHH-fusion proteins produced in Pichia pastoris

Expression of VHH-IgG fusions was first analyzed in 2 ml cultures. On day one, 2 ml of BMGY
medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB, 0.1M potassium phosphate pH 6, 1%
glycerol) with 25 mg/ml Zeocin was inoculated with individual transformants and incubated while
shaking at 28°C for 48 h. For each fusion construct, four independent transformants were grown
in 24-well plates. Cells were then pelleted for 10 min at 1500 g and resuspended in 2 ml BMMY
medium (1% Bacto yeast extract, 2% peptone, 1.34% YNB, 0.1M potassium phosphate pH 6, 1%
methanol) to induce the expression. Cultures were incubated while shaking at 28°C for 48 h and
spiked with 1% methanol (v/v) in every 12 h. After 48 h of induction, the yeast cells were pelleted,
and the supernatant was analyzed by SDS-PAGE, western blot and ELISA to assess the

accumulation of secreted fusions.

Immunoblotting

10 pl of culture supernatant was analyzed on 4-20% precast protein gels (Bio-Rad- 4561096).
Samples were prepared in NUPAGE LDS Sample buffer (ThermoFisher- NPO008) with a reducing
agent (ThermoFisher- NP0009). For immunoblotting, the proteins were blotted onto a
polyvinylidene difluoride membrane (Bio-Rad- 1704156) using the semidry transfer method (Bio-
Rad). The membrane was subsequently blocked for one hour with 5% (w/v) of skimmed milk in
PBS containing 0.05% Tween-20 (PBST) and probed with 1/5000 anti-Pig IgG + HRP (Bethyl, A100-
104P) for 1gG-fusions, 1/5000 anti-pig IgA + HRP (Bethyl, A100-102P) for IgA-fusions, 1/2000 anti-
His + HRP (Thermo Scientific, MA1-21315-HRP) for His-tagged fusions, 1/5000 anti-VHH + HRP
(GenScript, A01861) for VHH detection, and 1/5000 rabbit anti-TTC antibody (abm, Y054127) to
detect TTC in the fusion proteins, followed by detection with 1/2000 anti-rabbit IgG + HRP (GE
Healthcare, NA934). The membrane was then washed three times with PBST, and bands were
visualized by adding WesternBright ECL HRP substrate (Advansta- K-12045-D20). All incubation

steps were performed at room temperature on the orbital shaker.
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APN binding ELISA

96-well ELISA plates (Nunc Polysorp®) were coated for two hours at 37°C with 400 ng of APN
(Sigma) diluted in PBS. Plates were then washed three times with PBST and blocked overnight at
4°C with 3% (w/v) gelatin prepared in PBS and 0.05% Tween-80. Following three washing steps
with PBST, the proteins were serially diluted in dilution buffer (2% skimmed milk + PBS + 0.05%
Tween-20), added to each well and incubated for 1 hour at RT. Subsequently, the plates were
washed three times with PBST and bound proteins were detected depending on the fusion tag,
by 1/10000 anti-Pig IgG + HRP (Bethyl, A100-104P), 1/10000 anti-pig IgA + HRP (Bethyl, A100-
102P), 1/5000 anti-VHH + HRP (GenScript, A01861) and 1/10000 rabbit anti-TTC antibody (abm,
Y054127), followed by detection with 1/5000 anti-rabbit 1gG + HRP (GE Healthcare, NA934).
Following incubation for 1 hour at RT, plates were washed three times with PBST and developed
by adding HRP substrate (SIGMAFAST™ OPD tablets dissolved in 20 ml deionized water, Sigma-
Aldrich- P9187). Finally, the reaction was stopped with 1 M hydrochloric acid and the optical
density of the colorimetric reaction was measured at 492 nm (VersaMax, Molecular Devices,

Sunnyvale, California).
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Abstract

Respiratory syncytial virus (RSV) is one of the leading causes of pediatric lower respiratory tract
hospitalization throughout the world. Despite the overwhelming global burden of RSV infection,
no vaccine or effective antiviral therapies are available. Owing to their high stability, the variable
domains of camelid heavy-chain-only antibodies (VHHs) can be directly delivered to the lumen of
the lungs. As this allows fast delivery of high amounts directly to the site of viral replication, VHHs
represent an interesting type of antivirals to combat lung infections. However, as VHH lacks Fc
fragments they have a short lung retention time and lack Fc associated effector functions that
might be important to effectively control viral replication. To overcome these drawbacks, in the
present study, a neutralizing (C4) and a non-neutralizing (E4) RSV F specific VHH and a control
VHH, were fused to the mouse IgG2a CH2-CH3 Fc fragment and produced in a plant expression
system. We demonstrate that these VHH-Fc fusion proteins (C4-Fc and E4-Fc) can be produced
in Nicotiana benthamiana leaves and can efficiently bind to RSV F protein. Remarkably, 2 out of
the 3 produced VHH-Fcs were highly thermostable, retaining full antigen-binding activity after
heating to 90°C. The C4-Fc had far greater in vitro neutralizing activity than what is reported for
its unformatted VHH counterpart and strongly protected mice against RSV infection. Remarkably,
despite its lack of in vitro neutralizing activity, the E4-Fc could also reduce lung viral replication
in vivo. This study sheds light on the potential of plant-produced VHH-Fc fusions as antiviral

agents.
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Introduction-

Respiratory syncytial virus (RSV) is one of the most important causes of lower respiratory tract
infections and associated bronchiolitis and pneumonia in infants and young children worldwide
(see ref. Battles and McLellan, 2019). By the age of two, virtually all children will have had at least
one RSV infection (Glezen et al., 1986; Hall et al., 1991). As previous infection does not provide
complete immunity, recurrence is common throughout life. Although RSV is rarely lethal in
healthy people, it can cause severe illness in immunocompromised individuals, and elderly
persons (Falsey et al., 2005). In 2015, RSV has been estimated to cause about 33.1 million ALRI
incidence. 10% of these cases (3.2 million) required hospitalization, with 59,600 in-hospital
deaths in children younger than 5 years, resulting in a substantial burden on health-care
industries (Shi et al., 2017).

Although a vaccine and an effective antiviral treatment for RSV are still lacking, monthly
passive immunoprophylaxis with palivizumab can reduce hospitalization of high-risk RSV infected
infants by 55% (Null et al., 1998). Palivizumab (Synagis®) is a humanized mouse monoclonal
antibody that targets the RSV fusion protein (F). The F protein is a conserved type | membrane
protein that mediates the fusion of the viral membrane with the host cell membrane after
attachment of the virus to the host cell. This fusion process is mediated by the refolding of the F
protein from its prefusion to its postfusion conformation and starts with the insertion of the F
protein fusion peptide into the membrane of the host cell. By subsequent joining of the heptad
repeat regions that neighbor the inserted fusion peptide and the viral F protein transmembrane
region, the viral and cell membrane are brought together and enabled to fuse. This fusion process
can be blocked by antibodies like Palivizumab that bind to the prefusion conformation of the F
protein (Battles and McLellan, 2019). Consequently, such antibodies can prevent virus infection.
Although virus neutralization has also been demonstrated for antibodies that bind to the G
protein involved in viral attachment, the vast neutralizing activity present in human sera is
mediated by F specific antibodies (Ngwuta et al.,, 2015). New antibodies targeting the RSV F
protein with high efficacy are currently under clinical development (Rossey et al., 2018).

The variable fragments of camelid heavy-chain-only antibodies (VHH) have received

growing interest for a range of clinical applications (see ref. De Meyer et al., 2014; Vanlandschoot
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et al., 2011) due to their peculiar properties such as high stability and solubility under different
extreme conditions (Chapleau et al., 2015), easy penetration, high affinity, ease of engineering
and production. Several recent studies have been reported the use of VHHs for prophylactic and
therapeutic applications for many diseases including cancer, arthritis, bacterial zoonotic diseases
and viral infections (Schepens et al., 2011; Zhao et al., 2018), and some are currently being
evaluated in clinical trials (Detalle et al., 2016; Van Roy et al., 2015). Despite merits over
conventional antibodies, the role of VHHs (either mono- or multivalent) as therapeutics providing
long term immunity, remains elusive due to their rapid clearance from the circulation by renal
infiltration. To surmount these hurdles, VHHs can be formatted by making fusions with Fc domain
of conventional IgG antibodies that are widely acceptable to extend the half-life of
biopharmaceuticals. Such bivalent fusions are equipped with Fc effector functions such as
antibody-dependent cell-mediated cytotoxicity (ADCC), antibody-dependent cell-mediated
phagocytosis (ADCP) and complement-dependent cytotoxicity (CDC); thereby provide better
protection in vivo (Laursen et al., 2018).

Here, we report on the plant-based production of two RSV F targeting VHHs fused to the
mouse 1gG2a Fc fragment, and their in vitro and in vivo antiviral activity. The characterization of
two RSV F specific VHHs- C4 and E4, former having the RSV-neutralization activity (Hultberg et
al., 2011). The VHHs were fused to a mouse 1gG2a Fc domain and produced in infiltrated leaves
of Nicotiana benthamiana via Agrobacterium-mediated transient expression system. These
plant-produced VHH-Fc fusions were evaluated for their in vitro RSV-neutralization potency,
thermal stability and lung retention time. We further addressed the involvement of Fc domain in
protection against RSV infection by comparing neutralizing (C4-Fc) and non-neutralizing (E4-Fc)

VHH-Fc fusions in mouse models.
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Results

The plant produced VHH-Fc assembles as bivalent

A neutralizing (C4) and a non-neutralizing (E4) VHH targeting the RSV F protein, isolated and
described previously by Hultberg et al. (2011) were fused to the fragment crystallizable (Fc)
domain of murine 1gG2a (thereafter referred to as C4-Fc and E4-Fc, respectively). The VHH-Fc
fusions were expressed in infiltrated tobacco leaves via Agrobacterium-mediated transient gene
expression system (Supplementary Fig. S1A and S1B). An irrelevant VHH (V2), targeting the F4
fimbriae of enterotoxigenic E. coli served as a negative control (Virdi et al., 2013). The C-terminal
ER retention motif (KDEL tag) was added to prevent the plant-specific N-glycan maturation in the
Golgi apparatus and potential immunogenicity (Bardor et al., 2003; Jin et al., 2008; Landry et al.,
2010). The crude leaf extracts were purified using protein A chromatography and subsequent size
exclusion chromatography (SEC) (Supplementary Fig. S1C). The SEC profile has one major peak
eluting after 65 ml (red box), which corresponds to the monomers containing bivalent VHH-Fc.
Preceding peaks most likely represent dimers, multimers or aggregates that constitute a small
fraction of the total purified protein (less than 5 %). Fractions derived from the major peak were
pooled and the final yield of the pure protein varied from 10-30 mg/kg of fresh leaf weight. The
purified proteins were analyzed by SDS-PAGE either by Coomassie staining and western blotting
under both reducing and non-reducing conditions (Fig. 1). In reducing and non-reducing
conditions, the full-length VHH-Fcs migrate respectively as 40-42 kDa bands and 80-82 kDa bands,
verifying their assembly as a bivalent molecule. SDS-PAGE under reducing condition revealed
additional band at 28 kDa that corresponds to the Fc moiety. This was confirmed by western blot
analysis. Moreover, the band corresponding to bivalent Fc (approximately 56 kDa) was also
observed under non-reducing conditions. Other low molecular and high molecular bands as
detected in western blotting most likely represent the degradation and aggregates, respectively.
Of note, the relative intensity of the cleavage product (smaller band) varied among the different

VHH-Fc fusion proteins, indicating that the nature of the VHH might influence cleavage efficacy.
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Figure 1 Characterization of purified VHH-Fc fusions. SDS-PAGE analysis of purified VHH-Fc fusions

under reducing (left) and non-reducing conditions (right). The protein bands were revealed by

Coomassie staining (blue) and western blotting (grey) using peroxidase conjugated anti-mouse IgG.

A conventional full-length murine 1gG2a was used as a reference in western blotting. The black

arrowhead represents the full-length VHH-Fc and arrow represents the cleavage product.
C4-Fc and E4-Fc bind to full-length RSV F, whereas C4-Fc neutralizes both RSV A and B strain
VHH C4 and E4 both bind to the RSV F protein in its postfusion conformation. To test the binding
of C4-Fc and E4-Fc to the RSV F protein, ELISA using postfusion F protein was performed.
Palivizumab was used as a positive control. Figure 2A illustrates that next to Synagis, both C4-Fc
(ECs0 = 0.06 nM) and E4-Fc (ECso = 0.24) but not the control V2-Fc bind to the RSV F protein in
postfusion conformation (Fig. 2A). We also tested the binding of C4-Fc and E4-Fc to the F protein
expressed at the surface of RSV infected cells. Flowcytometric analysis revealed that, in contrast
to the V2-Fc control, both C4-Fc and E4-Fc can readily bind to the surface of RSV infected cells.
(Fig. 2B).

Bivalent VHHs have been shown to neutralize viruses much more potently than their
monovalent VHH equivalent (Hultberg et al., 2011). Therefore, we assessed the RSV
neutralization activity of bivalent VHH-Fc. Palivizumab (Synagis) was used as positive control. C4-
Fc neutralized RSV A2 and RSV A Long strain with ECsp of 0.6 nM and 0.14 nM respectively. This
is far more potent than what is reported for its monovalent VHH equivalent (640 nM for RSV
Long) (Fig. 3A, Supplementary Fig. S2) (Hultberg et al., 2011). Similar to what was reported for its

monovalent VHH counterpart, no neutralizing activity could be detected for E4-Fc (Hultberg et

al., 2011). Although monovalent C4 VHH was reported to have undetectable levels of neutralizing

136



activity for RSV subgroup B viruses, C4-Fc could neutralize RSV B (ECsp = 144.7 nM), yet with much

lower activity than for RSV A viruses (Fig. 3B).
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Figure 2 Both C4- and E4-Fc bind to RSV F. (A) RSV F binding ELISA. ELISA plates were coated with
recombinant RSV F. VHH-Fc and Synagis were detected with anti-mouse 1gG2a and anti-Human IgG,
respectively. ECso for C4-Fc = 0.064 nM and E4-Fc = 0.023 nM. (B) C4- and E4-Fc bind to RSV F-transfected
cells. HEK293T cells, either infected with an RSV A2 or mock-infected were immunostained with VHH-Fc.
The graph represents the median fluorescence intensity (MFI) of the GFP-positive cells determined by
flow cytometry.

Next to testing the ability of VHH-Fc fusions to bind viral antigen and to neutralize RSV
through the VHH, we also investigated the interaction of VHH-Fc fusions to antibody receptors
through their Fc fragment. To test this, we investigated the binding of recombinant mouse FcyRI
to VHH-Fc fusions or mouse IgG2a that were coated to the bottom of ELISA plates. Figure 4
illustrates that FcyRI can bind to the mouse IgG2a 65 mAb (with an ECso of 8.3 nM which is in line
with what has been reported) (Nimmerjahn et al., 2005), but also to the C4-Fc, E4-Fc and V2-Fc
fusions proteins, although with a reduced affinity. The different glycosylation of plant-produced
VHH-Fc and hybridoma secreted 65 mAb could be the reason for their variable affinity to FcyRI.
Together, these data demonstrate that plant produced VHH-Fc are able to interact with their

respective antigen and able to interact with Fcy receptors.
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Figure 3 C4-Fc can neutralize RSV A and B strain in vitro. A microneutralization assay with (A) RSV A2
(50 pfu/well and (B) RSV B49 (40 pfu/well) strains. The virus was preincubated with a 3-fold dilution
series of the antibodies and used to infect Vero cells. Three days later, plaques were stained with anti-
RSV polyclonal serum and visualized by adding peroxidase substrate (n=2). (C4-Fc ECso for RSV A2 = 0.82
nM and RSV B49 = 144.76 nM; Synagis ECso for RSV A2 = 7.63 nM and RSV B49 = 1.08 nM).
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Figure 4. VHH-Fc bind to FcyRI receptor. ELISA plates were coated with VHH-Fc/65 mAb and three-
fold dilution series of recombinant FcyRI (Histidine-tagged) was added. ELISA was developed by adding
anti-his antibody. Casein and BSA (bovine serum albumin) were used as negative controls. (ECso for
C4-Fc —5.95 nM; E4-Fc — 6.39 nM; V2-Fc — 2.33 nM; 65 mAb — 0.18 nM).
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VHH-Fcs can have high thermostability

One major advantage of VHH over conventional antibodies is their high physical and chemical
stability. Due to this feature VHHs are amiable for pulmonary delivery via nebulization. This
allows quick administration of high amounts of VHH directly to the site of viral replication. To test
the physical stability of the VHH-Fc fusions, their thermostability was tested. To this end, the
VHH-Fc fusions, conventional mouse IgG2a antibodies targeting the influenza A M2e protein (65
mAb) and the RSV Small hydrophobic protein (3G8 mAb) and a GFP specific VHH (GBP) were
heated at different temperatures for 20 minutes and subsequently analyzed for target binding
activity by ELISA and compared with unheated samples (Fig. 5A). As expected, both conventional
mouse 1gG2a antibodies start losing antigen binding activity when incubated at temperatures
between 60 and 65°C. Antigen binding of those mouse IgG2a antibodies was completely lost after
incubation at 70°C. In sharp contrast, the GBP VHH retained almost full antigen-binding activity
after incubation at the highest temperature (90°C). Similar results were also obtained for other
VHHs (data not shown). E4-Fc and V2-Fc appeared to be remarkably stable and exhibited
significant antigen binding activity after incubation at 90°C. Conversely, C4-Fc was less
thermostable showing major loss in antigen binding after 75°C incubation. These data illustrate
that depending on the VHH, the physical stability of VHH-Fc fusions can be remarkably high (Fig.
5A).

To better understand the differences in heat resistance among the VHH-Fc fusions and
conventional mouse 1gG2a antibodies, we analyzed heat induced protein unfolding and
aggregation. Heat induced protein unfolding was examined by a SYPRO Orange thermal shift
assay. This analysis revealed that the high thermostability of the E4-Fc and V2-Fc as compared to
C4-Fc and mouse IgG2a antibodies is not associated with higher melting temperatures (Fig. 5B).
To investigate protein aggregation, protein samples were incubated at either room temperature
or at 70°C for 30 minutes and subsequently analyzed by size exclusion chromatography. As
expected, the conventional mouse IgG2a antibodies and VHH-IgG2a fusions that were incubated
at room temperature eluted at the expected volumes. Incubation of the 65 mAb and 3G8 mAb
(conventional mouse 1gG2a antibodies) and the heat sensitive C4-Fc fusion at 70°C resulted in

the formation in aggregates that eluted at an earlier volume. In contrast, the E4-Fc and V2-Fc
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fusions that retained strong antigen binding activity after heat treatment did not form aggregates

when incubated at 70°C (Supplementary Fig. S3).
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Figure 5 VHH-Fc are stable than conventional antibodies at elevated temperature. (A) Binding ELISA after
thermal denaturation of antibodies. The antibodies were heated at indicated temperatures and binding
activity was analyzed in target binding ELISA. GBP (GFP-binding protein) is a monomeric VHH. 65 mAb and
3G8 are conventional 1gG2a. (B) Thermofluor assay. The graph shows the melting curve of VHH-Fcs (C4-
Fc, E4-Fc and V2-Fc), GBP and conventional IgG2a (65 mAb and 3G8 mAb).
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Prophylactic treatment with VHH-Fc protects mice from RSV infection

We next examined the potential of VHH-Fcs to prevent RSV replication in vivo. BALB/c mice were
challenged with one million PFU of RSV A2 inoculation 4 hours after intranasal administration of
the VHH-Fc fusions. Synagis and PBS were respectively used as positive and an additional negative
control. Five days after RSV challenge, broncho-alveolar lavage fluid (BALF) and the lungs were
collected to determine the level of pulmonary viral replication by plaque assay (Fig. 6A,
Supplementary Fig. S4A). Prophylactic treatment with control V2-Fc did not impact RSV lung
replication as compared to PBS treatment. In contrast, treatment with Synagis or the RSV
neutralizing C4-Fc fusion strongly reduced lung viral replication to undetectable levels in the
majority of infected mice. Remarkably, also the non-neutralizing RSV F specific E4-Fc fusion was
able to control RSV replication in mice, albeit to lower extent as compared to C4-Fc. As residual
VHH-Fc and Synagis could be detected in the BALF, we cannot exclude that these might interfere
with the virus titration of the prepared lung homogenates (Supplementary Fig. S4C). Therefore,
viral replication in the lungs was also analyzed via RT-qPCR. In agreement with the levels of live
replication virus, the lungs of mice treated with C4-Fc and E4-Fc respectively have strongly and
moderately reduced levels of RSV RNA (Fig. 6B, Supplementary Fig. S4B). For further validation
of the protective effect of C4-Fc, RNA level of inflammation markers associated with RSV-
infection was quantified by RT-qgPCR and compared with the negative control group V2-Fc. The
mMRNA levels of IFNy, IL-6, RANTES, MIP-1a and IFIT2 were significantly lower for C4-Fc treated
group compared with V2-Fc treated control groups (Fig. 7 and Supplementary Fig. S5). These data
demonstrate that prophylactic treatment with C4-Fc can strongly control RSV infection and

associated inflammatory responses in mice.
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Figure 6. C4- and E4-Fc protect mice against RSV infection. BALB/c mice were treated intranasally with

VHH-Fc/Synagis (dose= 20 pg/50 pl) four hours before the infection with RSV A2 (106 pfu). Five days later,
lungs were harvested. RSV virus titer and RNA level were determined by plaque assay (A), and

guantitative RT-PCR (B). Dashed line represents the detection limit (20 pfu). (**** (P<0.0001), * (P<0.05);
one-way ANOVA) (n=6).
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Figure 7. C4-Fc inhibits the expression of proinflammatory cytokines. BALB/c mice were treated
intranasally with VHH-Fc/Synagis (dose= 20 pg/50 ul), four hours before the infection with RSV A2 (10°
pfu). Five days later, RNA level of inflammatory cytokines in harvested lungs was quantified by RT-PCR.
(n=6, ** (P<0.01), * (P=0.015), ns= not significant; Mann-Whitney).
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Fc domain contributes to prolongation of the lung retention time of the nanobody
One of the important aspects of successful IgG-based therapeutics is their remarkable longer
serum half-life through the interaction of Fc domain with neonatal Fc receptor (FcRn). FcRn-
mediated recycling and transcytosis of an antibody significantly contribute to the increased
serum persistence (Challa et al., 2014). Moreover, FcRn also acts as a salvage receptor that
rescues IgG from the default degradation pathway (see ref. Pyzik et al., 2015). VHH, due to its
shorter half-life, is rapidly cleared from the circulation and has a very limited therapeutic value.
Therefore, we evaluated whether plant-produced VHH-Fcs have this added advantage of the Fc
domain. To this end, a mixture of one monovalent VHH (Nb-71 directed against RSV F), two VHH-
Fcs (C4-Fc and V2-Fc), and conventional IgG2a (65 mAb) was administered intranasally to BALB/c
mice. Thirty minutes, 24 and 48 hours after administration of the antibody mixture, BAL fluid was
collected and analyzed by western blotting and ELISA. Western blot analysis revealed that the
VHHs could by readily detected in the BALF samples collected 30 minutes after administration.
In contrast, much lower and undetectable levels of VHH could be detected in the BALF samples
collected 24 and 48 hours after administration, respectively (Fig. 8A, left panel). Due to the
presence of endogenous mouse IgG2a antibodies in the BALF samples, detection of the
administered 65 mAb was not possible (Fig. 8A, right panel). As the VHH-Fcs lack the CH1 domain
they can be specifically detected in the BALF samples by anti-mouse IgG2a antibody staining. In
contrast to the VHH, VHH-Fc fusions could still be detected in the BALF samples collected 48
hours after administration at moderately reduced levels as compared to those in the BALF
samples collected 30 minutes and 24 hours after administration (Fig. 8A right panel). Whereas,
VHH-Fcs and mAb 65 were clearly detectable at 48 hours after administration as 42 kDa and 50
kDa band, respectively. A band representing the cleaved Fc domain can also be detected as
observed previously (Fig. 1). These data indicate that, compared to VHHs, VHH-Fc fusion have a
substantially longer lung retention time.

To examine the lung retention time of the VHHs and VHH-Fcs in a more quantitative way,
the BALF was analyzed by ELISA using their respective antigens. Each antibody (VHH/VHH-
Fc/1gG2a) present in the BAL fluid either recognizes different antigen or can specifically be

detected by either an anti-HIS-TAG antibody or an anti-IgG2a antibody. An equivalent amount of
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the antibody mixture was used for the administration and individual antibodies were used as
controls. At 30 minutes after administration, all samples showed levels of VHHs, VHH-Fcs and
antibodies comparable to the equivalent administrated antibody mixture, indicating that the vast
majority of administrated antibody (fragments) could be collected by bronchoalveolar lavage. In
agreement with the western blot analysis, the levels of Nb-71 were substantially lower and
undetectable in the BALF samples collected 24 and 48 hours after administration, respectively.
In sharp contrast, the levels of both C4-Fc and V2-Fc decreased at much slower pace (Fig. 8C and
D). Twenty-four hours after administration, 9.4% and 13.9% of C4-Fc and V2-Fc could still be
detected in the BALF. These levels dropped to 2.4% and 2.8% at forty-eight hours after
administration, respectively. Such a non-linear decrease was also observed for full-length IgG2a
(65 mAD). The levels of 65 mAb in the BALF dropped to about 25% after 24 hours but to about
20% at 48 hours after administration (Fig. 8C and D). These data suggest that the Fc domain might
have a significant contribution to prolong lung retention time of the VHH-Fc fusions. Moreover,
VHH-Fcs could be detected in the BALF of RSV infected mice up to 5 days after administration

(Supplementary Fig. S4C).
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Figure 8. Fc domain increases lung retention time of the VHH. Three BALB/c mice received a mixture
of four antibodies- 10 pg of VHH-Fc (C4-Fc and V2-Fc), 10 pyg of VHH (Nb-71) and 10 pg conventional
mouse 1gG2a (65 mAb), intranasally. The BAL fluid was collected at indicated time points and analyzed
in western blotting using anti-his tag antibody to detect VHH (Nb-71) (A) and anti-mouse IgG2a to
detect C4-Fc, V2-Fc and 65 mAb (B). (C) The BAL fluid was also analyzed in target binding ELISA. Nb 71
was detected using anti-camelid antibody and other antibodies (C4-Fc, V2-Fc and 65 mAb) were
detected using anti-mouse 1gG2a. (D) ECso graph derived from the binding ELISA. ECso values for each
curve in binding ELISA was calculated and a graph was plotted between ECsp of the dilution factor and
relative ECso values.
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Discussion

VHH-based antiviral agents are of interest because of their merits over conventional antibodies
including small size, facile genetic manipulation, cost-effective production and high
physicochemical stability. However, their small size often leads to rapid clearance from the
circulation. Thus, VHHs as such fail to provide lasting immunity and may not be suitable for
therapeutic use. One possibility to increase the half-life of VHH is to fuse them to a serum albumin
binding VHH. Alternatively, VHH can be fused to an Fc fragment. We have developed fusions of
VHHs with Fc tail of murine 1gG2a. These fusions assembled as bivalent moieties in plant
expression system and exhibited in vitro RSV neutralization several folds better than what is
reported for its monovalent VHH equivalent (Hultberg et al., 2011). This substantially increased
potency is in line with the previous reports displaying better neutralization activity of bi- or
multivalent VHHs (Detalle et al., 2016; Hultberg et al., 2011). We addressed the use of plant
expression system for production of VHH-Fc fusions. To date, mammalian expression systems are
the gold standard for the production of therapeutic antibodies. However, due to their high
production cost, efforts are being made to evaluate alternative production system such as yeast,
fungi, insect cells or plants, each having their own merits for development of immunoglobulin-
like molecules (De Meyer et al., 2015; Schirrmann et al., 2008). Plant systems not only provide
proper folding, assembly and precise glycosylation; but also offer several advantages such as low
production cost and high scalability (Paul and Ma, 2011). However, only limited information is
available about the actual production cost of biopharmaceuticals at industrial scale. Buyel et al.
(2017) revealed that the cost of plant-produced mAbs can be as low as €100 g%, as compared to
€200 g* for mAbs produced in CHO cells (Lim et al., 2010). It is important to note that the initial
investment capital for the production facility and downstream processing cost of plant-derived
products could be similar to that of other production systems. However, simple cultivation of an
intact plant as compared to the expensive sterile environment for cell suspension cultures
substantially reduce the overall operating costs of plant-based pharmaceuticals. Currently,

several plant-based pharmaceuticals such as ZMApp against Ebola virus (NCT03719586) and HAI-
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05 vaccine against H5N1 (NCT01250795) are being investigated under clinical trials

(https://clinicaltrials.gov, Yao et al., 2015).

Immunogenicity against plant-specific glycans such as -1,2-xylose and core a-1,3-fucose
raises concerns about the safety of plant-derived products (Bardor et al., 2003; Jin et al., 2008;
Landry et al., 2010). These complex glycans are modified in the Golgi apparatus that differ from
the mammalian glycosylation. Since initial glycosylation in the ER is conserved in all eukaryotic
cells, we added a C-terminal KDEL tag (ER retention motif) to the VHH-Fc to prevent plant specific
glycosylation. Albeit, despite having a KDEL tag, there are a few studies reporting the presence
of Golgi-specific glycosylation in plant-produced antibodies (De Meyer and Depicker, 2014; De
Meyer et al., 2015). Another solution could be to use GlycoDelete plants to produce
nonimmunogenic glycoforms by modifying the N-glycosylation pathway as described for
Arabidopsis thaliana (Piron et al.,, 2015). Moreover, supporting evidence explaining the
immunogenicity of plant-specific glycans in human are limited or conflicting (Rup et al., 2017;
Shaaltiel and Tekoah, 2016; Wang et al., 2017). Nevertheless, plant-derived biotherapeutics
deserve evaluation with more number of samples to make a definitive conclusion concerning the
immunogenicity risk of plant-derived glycans.

A major advantage of VHHs to treat respiratory infections is their high physical stability
that allows direct delivery to the site of viral replication, the lumen of the lungs by nebulization
(Detalle et al., 2016; Van den Hoecke et al., 2017). To test if nebulization could also be an option
for VHH-Fc proteins, we tested their physical stability. In the present study, we demonstrate that
next to VHHs, also two of the tested VHH-Fc fusions can retain full antigen binding activity after
90°C heat treatment. In contrast, antigen binding of conventional IgG2a antibodies was almost
completely lost after 70°C heat treatment. Whether high thermal stability is a general feature of
VHH-Fcs or only occurs rarely needs to be determined in a more extensive study including
multiple VHH-Fc fusions based on Fc fragments originating from different IgG subclasses.
Although the high thermal stability of VHHs and VHH-Fc fusions was not associated with higher
melting temperatures; it was rather associated with resistance to heat induced protein
aggregation. In mouse and human antibodies, the CH2 domain is the first domain to unfold upon

heating (Yang et al., 2017). As those domains are present in both conventional IgG2a and VHH-
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Fc fusions, it is no surprise that both start to unfold at similar temperatures. The heat resistance
of VHH-Fc fusions indicates that in contrast to conventional IgG2a, VHH-Fcs are able to refold into
functional proteins after heat treatment. In conventional antibodies, the VH and VL interact via
a hydrophobic interface created by hydrophobic amino acid patches on the VH and VL surface.
As aggregation of globular proteins typically results from interactions between hydrophobic
amino acids that normally reside in the protein core but are exposed during denaturation,
hydrophobic amino acids on the VH antibody fragment might contribute to IgG aggregation
(Vermeer et al., 2000). The hydrophobic amino acids involved in the VH/VL interface of
conventional IgG are typically substituted for hydrophilic amino acids in VHHs (Hamers-
Casterman et al., 1993). Thus, the absence of a hydrophobic patch on the surface of VHHs might
contribute to the thermal stability of VHHs observed by us and others (Ewert et al., 2002; Perez
et al., 2001; van der Linden et al., 1999). Remarkably, the thermal stability of isolated human VH
antibody fragments could be considerably improved by replacing the hydrophobic amino acids
that would interact with the VL domain by the corresponding hydrophilic amino acids present in
VHHs (Davies and Riechmann, 1994). As such, the ability of some of the VHH-Fc fusions to retain
antigen binding capacity and resist aggregation upon heat treatment might be partially attributed
to their lack of a hydrophobic VH/VL interface of conventional IgGs. In addition, the absence of
the CH1 domain and their dimeric instead of tetrameric nature might also contribute to the
thermostability of VHH-Fc fusions. As antibody aggregation does not only impair antibody
function but can also provoke immune responses, the physical stability of antibodies or antibody
fragments is an important benchmark for therapeutic application (Bodier-Montagutelli et al.,
2018). Although substantial efforts have been made to engineer IgG with improved thermal
stability with minimal effect on target binding (McConnell et al., 2014), VHH-Fc fusions might be
more suited due to easy engineering and production and their potentially higher intrinsic
stability.

To examine if RSV neutralizing VHH-Fcs could be useful as immunoprophylaxis for RSV,
we investigated if treatment of mice with neutralizing VHH-Fcs could protect mice against
infection. In a prophylactic setting, C4-Fc (RSV neutralizing VHH), could abolish the RSV

replication in the lungs as measured by both PFU assay and gPCR. Interestingly, also the non-
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neutralizing, E4-Fc could control RSV replication in the lungs but to a lesser extent than the
neutralizing C4-Fc. This indicates that next to direct viral neutralization, also Fc effector functions
might be of importance. Non-neutralizing antibodies have been previously shown to confer
protection against viral infections due to the Fc-dependent effector function such as ADCC
(antibody dependent cell-mediated cytotoxicity), and CDC (complement dependent cytotoxicity)
(Bootz et al., 2017; Carragher et al., 2008; Dunand et al., 2016; Hessell et al., 2007). Likewise, VHH
engineered with a conventional Fc domain can protect mice against influenza infection even if
the detectable influenza virus neuraminidase (NA)-inhibitory activity is absent (Cardoso et al.,
2014). However, it needs further testing to investigate to which extent plant-produced VHH-Fcs
designed to circumvent fucosylation, can interact with various Fc receptors and mediate Fc
effector functions. In addition, VHH formatting as IgA fusions can be of further consideration to
give significant protection at the pulmonary mucosa and broaden their application as a mucosal
passive immunotherapeutic (Paul et al., 2014; Virdi et al., 2013).

A major disadvantage of antibody therapy for pulmonary diseases is that only a very small
fraction (0.2%) of systemically administered antibody reaches the lumen of the lung (Dall'Acqua
et al., 2006; Hart et al., 2001; Van Heeke et al., 2017). As such, it is no surprise that direct
pulmonary delivery of RSV neutralizing antibodies is about 160 times more efficient than systemic
administration (Crowe et al., 1994; Prince et al., 1987). However, the physical stress associated
with nebulization can induce aggregation of antibodies (Maillet et al., 2008; Vermeer and Norde,
2000). Due to their high stability, VHHs are suited for pulmonary delivery by nebulization (Van
Heeke et al., 2017). Unfortunately, the respiratory tract is highly permeable to small sized
proteins resulting in fast absorption into circulation (Folkesson et al., 1990). Consequently, due
to their small size, inhaled VHHs need to be re-administered frequently to attain therapeutic
levels in the lung lumen (Mora et al., 2018; Van Heeke et al., 2017). We compared the lung
retention of VHHs, conventional mouse IgG2a antibodies and mouse IgG2a based VHH-Fcs.
Whereas VHHs were cleared very rapidly, about 2-3 % of the VHH-Fcs and about 20% of the
conventional IgG2a antibodies was retained in lungs at 2 days after administration. For both VHH-
Fcs and conventional antibodies, an initial phase of more rapid clearance was followed by a phase

of much slower clearance. A similar biphasic pattern was also recently observed in a study by
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(Guillon et al., 2019) who monitored the level of inhaled antibodies in the lungs of non-human
primates by continuous sampling through lung microdialysis (Guillon et al., 2019). Whereas
during the first 33 hours, the inhaled antibody was cleared in a linear mode, the antibody levels
remained more or less stable thereafter. Multiple factors can contribute to the clearance of
proteins from the lung lumen including passive diffusion of especially small-sized proteins
through the tight junctions of the type | alveolar cells, mucociliary clearance, pulmonary
proteases and uptake by lung epithelial cells and macrophages (Agu et al., 2001). Likely the longer
lung retention time of VHH-Fcs compared to VHHs might be mainly attributed to their
considerably bigger size. Whereas up to 50% of the inhaled small proteins like insulin can be
absorbed into blood circulation via passive diffusion, larger inhaled proteins (e.g. 1gG and serum
albumin) remain retained in the lungs for longer period (Patton et al., 2004). Next to size, also
the Fc fragment can impact lung retention. Through interaction with the FcRn, Fc fusions can be
actively transported from the lung lumen to the circulation via transcytosis (Bitonti et al., 2004).
Although IgGs and Fc fusions can also migrate from circulation to the lung lumen, FcRn-mediated
transcytosis does not play a major role in this process (Dall'Acqua et al., 2006). In addition,
through interaction with FcRn, IgG (and Fc fusion proteins) that have been taken up by lung cells
can also recycled from the endosomes back to the lumen of the lung (Guilleminault et al., 2014).
However, as we do not know the degree of interaction of plant-produced VHH-Fcs to FcRn; it
remains unknown to which extent FcRn can contribute to transcytosis and recycling of VHH-Fc
from and back to the lung lumen.

In conclusion, we demonstrate the advantages of VHH-Fc fusions and a solution to the
limitations associated with VHH-based therapeutics. Thermostability of these fusions is
comparable to VHH, with few exceptions. These VHH-Fc fusions provide better protection both
in vitro and in vivo and hold great promise in therapeutic development due to their longer lung
retention time, therefore it is worthwhile to test them in a therapeutic setting. We hope these

results can make a significant impact on the new emerging era of VHH-based drug development.
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Material and Methods

Construction of the expression plasmid harboring VHH-Fc coding sequence

The plant expression vector was created by taking advantage of seamless assembly offered by
GoldenBraid2.0 cloning system as described previously (Sarrion-Perdigones et al., 2011) (Figure
S6). Briefly, the DNA sequences corresponding to the fragment crystallizable (Fc) domain of
mouse I1gG2a (Hinge-CH2-CH3; NCBI accession number KC295246.1), VHH C4 and E4 were
synthesized by Gen9 (Ginkgo Bioworks). VHH V2 coding sequence was obtained from the
previously cloned vector in our laboratory (Virdi et al., 2013). The N-terminal 252 plant signal
peptide (Krebbers et al., 1988) and C-terminal KDEL sequence were added to the coding
sequences of VHH and Fc, respectively. The VHH-Fc fusions were cloned under the control of
constitutive 35S promoter of cauliflower mosaic virus (CaMV-35S) and Nopaline synthase
terminator (Tnos). First, all the GB parts including VHH, Fc domain, 35S promoter and Tnos
terminator were cloned separately in the domesticator vector (pUPD) and then assembled into
the destination vector (pDGBa2). To achieve high accumulation level, the resulting
transcriptional unit was subsequently fused to the silencing suppressor p19 cloned in another
vector pDGBal (Sarrion-Perdigones et al., 2011). In this way, we obtained the final plant
expression vector pDGBQ2 harboring VHH-Fc fusion. DH5a cells were transformed with the
expression plasmid (Meselson and Yuan, 1968) and transformants were screened on the media
supplemented with spectinomycin selection. The plasmids were isolated using GenelET plasmid
miniprep kit (ThermoFisher- K0502) to confirm the recombinants by restriction analysis and
sequencing. Finally, the expression vectors were transformed into heat shock competent A.
tumefaciens cells (strain — LBA4404) for production in the plant expression system (Hoekema et

al., 1983).

Expression of VHH-Fc in Nicotiana benthamiana
A. tumefaciens cells bearing expression vector were infiltrated in N. benthamiana leaves as
previously described (De Buck et al., 2012; Juarez et al., 2013). Briefly, overnight grown bacterial

culture in YEB medium were sedimented and pellet was resuspended in the certain volume of
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agroinfiltration buffer (10 mM MES pH 5.6, 10 mM MgCl,, and 200 mM acetosyringone) needed
to obtain an optical density of 0.2 at 600 nm, followed by gentle shaking for 2 hours at room
temperature. The resulting suspension was used to infiltrate the abaxial surface of the young
leaves of 4-5-weeks old N. benthamiana plants. The leaves were harvested 5 days post infiltration
and extracts were prepared to obtain total soluble protein in a ratio of 1:3 (w/v) in Dulbecco’s
phosphate buffered saline (DPBS, Lonza- 17-512F) supplemented with cOmplete protease
inhibitor cocktail (Sigma-Aldrich- 11697498001). After centrifugation, the clarified extract was

immediately used to examine for transgene expression via SDS-PAGE and ELISA.

Purification of VHH-Fc from crude leaf extract

The extracts from about 100 g of infiltrated leaves were prepared as described above and filtered
through a 0.22 um membrane filter (Steritop, Millipore- SCGPTO1RE). The cleared leaf extract
then loaded on a pre-equilibrated HiTrap MabSelect SuRe protein A column (GE Healthcare-
11003493), connected to the AKTAexplorer purification system (GE Healthcare). All purification
steps were performed at 4°C. The extraction buffer (DPBS) was used for equilibration and
washing steps, and bound antibodies were eluted with 1 M arginine, pH 2.7 that was immediately
neutralized with 1 M Tris, pH 9. Elution fractions containing antibodies were pooled and
subjected to size exclusion chromatography (HiLoad 16/600 Superdex 200 column, GE
healthcare- 28989335) in DPBS. The relevant fractions containing monomeric VHH-Fc were
pooled and concentrated by dialyzing against 20% polyethylene glycol in DPBS. The protein
concentration was determined by OD2so measurement. The purified antibodies were aliquoted

and stored at -80°C until further use.

SDS-PAGE and immunoblotting

Transiently expressed VHH-Fc fusions (10 pl of crude leaf extract or 1 ug of purified) were
analyzed on 4-20% precast protein gels (Bio-Rad- 4561096). Samples were prepared in NUPAGE
LDS Sample buffer (ThermoFisher- NPO008) with or without reducing agent (ThermoFisher-
NP00Q9). The proteins were visualized by Coomassie brilliant blue staining. For immunoblotting,

the proteins were blotted onto a polyvinylidene difluoride membrane (Bio-Rad- 1704156) using
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the semidry transfer method (Bio-Rad). The membrane was subsequently blocked for one hour
with 5% (w/v) of skimmed milk in PBS containing 0.05% Tween-20 (PBST) and probed with 1/2000
diluted HRP-conjugated anti-mouse IgG2a (SouthernBiotech- 1080-05). The membrane was then
washed three times with PBST, and bands were visualized by adding WesternBright ECL HRP
substrate (Advansta- K-12045-D20). All incubation steps were performed at room temperature

on an orbital shaker.

RSV F binding ELISA

96-well ELISA plates (Nunc Maxisorb- 44-2404-21) were coated overnight at 4°C with 20 ng of
RSV F prepared in PBS. All sequential ELISA steps were followed by three washing steps in PBST
and one-hour incubation at room temperature. The wells were then blocked with freshly
prepared 5 % (w/v) skimmed-milk in PBST and incubated with three-fold dilution series of purified
VHH-Fc prepared in 2.5% (w/v) skimmed milk with PBST. After washing, the bound VHH-Fcs were
detected with 1/4000 diluted HRP-conjugated anti-mouse 1gG2a and the reaction was finally
revealed at 492 or 450 nm after adding HRP substrate (SIGMAFAST™ OPD tablets, Sigma-Aldrich-
P9187 or TMB- BD Biosciences, 555214), respectively.

SYPRO Orange thermal shift assay

To assess the stability of the different antibodies and antibody formats, a fluoroshift assay was
performed. Briefly, 12.5 pl reaction mixtures were prepared containing either PBS or 0.1 ug/ul
of the antibodies or antibody formats in HEPES-buffered saline (HBS, 20 mM HEPES pH 7 and 150
mM NaCl) and 10X SYPRO Orange dye (Life Technologies). Dye uptake by unfolding protein was
followed in a Roche LightCycler 480 qPCR machine over a temperature gradient from 20°C to
98°C. For analysis the background fluorescence (PBS sample) was subtracted from recorded
sample fluorescence intensity. Boltzman sigmoidal non-linear curve fitting was used to calculate

the V50 melting temperature Tm (°C).

Aggregation analysis
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To test resistance of heat induced aggregation, the antibodies and antibody fragments (10 ug /
50 pl) were either incubated at room temperature or heated at 70°C for 20 minutes and allowed
to cool down to room temperature. The samples were analyzed by analytic size exclusion
chromatography using an agilent Bio SEC-3 (3um) column on which 670, 158, 44, 17 and 1.3 kDa

biorad gel filtration standard proteins elute at respectively 5.4, 5.9, 6.7, 7.8 and 10.8 minutes.

Thermal stability test

To test the thermal stability, VHH-Fc fusions (at a concentration of 20 pug/ml) were incubated at
indicated temperatures for 20 minutes. Conventional VHH and antibodies were included for the
comparison. Antibodies were subsequently centrifuged at 400 g for 1 minute and cooled down
to room temperature. The impact of high temperature was assessed as the residual target-
binding activity of the antibody in ELISA. The antigen was GFP-Fc (GFP conjugated to Fc tail of
porcine 1gG3) for GBP (VHH against GFP) and GBP-Fc (GBP fused with Fc tail of murine 1gG3 (De
Meyer et al., 2015)), M2e (Van den Hoecke et al., 2017) and SHe (Schepens et al., 2014) peptides
for mAb 65 (Kolpe et al., 2018; Van den Hoecke et al.,, 2017) and 3G8 (Kolpe et al., 2018)
(conventional murine 1gG2a), respectively and RSV F for Synagis (conventional human IgG1).
Bound VHHs were detected with 1/3000 mouse anti-His antibodies (AbD Serotec), followed by
1/5000 anti-mouse IgG conjugated to HRP. VHH-Fc (fused to murine IgG2a) and conventional
murine 1gG2a were detected in the single step with 1/4000 HRP-conjugated anti-mouse 1gG2a,
and GBP-Fc was detected with 1/4000 HRP-conjugated anti-mouse 1gG3. Synagis was detected
by HRP conjugated anti-Human 1gG (1/5000).

Cells and viruses

HEp-2 cells (ATCC, CCL-23), Vero cells (ATCC, CCL-81), and HEK-293 T cells (a gift from Dr M. Hall,
University of Birmingham, Birmingham, UK) were cultured in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, non-
essential amino acids (Invitrogen, Carlsbad, CA, USA) and 1mM sodium pyruvate at 37°C in the
presence of 5% carbon dioxide. RSV A2, an A subtype of RSV (ATCC, VR-1540, Rockville), RSV B49,
a B subtype of RSV (BE/5649/08 clinical strain — source described in (Tan et al., 2013), obtained
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from Prof. Marc Van Ranst, KU Leuven, Leuven, Belgium), and RSV A Long (ATCC, VR-26, kind gift
from Dr. Rik De Swart, Erasmus MC, Rotterdam, The Netherlands) were propagated in HEp-2 cells
and quantified on Vero cells by plaque assay using goat anti-RSV serum (Chemicon International-

AB1128).

Plaque-reduction assay

HEp-2 or vero cells were seeded at a density of 10* cells per well into 96-well plates in DMEM
(Gibco) supplemented with 10% FCS, antibiotics (penicillin-streptomycin), 2 mM L-glutamine, 1
mM sodium pyruvate and non-essential amino acids, and incubated for 48 h at 37°Cin a 5% CO>
incubator. A three-fold dilution series of purified VHH-Fc fusions were incubated with RSV in a
total volume of 50 pul Opti-MEM (Gibco) for 1 h at 37°C. Synagis® mAb was included as a positive
control. The premix was used to infect confluent HEp-2 or vero cells. After 3 h of incubation at
37°C, equal volumes of 1.2 % Avicel (FMC Biopolymers- RC 581) in DMEM medium containing 2%
FCS, 2mM L-glutamine, non-essential amino acids and 1mM sodium pyruvate was added to each
well and infection was allowed to continue for 3 days at 37°C in a CO; incubator. The cells were
then fixed with 2% paraformaldehyde and viral infection was tested by immunostaining of the
viral plaques. Fixed HEp-2 cells were blocked with 4% skimmed milk solution in PBS for 1 hour at
RT, incubated for 1 h with goat anti-RSV serum (Chemicon International- AB1128) and HRP-
conjugated anti-goat antibody (Santa Cruz Biotechnology- sc-2354). The plaques were visualized
by applying the TrueBlue peroxidase substrate (KPL- 5510-0030) and counted. The plates were
washed three times with PBS and developed with the standard ELISA procedure using the same
anti-RSV antibodies. The ICsp was calculated using GraphPad Prism (GraphPad Software Inc., San

Diego. CA) and non-linear regression curve fit. All experiments were performed at least twice.

Flow cytometry

HEK293T cells were either infected with RSV A2 or mock-infected. Forty-two hours after
transfection, the cells were detached with the trypsin-EDTA solution (0.05% trypsin and 0.5 mM
EDTA pH 8.0) and washed once with PBS and fixed using 1% PFA for 30 minutes at room

temperature. After washing twice with PBS, the cells were blocked for 30 min with 1% (w/v) BSA
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in PBS and incubated with a 2 pg / ml of VHH-Fc in BSA-PBS. One hour later the cells were washed
and stained with anti-mouse 1gG Alexa Fluor 633 (Invitrogen- A-21235). The stained cells were

analyzed using a BD LSRII Flow cytometer.

Mice

Female BALB/c mice were purchased from Charles River (Charles River Wiga, Sulzfeld, Germany).
The animals were housed under specific pathogen-free conditions and in a temperature-
controlled environment with 12 h light/dark cycles; food and water were provided ad libitum.
The animal facility operates under the Flemish Government License Number LA1400536. All
experiments were authorized by the Institutional Ethical Committee on Experimental Animals

(Ethical application EC2018-049).

Administration of VHH-Fcs and RSV A2 infection in mice

Nine weeks old mice were randomly distributed in experimental groups of six animals. They were
slightly sedated by isoflurane before intranasal administration of antibodies and virus in a total
volume of 50 ul PBS. Each group received an equimolar amount of antibodies (10 pg of VHH-Fc
and 20 pg of palivizumab). The mock-treated group was also included that received only PBS. 4
hours later, mice were challenged with 10° PFU of RSV A2 and body weight was monitored every

day.

Determination of infectious viral load by plaque assay

Monolayers of Vero cells were infected with 50 ul of serial threefold dilutions of the lung
homogenates in a 96-well plate in serum-free OptiMEM medium (Invitrogen) supplemented with
penicillin and streptomycin. After 3 h, the medium was removed, and the cells were washed twice
with PBS. After adding 150 pl of growth medium containing 2% FCS and 0.6% avicel RC-851 (FMC
Biopolymers), the cells were incubated for 4-5 days at 37°C. After infection, the cells were
washed twice with PBS and subsequently fixed in 2% paraformaldehyde. After overnight fixation
at 4°C, the paraformaldehyde solution was removed, and the cells were washed twice with PBS.

Subsequently, the cells were permeabilized with PBS containing 0.2% Triton X-100 for 5 min and
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blocked with PBS containing 1% BSA. The viral plaques were stained with a polyclonal goat anti-
HRSV serum (AB1128, Chemicon International) (1/4,000). After washing three times with 1% BSA
in PBS, the cells were incubated with HRP-conjugated anti-goat IgG antibodies (5C2020, Santa
Cruz) for 30 min. Non-binding antibodies were removed by washing four times with PBS
containing 1% BSA and 0.01% Triton X-100 and once with PBS. Finally, the plaques were visualized
by using TrueBlue peroxidase substrate (KPL, Gaithersburg). The plaques of different dilutions
were counted, and for each dilution, the number of PFU per lung (1 ml of lung homogenate) was
calculated as the number of plaques present in the dilution x the factor of dilution x 20 (20 =
1,000 pl total supernatant volume/50 pl of supernatant used to infect the first well of the dilution
series). The number of PFU/lung was then calculated as the average number of PFU/lung
calculated for the different dilutions. As each supernatant of the homogenized lungs was tested
in duplicate, the final number of PFU/lung was calculated as the average of these duplicates. A

value of 10 was attributed to the samples for which no plaques could be detected.

qRT-PCR for determination of lung viral titer and cytokines expression

To determine the lung RSV load by qRT-PCR, total RNA from cleared lung homogenates was
extracted by the use of High Pure RNA Tissue kit (Roche- 12033674001) according to the
manufacturer’s protocol and RNA samples were quantified using a NanoDrop® ND-1000
spectrophotometer (ThermoFisher). The first strand of c¢cDNA was synthesized by using
SensiFAST™ cDNA synthesis kit (Bioline- BIO-65054). Next, qRT-PCR was set up with SensiFAST
Sybr No-ROX mix (Bioline- BIO-98005) and primers specific for RSV A2 M gene (Schepens et al.,
2011) and cytokines (IFN-B, IFN-y, Mip-1a, RANTES, [fit2, IL-6, TNF-a) (Supplementary table 1).
The gRT-PCR data were normalized to HPRT1 and UBC mRNA levels using the gbase program
(Hellemans et al., 2007).

Determination of lung retention time
BALB/c mice were randomly distributed in three groups of three mice. Each group received a
mixture of antibodies (10 pg each) prepared in 50 ul of PBS intranasally. Antibody mixture

contained one VHH (Nb71), two VHH-Fcs (C4-Fc and V2-Fc) and one conventional mouse 1gG2a
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(mAb 65). BAL fluid was collected at 30 minutes, 24 hours and 48 hours, and samples were
analyzed using western blot and ELISA. The coating antigen was RSV F (20 ng/well) for C4-Fc,
Penta-His tag monoclonal antibody (100 ng/well, ThermoFisher- P21315) for Nb71, FaeG (100
ng/well) for V2-Fc and M2e peptide (100 ng/well) for mAb 65. Nb71 was detected with HRP
conjugated 1/1000 anti-His antibody (ThermoFisher- MA1-21315) in western blot and 1/5000
anti-camelid VHH antibody (Genscript- A01861) in ELISA. All other antibodies (VHH-Fc and mAb
65) were detected with anti-mouse IgG2a (SouthernBiotech- 1080-05).

Statistical analysis
We used GraphPad Prism 8 for all statistical analyses using the Mann-Whitney U test and one-
way ANOVA to evaluate differences between two groups and more than two groups,

respectively.

Supplementary Table and Figures-

Supplementary Table 1. Primers used in this study.

Gene Primer Sequence (5'=> 3')
hRSVM.F TCACGAAGGCTCCACATACA

RSV A2 M
hRSVM.R GCAGGGTCATCGTCTTTTTC
mIFNgamma.F GCCAAGCGGCTGACTGA

IFN-y mIFNgamma.R TCAGTGAAGTAAAGGTACAAGCTACAATCT
mIiL6.F TAGTCCTTCCTACCCCAATTTCC

IL-6 mIL6.R TTGGTCCTTAGCCACTCCTTC
mTNFalpha.F CACCCCGGCCTTCCAAATAAATAC

TNF-a mTNFalpha.R GCAATGCACAGCCTTCCTCACAG

. mlfit2.F ATCTCTCCCTACTCTGCCCTCCTA

Iit2 mlfit2.R GCGTATAAATCAGCAATCCCTTCA
mlIFNbetal.F TGGGTGGAATGAGACTATTGTTG

IF N_B mlIFNbetal.R CTCCCACGTCAATCTTTCCTC
MRANTES.F GCTGCTTTGCCTACCTCTCC

RANTES MRANTES.R TCGAGGTGACAAACACGACTGC

. mMIP1a.1F CTTGGAGGCAGCGAGGAA
Mip-1a mMIP1a.1R GGCAGCAAACAGCTTATAGGAGAT
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Figure S1
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Figure S1 Cloning, production and purification of VHH-Fc. (A) Schematic representation (not drawn to
scale) of the expression cassette, representing the constitutive 35S promoter of cauliflower mosaic virus,
the signal peptide sequence of the 252 seed storage protein, VHH directed against the fusion protein of
HRSV, the hinge and CH2-CH3 domain of murine 1gG2a, the C-terminal endoplasmic reticulum retention
motif (KDEL) and the nopaline synthase terminator (Tnos). (B) Infiltration of N. benthamiana leaves with
agrobacterium suspension bearing expression vector for VHH-Fc fusions. (C) Size exclusions
chromatography to enrich monomeric VHH-Fc (bivalent) form affinity purified fractions. Chromatogram
showing fraction numbers and volume on X-axis and UV absorbance on Y-axis (left) and SDS-PAGE

analysis of the major peak under reducing conditions (right) are shown for C4-Fc.
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Figure S2
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Figure S2. A microneutralization assay with RSV A long (200 pfu/well). The virus was preincubated with
a 3-fold dilution series of the antibodies and used to infect Vero cells. After three days, plagues were
stained with anti-RSV polyclonal serum (n=2). (C4-Fc ECso = 0.138 nM; Synagis ECsp = 1.96 nM).
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Figure S3
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Figure S3 Aggregation analysis. (A) E4-Fc and V2-Fc do not aggregate after 20 minutes incubation at
70°C. The chromatograms (280 nm) show the elution profiles of the indicated antibodies, VHH-Fc
fusions and the GBP VHH that were either incubated at room temperature (RT, black) or at 70°C (red).
(B) The elution profiles of references proteins of different molecular weights.
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Figure S4
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Figure S4. C4- and E4-Fc protect from RSV infection and retain in lungs till 5 days. BALB/c mice were
treated intranasally with VHH-Fc/Synagis (dose= 20 pg/50 pl) four hours before the infection with RSV A2
(10°pfu). Five days later, lungs were harvested, and BAL fluid was collected (n=6). (A) RSV virus titer was
determined by plaque assay (*** (P<0.0006), one-way ANOVA. Dashed line represents the detection limit
(20 pfu). (B) RNA level was quantified by quantitative RT-PCR (* (P<0.05); Kruskal-Wallis test). (C) Antibody
titer in BAL fluid was determined in RSV F binding ELISA.
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Figure S5
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Figure S5. C4-Fc inhibits the expression of IFN-y upon RSV infection. BALB/c mice were treated intranasally

with VHH-Fc/Synagis (dose= 20 pg/50 pl), four hours before the infection with RSV A2 (106 pfu). Five days
later, RNA level of IFN-y in harvested lungs was quantified by RT-PCR. (n=6, **** (P<0.0001), one-way
ANOVA).
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Figure S6
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Figure S6. Schematic representation of cloning VHH-Fc fusions into GoldenBraid 2.0 cloning vectors.
35S: the constitutive 35S promoter of cauliflower mosaic virus; VHH: VHH C4/E4/V2, Fc-KDEL: hinge
and Fc domain of murine IgG2a and KDEL at the C-terminus, Tnos: the nopaline synthase terminator,
P19: silencing suppressor, Amp": ampicillin resistance marker, Kan": kanamycin resistance marker,
Spect": spectinomycin resistance marker.
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Abstract

With few exceptions, all currently marketed antibody therapeutics are IgG molecules. One of the
reasons that other antibody isotypes are less developed are the difficulties associated with their
purification. While commercial resins like staphylococcal superantigen-like 7 (SSL7) protein allow
purification of IgAs from many animal species, these are not useful for murine IgAs. Because the
mouse model is predominantly used for preclinical evaluation of IgA-based therapeutics, there is
a need to develop an effective purification method for mouse IgA. Here, we adapted the
sequence of a mouse IgA by mutating two amino acid residues in the fragment crystallizable (Fc)
sequence to facilitate its purification on SSL7 resin. The mutated IgA Fc (hereafter referred to as
IgA*) was then genetically fused with the variable domain of a Ilama heavy chain-only antibody
(VHH) directed against the fusion protein of human respiratory syncytial virus (HRSV) resulting in
VHH-IgA*, and transiently produced in infiltrated N. benthamiana leaves. These plant-produced
mouse VHH-IgA* fusions were enriched by SSL7 affinity chromatography and were found to be
functional in ELISA and could neutralize RSV in vitro, suggesting no detrimental effect of the
mutation on their antigen-binding properties. This approach for the purification of murine IgA

will facilitate downstream processing steps when designing innovative murine IgA-based fusions.

166



Introduction

Most of the commercial antibody therapeutics are based on IgG, which can readily be produced
and purified in bulk amounts. Other interesting isotypes such as IgA are not so easy to purify
because of the unavailability of efficient commercial affinity ligands, which creates a bottleneck
for the manufacturing of IgA-based therapeutics. All available affinity capture methods for IgA
have some limitations. For example, Skea et al. (1988) investigated the specificity of Jackfruit
lectin, Jacalin, for IgA from various species and found that Jacalin specifically binds to a galactose-
terminal oligosaccharide in the hinge region of human IgA1, which is not present in IgA2. Also,
Jacalin does not show any binding affinity to IgAs from rat and mice (Kerr, 1990; Skea et al., 1988;
Wilkinson and Neville, 1988) and because recombinant proteins produced in plants like tobacco
lack terminal galactose residues, Jacalin-based purification is also unsuitable for plant-made
proteins (Paul et al., 2014). Therefore, Jacalin can only be used for separation of the human IgAl
subclasses.

Another affinity ligand is protein L, a surface protein of Peptococcus magnus, which has
been shown to bind specifically to the Ig light chains, independent of the class-specific heavy
chain (Bjorck, 1988). Although protein L shows affinity to IgAs from many species, including
human, mouse, rat and rabbit (Nilson et al., 1993), its binding is limited only to the kappa light
chain. Boes et al. (2011) demonstrated that a given antibody can be engineered for purification
with protein L by grafting the protein L-binding domain into the framework region of the variable
light chains without affecting the antigen-binding property of the antibody. However, certain IgA
formats, such as IgA fusions with variable domains of llama heavy chain-only antibodies (VHHSs)
that lack a light chain, cannot be purified using this affinity capture method. Peptide M, which is
derived from the surface protein of Streptococcus pyogenes, is another affinity resin to purify IgA.
This synthetic 50-amino acid (AA)-long peptide contains a cysteine residue at its C-terminus and
binds exclusively to the Fc domain of human and bovine IgA, but not of murine IgA (Virdi et al.,
2016). Staphylococcal superantigen-like 7 (SSL7) is a toxin isolated from Staphylococcus aureus
that has been shown to have affinity for a wide range of IgAs. SSL7 competes with the leucocyte

FcaRl to bind at the same site in the Fc of IgA, thereby suppressing the IgA-mediated effector
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function (Ramsland et al., 2007). However, because mouse IgA does not contain the site for SSL7
binding, SSL7 is not suitable for the purification of mouse IgAs.

To study and evaluate new antibodies as therapeutics in vivo, the mouse is the main
mammalian model used. Therefore, in order to develop murine IgA-based therapeutics, new
downstream processing and characterization methods for murine antibodies, specifically for
their heavy chain isotypes, should be developed. It has been reported that SSL7 has high affinity
for the monomeric form of human IgAs and primarily interacts with a region of the Fc that
contains the conserved amino acid sequence ‘PLAFT’ (Wines et al., 2006). However, in mouse
IgAs, this sequence is replaced by a site for N-linked glycosylation, which is the main reason that
SSL7 binding is abolished (Wines et al., 2011). To circumvent this, we mutated the mouse IgA Fc
to contain the binding site of the commercially available SSL7 resin and fused it with a single
domain antibody directed against the fusion protein of HRSV. The resulting VHH-IgA* fusion
constructs were successfully purified on a SSL7 resin, and the integrity of these antibody
constructs was confirmed by ELISA, western blot and an in vitro RSV neutralization assay, showing

that removal of the N-linked glycosylation did not affect functionality.

Results and Discussion

Mutated VHH-IgA* Fusion Proteins in Crude Leaf Extract Bind Their Target

To enable purification of murine IgA with SSL7, the wild-type ‘PMNFT’ sequence of the mouse Fc
part of IgA was substituted by the ‘PLAFT’ coding sequence (Figure 1A). The Fc domain of wild-
type IgA and mutated IgA* were synthesized, and genetically fused to VHH C4 and VHH E4, two
different single domain antibodies (also known as Nanobodies®) that bind the surface protein F
of HRSV (Hultberg et al., 2011). Whereas VHH C4 can neutralize RSV in vitro, VHH E4 binds to RSV
F but does not neutralize the virus (Hultberg et al., 2011). C4-IgA and E4-IgA fusions and their
respective mutated IgA* counterparts (C4-IgA* and E4-IgA*) were cloned using GoldenBraid
cloning strategy and transiently expressed in tobacco leaves by infiltration. The C-terminal ER
retention motif (KDEL tag) was added to prevent the plant-specific N-glycan maturation in the

Golgi apparatus. The accumulated levels in crude leave extracts were determined by western

168



blot. VHH-Fc fusions normally assemble as bivalent molecules as a result of the disulfide bonds
in the hinge region. Therefore, western blot analysis was performed under reducing conditions
(Figure 1B). Inthe E4-IgA, C4-IgA and E4-IgA* extracts, both the full-length fusion protein (42 kDa)
and a fragment of 25 kDa could be detected. The latter most likely represents a cleavage product
of the fusion protein. Extracts of leaves infiltrated with a C4-IgA* expression vector contained
only a smaller band (about 25 kDa), suggesting extensive proteolytic cleavage. VHH fusions with
both wild-type IgA and mutated IgA* yielded similar cleavage profiles, indicating that it is not the
mutation in the IgA-Fc part but rather the VHH that affects the fusion protein accumulation and

proteolysis sensitivity (Figure 1B).
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Figure 1. Production of mutated VHH-IgA* antibodies does not influence antigen-binding capacity. (A)
Schematic representation (not drawn to scale) of the expression cassette, featuring the constitutive 35S
promoter of cauliflower mosaic virus, the signal peptide sequence of the 252 seed storage protein, VHH
directed against the fusion protein of HRSV, the hinge and CH2-CH3 domain of murine IgA, the C-
terminal endoplasmic reticulum retention motif (KDEL) and the nopaline synthase terminator (Tnos).
PMNFT > PLAFT represents the substitution of the PMNFT coding sequence from the CH3 domain of
murine IgA by the SSL7-binding domain (PLAFT) of human IgA. (B) Western blot analysis of VHH-IgA (left)
and VHH-IgA* (right) fusions in crude leaf extracts. The blot was probed with anti-mouse IgA conjugated
with HRP. Red, full-length protein; Blue, cleavage product; (C) RSV F-binding ELISA to analyze
functionality of VHH-IgA (left) and VHH-IgA* (right) fusions in crude leaf extracts. (-) control is the crude
leaf extract from the non-transfected N. benthamiana leaves. Detection was performed with
peroxidase-conjugated polyclonal anti-mouse IgA immune serum.
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Subsequently, the antigen-binding activity of the fusion proteins in crude extracts was
examined by ELISA using coated RSV F and a polyclonal anti-mouse IgA immune serum for
detection of C4-IgA* and E4-IgA* binding. Binding to immobilized RSV F was detectable, although
both C4-IgA and C4-IgA* showed a weaker signal than E4-IgA and E4-IgA* (Figure 1C), which
correlated with the lower amount of full-length molecules detected in the western blot analysis
(Figure 1B). We can conclude that mutation of the ‘PMNFT’ AA sequence in the Fc part of the
mouse IgA into the conserved human ‘PLAFT’ sequence, does not influence the production or

antigen-binding capacity of the VHH-IgA Fc antibody constructs.

VHH-IgA* Fusion Proteins Allow Purification with SSL7 Resin

To evaluate purification of the mutated VHH-IgA* molecules using SSL7 resin, a crude extract
derived from approximately two grams of infiltrated leaves for each construct was passed over
an SSL7 column, and the flow-through and subsequent eluted fractions were analyzed by SDS-
PAGE followed by western blot under reducing conditions. The wild-type VHH-IgA fusions could
clearly be demonstrated in the crude extracts and in the flow-through, and no VHH-IgA fusions
were recovered from the eluted fractions (Figure 2A). On the other hand, mutant VHH-IgA*
fusions for both VHH C4 and E4 could be eluted from the SSL7 column (Figure 2B). No remarkable
difference in band intensity was observed between the crude extract and flow-through,
suggesting that the SSL7 binds IgA* with relatively low affinity, which is in line with what has been
observed for IgAs from other species. Both intact full-length protein and proteolytic fragments
were enriched upon SSL7 purification, and a very faint double band indicated as yellow arrow
may represent a glycosylation form of the antibody (Figure 2B). Some high-molecular weight
bands were also detected, which likely represent the non-reduced forms or aggregates of the
antibody fusion. We can conclude that the two-AA mutation in the Fc part of the IgA enables
purification over SSL7 resin. Subsequently, a protein F-binding ELISA was performed to further
evaluate the antigen-binding activity of the purified VHH-IgA* fusions. C4-IgA* and E4-IgA*
showed specific binding to protein F (Figure 2C), which correlates with the results obtained for

crude extracts (Figure 1C).
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Figure 2. Purification and characterization of VHH-IgA/A* purified on SSL7 resin.

A) Western blot analysis of wild-type C4-IgA (left) and E4-IgA (right); B) Coomassie staining (left) and
western blot analysis (right) of SSL7-purified C4-IgA* (top) and E4-IgA* (bottom). The high-molecular
weight bands above the yellow arrows are the non-reduced forms or multimers of the antibody fusion. C)
RSV F-binding ELISA was performed with purified VHH-IgA* fusions as described in Figure 1C. Protein
concentration of the pure protein was determined by OD,so measurements. (M, marker (kDa); C, crude
leaf extract; FT, flow-through; W, wash fraction; acid eluted fractions (E1, E2, E3); red, full-length; blue,
cleavage products)

VHH-IgA* Fusion Proteins Can Neutralize RSV

To test the RSV A2 strain neutralization potency of C4-IgA* and E4-IgA*, an in vitro micro-
neutralization assay was performed. The VHH-IgA* fusions were compared with Synagis®, an
RSV-neutralizing humanized mouse monoclonal antibody that is used as prophylaxis in high-risk
infants, which was used as a positive control. C4-IgA* but not E4-IgA* could neutralize RSV A2
(Figure 3). The deduced ICsp value of C4-IgA* was 10.94 nM, which was about 50-fold lower than
that reported for its monovalent VHH C4 equivalent (640 nM) (Hultberg et al., 2011) suggesting
that the bivalent C4-IgA* is 50-fold more potent in neutralizing RSV A2 strain as compared to the

monovalent VHH C4. Of note, neutralization potency of C4-IgA* was about 13-fold lower as
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compared to C4-1gG, as described previously in Chapter 6. This could be because of the integrity
of C4-1gA* fusions.
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Figure 3. C4-IgA* can neutralize RSV A2 in vitro. A) C4-IgA*-neutralizing RSV A2 in a microneutralization
assay. RSV A2 strain (50 pfu per well) was pre-incubated with different concentrations of VHH-IgA*
before infection of HEp-2 cells. Three days after infection, the viral plaques were stained with polyclonal
anti-RSV serum and visualized by TrueBlue staining. The RSV A2 plaque-reduction activity of C4-IgA*
was compared with Synagis mAb. The VHH E4-IgA* and PBS were used as negative control. B) RSV
neutralization curves of VHH-IgA* fusions derived from a microneutralization assay. Virus neutralization
was measured as the reduction of the OD of the samples compared to the OD of the controls in the
ELISA. The ICso values were determined by curve fitting with GraphPad Prism software.

Conclusions

Murine IgA-based fusions can be functionally assessed in the mouse model, e.g. to select the
best-performing immunotherapeutic candidates. However, their development is hampered
because of the lack of a ligand for affinity purification of mouse IgA. To overcome this bottleneck
for IgA purification, we mutated two AA residues of the Fc tail of mouse IgA to generate the PLAFT
sequence found in the IgAs of many other species and known to interact with SSL7. We have
shown that mutated VHH-IgA* fusions could successfully be purified on SSL7, without any
deleterious effect on the antigen-binding property of the VHHs, even without the presence of
the wild-type PMNFT glycosylation site. Although it has been shown that removal of N-glycan in

human IgA does not affect its interaction with neutrophil FcaR (Mattu et al., 1998), the in vivo
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functions of IgA* will have to be explored in transgenic mice expressing FcaR to make sure that
the mutation does not impact the effector function of mutant IgA*. In the context of the RSV
neutralizing VHH-IgA fusions studied here, it is relevant to mention that prophylactic treatment
with a Palivizumab derived IgA in FcaRI transgenic mice did not result in better protection against
RSV infection compared to wild-type mice (Jacobino et al., 2018). To summarize, we have
designed a strategy for efficient IgA purification on SSL7, an effort that opens the door for

advancements in the development of future IgA-based therapeutics.

Materials and Methods

Construction of VHH-IgA Fusions and Transient Expression in Tobacco Leaves

The DNA sequences corresponding to the wild-type and mutated Fc fragment of mouse IgA (NCBI
Accession No. AB644393.1, UniProt Accession No. P01878) were synthesized and obtained from
Gen9 (Ginkgo Bioworks), and ligated to VHH C4 and VHH E4 in the pDGBal vector using the
GoldenBraid cloning strategy, as previously described (Figure 1A) (Sarrion-Perdigones et al.,
2011). The resulting expression vectors containing VHH-IgA* fusions were introduced into
Agrobacterium tumefaciens strain LBA4404 (Hoekema et al., 1983) and infiltrated in Nicotiana
benthamiana leaves. Infiltrated leaves were harvested six days post infiltration and extracts were
prepared in Dulbecco phosphate-buffered saline (DPBS, Lonza Biosciences) supplemented with
cOmplete Protease Inhibitor (Roche) as described earlier (De Buck et al., 2012; De Meyer et al.,

2015).

SDS-PAGE, Western Blotting and ELISA

Transiently expressed VHH-IgA fusions (10 ul of crude leaf extracts or purified proteins) were
separated on 4-20% gradient gel (Bio-Rad) under reducing conditions and stained with Coomassie
blue stain. The proteins were characterized via immunoblotting and ELISA using the standard

procedure (De Buck et al., 2012; De Meyer et al., 2015).
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Affinity Purification on SSL7 Resin

Fifty ml of crude leaf extract were filtered through 0.45-um Millex® Syringe Filters (Merck) and
incubated with pre-equilibrated SSL7 resin (InvivoGen) on a shaker at 4°C for 1 h. These extracts
were then applied to PD10 columns (Pharmacia) by gravity flow, followed by washing with 10 ml
wash buffer (Equilibration buffer DPBS, Lonza). Bound antibodies were eluted with 1 ml of 1 M
Arginine (pH 2.7) and neutralized immediately with 1 M Tris-HCl (tris (hydroxy methyl)

aminomethane) pH 9. Purified proteins were analyzed by SDS-PAGE and western blot.
HRSV Micro-Neutralization Assay

HRSV neuralization potency of the VHH-IgA* fusions was tested in plague reduction assay using

the protocol described earlier (Hultberg et al., 2011).
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This Ph.D. thesis describes the engineering of VHHs for improved functionality for two different
applications. We highlighted the ease of VHH engineering to develop a vaccine delivery system
compared to conventional antibody platforms. APN-specific VHHs were screened from phage
library and characterized for their potential to bind intestinal epithelium and generate specific
immune response. On the other hands, anti-RSV VHHs were also developed as fusions with 1gG2a
Fc domain and produced in the plant expression system for cost-effective production. Moreover,
the effect of Fc domain on the pharmacokinetic behavior of the associated VHH and their in vivo

functionality was tested in RSV disease model.

Engineering of a single-chain variable fragment (scFv) is unpredictable
In search for APN binding domains as vaccine delivery system for intestinal infections, we
followed two approaches: Chapter 3 describes the design of a vaccine carrier based on single-
chain variable fragments (scFv) derived from an anti-porcine APN mouse 1gG1 monoclonal
antibody (IMMO013), while chapter 4 and 5 describe the isolation of APN binding VHH domains
and their feasibility to engineer as a vaccine carrier. To test the immune response, antigens were
produced without and with these APN binding domains, and the major focus of this thesis was to
produce these vaccines to test their immunization capacity upon oral delivery, in collaboration
with the lab of Prof. Eric Cox.

Various studies have highlighted the application of scFv as a targeting moiety (Cheng and
Allen, 2010). A flexible linker connecting VL and VH domain plays a crucial role in maintaining
intrinsic binding and stability of the scFv (Robinson and Sauer, 1998). Although Glycine—Serine
linker of varying lengths has been reported to be effective in making scFv fusions (Peipp et al.,
2004; Shan et al., 1999), introducing an additional disulfide bond between VH and VL is often
beneficial in improving scFv stability. Thus, we used a unique linker containing one Cys residue at
the terminal position that induced the covalent stabilization of the bivalent scFv fusions with CH3
domain of human IgG1 (Li et al., 1997). In our study, whenever the scFv was present in the
fusions, the yield was very low; while other fusions without scFv gave very high expression levels.
These results were in line with our parallel study where similar constructs with another model
antigen (adhesin proteins of F4* and F18*ETEC fimbriae) were transformed in Arabidopsis to be

expressed in seeds, however, only small amounts of the scFv fusions could be obtained (Tharad
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et al, unpublished). The low expression can be attributed to unstable folding of scFv and is
independent of the expression platforms. An additional disulfide bond can also lead to
unexpected challenges such as the formation of intermolecular disulfide bond resulting in
aggregation and reduced bioactivity (Cao et al., 2018). The scFv was fused to the model antigen
GFP via a flexible helical linker that has been successfully used to produce functional bivalent
scFv-GFP fusions (Stamova et al., 2012). In parallel, we also used Glycine-Serine linker to make
these scFv fusions. Despite all these efforts, no high production levels were obtained in any
expression system, suggesting that scFv engineering is difficult and requires various optimizations
to identify a suitable peptide linker. As a result, we decided to generate pig APN-specific VHHs as

our alternative strategy.

VHH engineering is straightforward

VHHs are highly stable and because of their modularity and single domain nature, they can be
easily engineered. In this project, the APN binding VHHs selected from phage display library were
re-cloned with mouse IgG2a Fc domain (MG) along with two negative controls VHH V2 and D3,
both targeting adhesin proteins of Enterotoxigenic E. coli (ETEC). All the initial studies with crude
extracts were performed using V2-Fc and D3-Fc as controls. However, due to ETEC infections in
pig stables and difficulty in finding seronegative pigs, V2 and D3 were not the ideal controls for
piglet models. Therefore, rather than cloning and producing new negative control, we used a GFP
binding VHH (GBP) fused to mouse IgG3 Fc for subsequent studies which was previously
produced in our laboratory (De Meyer et al., 2015). The small-scale production and purification
of the VHH-Fc fusion proteins from the medium allowed their further functional analysis in ELISA,
flow cytometry, immunohistochemistry on small intestinal tissues and endocytosis with APN-
expressing cell lines and gut-ligated loops. Some clones, that did not bind well in ELISA, displayed
very strong binding to APN-stable cell lines. These data were in line with our experience with
IMMO13. For instance, both 3L94-MG and 2L65-MG, bind to APN-expressing cells, while only
3L94-MG binds to immobilized APN in ELISA plates. Since both VHHs belong to two different

families, they most likely recognize different epitopes (Pardon et al., 2014). It is possible that the
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epitope for 2L65 is not accessible in coated APN, resulting in low or no binding activity of the
VHH.

Since APN-binding VHH-Fc fusions showed significant binding and uptake on APN in the
in vitro characterization, a preliminary oral immunization experiment was planned to test the
immunogenicity of mouse IgG2a Fc domain in piglet models via APN targeting capacity of 3L94-
MG and 2L65-MG fusions. An irrelevant VHH fusion with murine IgG2a will be cloned to use as a
negative control because the Fc domain of GBP-MG was derived from mouse 1gG3 that would
differ with 1gG2a Fc in terms of interaction with Fc receptors. The anatomical, physiological and
genetic similarity between human and pig suggest that pig Fc receptors most likely function
similar to that of humans. Notably, human FcyR and FcRn have very low or no affinity for mouse
IgG isotypes. For instance, human FcyRIIA binds mouse 1gG1, 2a and 2b, but not 1gG3 (reviewed
in Bruhns, 2012), suggesting that mouse 1gG3 Fc of GBP-MG may have different effects in vivo.
The phylogenetic relationship of human and porcine FcRn showed that they are more closely
related than rodents (Guo et al., 2016) and porcine FcRn can bind to murine, human and bovine
IgG (Stirling et al., 2005); however, no information about IgG isotype was reported in this study.
Another study reported that human FcRn do not bind mouse IgG1, but has low affinity for mouse
IgG2a and 1gG2b (Ober et al.,, 2001). However, experimental evidences about interaction
between murine IgG and porcine Fc receptors are still lacking. Therefore, we chose to produce a
new negative control for in vivo validation. Moreover, different isolated VHH-Fc fusions can also
be included as a cocktail to identify the best combination to assess the additive or synergistic
effects. Alternatively, bi- or multi-specific VHH-Fc fusions can be designed with the best
performing VHHs, as developed against influenza by Laursen et al. (2018).

After characterization of the VHHs (as described in chapter 4), the best VHH 3194 was
fused to model antigen C-fragment of tetanus toxin (TTC) and Fc domain of pig I1gG and IgA.
Besides their high accumulation, IgA-based fusions are more prone to proteolysis compared to
IgG-fusions. These findings are consistent with our previous results with VHH-IgA fusions showing
cleavage in the significant part of the total soluble proteins (Bakshi et al., 2019; De Buck et al.,
2013; Virdi et al., 2019). However, their binding activity to APN in ELISA indicates that IgA fusion

proteins are still functional even after excessive proteolysis. The efficacy of these fusions remains
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to be further determined in cell-based assays and in vivo settings. In summary, VHH engineering
is straightforward and offers the potential for designing complex fusion molecules such as

vaccine carriers described in this thesis.

VHH-Fc fusions for the potential control of respiratory syncytial virus infection.

This PhD thesis lays the foundation for the development of effective antivirals for RSV infection.
Previous studies have already shown the potential of VHHs as an antiviral agent and some were
successful in entering clinical trial (Detalle et al., 2016). Despite their several advantages over
conventional antibodies, VHHs are only limited to prophylactic treatment due to their short half-
life. VHH fusions with Fc tail not only increase the half-life of associated VHH, but also improve
the in vivo efficacy by Fc effector functions.

In this study, we chose RSV neutralizing VHH C4 to make VHH-Fc fusions as a proof-of-
principle. However, VHHs more potent than C4 have already been identified that bind RSV F with
picomolar affinity. Nb017, for example, is a VHH developed by Ablynx that binds both the pre-
and postfusion conformation of RSV F (Detalle et al., 2016). Reformatting of Nb017 in a trivalent
VHH, termed ALX-0171 resulted in increased neutralizing potency. ALX-0171 greatly
outperformed Palivizumab in terms of both plaque reduction and complete inhibition of RSV
replication in vivo (Detalle et al., 2016). Another VHH, F-VHH-4 selectively binds the prefusion
conformation of RSV F and exerted higher neutralization potency in its monovalent state than
that reported for trivalent ALX-0171 (Rossey et al., 2017). Thus, it would be worthwhile to make
Fc fusions with such potent VHHs and further validate the effects of Fc tail via in vivo settings.

Moreover, ALX-0171 could withstand the nebulization process and displayed protection
upon prophylactic administration by inhalation, which is attributed to the robustness of VHH.
VHH-Fc fusions have not been studied so far for such applications. In chapter 6, we demonstrated
the high physical stability of VHH-Fc fusions which is dependent on linked VHH. VHH-Fcs are
highly stable and retain their antigen binding property at elevated temperature, while
conventional antibodies fail to demonstrate such effects. It would be interesting to test their

stability via nebulization to deliver them straight to the site of infection.
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Importantly, E4-Fc fusions, which is a non-neutralizing VHH, also displayed prophylactic
protection in mice, although weaker than that of C4-Fc. This data indicates the role of Fc tail by
inducing effector functions such as antibody-dependent cellular cytotoxicity and phagocytosis
(ADCC and ADCP respectively), and complement dependent cytotoxicity (CDC), thereby inducing
faster clearance of RSV-infected cells. In this project, the interaction of VHH-Fc fusions with Fcy
receptor (FcyRI) was tested in ELISA, that can be further confirmed in vitro by cell-based assays.
Furthermore, Fcy receptor knockout mice would also be useful to study in vivo effect of VHH-Fc
fusion. E4-Fc can act as a negative control in such experiments and is expected to display no
protection if the Fc domain plays a crucial role to inhibit RSV replication in vivo. Many studies
have demonstrated the importance of Fc-effector functions in virus clearance. A study shows a
comparison of the conventional palivizumab with their different glycan variants produced in N.
benthamiana (Hiatt et al., 2014). These variants had augmented binding to Fcy receptor that
resulted in reduction of RSV titers in cotton rat lungs compared to the conventional palivizumab.
These findings suggested that rather than in vitro RSV neutralization potency, Fcy receptor
binding activity plays a significant role in determining the in vivo efficacy of an antiviral. In another
study, a vaccine based on the extracellular domain (SHe) of the small hydrophobic protein of
HRSV induces immune protection in mice and cotton rats which was solely dependent on the
interaction of neutralizing antibodies with FcyRl and FcyRIll (Schepens et al.,, 2014). A
multidomain VHH-Fc fusion developed for influenza virus infection protected all mice from
disease lethality, whereas mutants lacking FcyR binding resulted in decreased survival rate
(Laursen et al.,, 2018). A higher dose of the mutant antibody was needed to provide full
protection.

VHH-Fc fusions offer the great therapeutic potential due to their longer lung retention
time compared to VHHs and need to be studied further in a suitable animal model. A monovalent
and bivalent VHHs without an Fc domain may serve as controls for more information about the
impact of the Fc domain in therapeutic settings. Although most of the preclinical animal studies
are performed in mouse, low permissiveness of RSV makes it difficult to demonstrate a
therapeutic effect. Cotton rats have proven useful in many studies. In fact, the advancement of

both palivizumab (Synagis®) and RSVIg (RespiGam®) to clinical trials was solely based on the
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preclinical data from cotton rats (Niewiesk and Prince, 2002). However, extrapolation of the
results from preclinical species to human depends on several factors such as breathing patterns,
airway anatomy and administration device characteristics. Recently, neonatal lambs were
successfully used to validate therapeutic efficacy of ALX-0171 (Mora et al., 2018). Lambs share
many physiological, anatomical and developmental features with human and can be considered
as a valuable RSV-infection model for preclinical studies of vaccines or therapeutics. In addition
to half-life and animal models, route of administration and dose also affect the therapeutic

efficacy of an antibody.

Merits of IgA at pulmonary mucosal membranes
In addition to VHH, choice of Fc domain may also have different effects at pulmonary mucosa.
The predominant antibodies at mucosal surfaces are the secretory IgA (SIgA) that are believed to
be functional at harsh environments at the mucosal membranes and also contribute to longer
retention time as compared to 1gG isotype (Corthesy, 2010; Strugnell and Wijburg, 2010).
Moreover, their dimeric structure with a secretory component (SC) also helps in higher stability
and avidity. Recombinant production of SIgA is achievable in the plant expression system such as
Arabidopsis (Virdi et al., 2013). However, obtaining a homozygous line encoding three genes (IgA
Fc, SC, and J chain) for SIgA might take several years, especially with crop species such as soybean
(Glycine max) having life cycle of up to 6 months (Palaci et al., 2019). It was recently reported
that VHH fusion with monomeric IgA produced in either soybean or P. pastoris could protect
piglets from enterotoxigenic E. coli infection (Virdi et al., 2019). This study gives hope to take
advantage of IgA properties while omitting all the tedious process of making SIgA at the same
time. Thus, it would be of great interest to make VHH-based fusions with Fc domains derived
from conventional IgG, monomeric and secretory IgA; and comparing their potency to assess the
merits of IgA at the pulmonary mucosal surfaces.

One of the major hurdles in developing IgA-based therapeutics is lack of efficient
purification method. We addressed this issue in this thesis (Chapter 7). A two amino acid

mutation in Fc domain of murine IgA resulted in purification of VHH-IgA fusions on commercial
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affinity ligand SSL7 without any detrimental effect on the antigen-binding property of the VHH.

However, in vivo effect of mutated IgA will have to be explored further.

Plants and yeasts as alternatives to mammalian-based expression system for recombinant
antibody production.

This thesis describes the expression of chimeric antibodies in both P. pastoris and N.
benthamiana. Both the systems offer unlimited scalability and cost-effective protein production
and are easy to be engineered to allow mammalian-like glycosylation. The purpose of this thesis
was to take advantage of plant-based expression system as an alternative production platform
for recombinant antibodies. Both the RSV neutralizing VHH-Fc and APN-specific scFv-antigen
fusions were initially produced in infiltrated N. benthamiana leaves via Agrobacterium-mediated
transient expression system for rapid analysis. However, due to difficulty with a very low
accumulation of scFv-based fusions, several other fusions with scFv and VHHs were designed and
produced in P. pastoris allowing convenient and rapid screening of multiple constructs and VHH
library. Both plant and yeast expression systems have their own advantages and disadvantages.

Transient expression in plants is a favorable alternative to stable transformation because
of the high accumulation of the recombinant protein in few days. This system is successfully used
by Medicago, Inc using a plastocynin promoter from Medicago sativa sp. that provided the
accumulation of recombinant antibody ranging from 0.6-0.7 g/kg of FW by syringe infiltration
and 0.2-0.3 g/kg FW by vacuum infiltration to assess the scalability (Vezina et al., 2009).
Production of RSV-specific VHH-Fc fusions in N. benthamiana yielded only 0.01-0.03 mg/kg of
FW, about 10-fold lower than what was reported with plastocynin promoter by (Vezina et al.,
2009). Thus, it would be interesting to test different promoters to improve the accumulation of
VHH-Fc fusions.

In contrast to plant-based expression system, the yeast-based expression has been
utilized for manufacturing a variety of novel recombinant therapeutics that are already in the
market. Large amounts of recombinant proteins can be produced in growth medium and
concentrated using ammonium sulfate at a small scale before mixing in the feed of piglets for

oral immunization. However, on large scale production, lyophilization is the most suitable

183



method for protein concentration and generating powder form of the antibodies. Recently, it has
been reported that VHH-IgA fusions produced in Pichia pastoris can be used without purification
for oral administration (Virdi et al., 2019).

Finally, this thesis shows that VHH-Fc fusions can be produced in both production
platforms. Since we did not compare the expression level of the same protein in different
platforms, one cannot be considered better than the other. Moreover, accumulation level and
protein integrity of the fusion protein were highly dependent on the associated VHH, as observed
in both N. benthamiana for anti-RSV and P. pastoris for anti-APN VHH-Fc. These data were in
accordance with our previous findings (De Meyer et al., 2015). The results obtained from one

VHH-Fc fusions cannot be extrapolated to other and need to be studied on a case-by-case basis.
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