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1. Introduction

Proteins are the nanoscale machines and building blocks of the living world. We
are built of proteins according to the instructions of our genetic code, and functions
of our bodies are carried out by proteins. We need proteins as an essential part of
our diet, but the modern society is dependent on proteins also in many other ways.
Enzymes are e.g. used in production process of food and feed and in removing
stains from laundry. Production of new biofuels depends on enzymatic processing
of biomass and many materials we use, such as silk, are composed of proteins.
Importantly, a large part of the modern medicine is dependent on biopharmaceuti-
cals: proteins such as hormones, antibodies and vaccine antigens. The market
value of biopharmaceuticals reached 140 billion USD in 2013 and has been in-
creasing steadily [1].

Proteins are large and complex molecules and are difficult to produce synthetical-
ly. Instead, they are either purified from their natural sources or produced biotech-
nologically by inserting a gene encoding for the protein to an appropriate living
production organism. The production host can be a bacteria, a yeast, filamentous
fungi, cultured insect, plant or animal cells, or in some cases whole animals or
plants. Escherichia coli is by far the most used microbial production host followed
by eukaryotic Saccharomyces cerevisiae (baker’s yeast) and Pichia pastoris [1].
Chinese Hamster Ovary cells (CHO) are the most used mammalian cells [2]. Total
production of biopharmaceuticals in 2010 was 26 400 kg of pure protein of which
68% was produced in microbes and 32% in mammalian cells. All other platforms
represented only a small fraction of the production [1]. The prominence of mam-
malian systems is increasing due to increasing demand of highly complex mole-
cules such as monoclonal antibodies.

Unlike animals or fungi, plants are primary producers. That is, they produce bio-
molecules from simple resources: water and elements in the soil, carbon dioxide
from the air and energy from the sun light. Other forms of life, like mankind, rely on
plants as the source of those molecules. With the tools of modern biotechnology
plants can be harnessed to produce valuable recombinant proteins - literally from
thin air. This new domain of exploiting plants is known as “molecular farming” or,
in case of pharmaceuticals, “molecular pharming” [3].

Hydrophobins are a peculiarity in the protein world. Their extraordinary properties
have inspired numerous applications ranging from foam stabilizing food additives
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to coating of nanoparticles and biosensors even to use as anti-freezing agent on
aircrafts [4]. Difficulty of the production of hydrophobins in large scale is a major
hurdle in commercialization of many applications. Recently, plants have merged
as a promising alternative for manufacturing recombinant hydrophobin fusion
proteins [5].

In this literature review | will first formulate an overview on the concept of molecu-
lar farming in general (1.1) and then focus specifically to various aspects of the
use of tobacco cell cultures for protein production (1.2). The next part (1.3) will
introduce hydrophobins and their use as components of fusion proteins with fasci-
nating properties. Finally the target proteins, used as case studies in this work, will
be introduced in short (1.4).

1.1 Plant-based protein production

Plants and plant cell cultures can offer several advantages over the more tradi-
tional platforms of protein production including low cost of manufacturing, capabil-
ity to process very complex proteins and inherent safety [3]. While some of the
advantages are common to all forms of plant-based production, some are specific
to manufacturing strategy: open field (1.1.1), contained greenhouses (1.1.2) or
fully controlled bioreactors (1.1.3).

Complex proteins and glycosylation

As higher eukaryotes, plants are capable of correctly processing complex mole-
cules, assemble multiunit proteins, such as virus like particles [6] and antibodies
[7] and perform most post-translational modifications. Plants, unlike bacteria, are
also capable of adding complex glucans on recombinant proteins similarly to ani-
mal cells [3]. This is important because the solubility, stability, immunogenicity,
pharmacokinetic properties and biological function of many proteins are depend-
ent on the asparagine (N) linked glycan structures.

Plant N-glycosylation is similar to animals, but not identical. The glycosylation
process starts in the endoplasmic reticulum (ER) simultaneously with translation
by attachment of an oligosaccharide precursor. During protein maturation in ER
the oligosaccharide precursor is trimmed to a high mannose type glycoform, which
is identical to animal glycans. The glycans are further crafted by enzymes in the
Golgi apparatus. Finally the plant glycoproteins contain core al,3-fucose, instead
of mammalian al,6-fucose, and core B1.2-xylose residues that are not found on
mammalian proteins. Additionally mammalian proteins carry 1,4-galactose and
terminal sialic acid residues that are absent on plant glycans. Differences in glyco-
sylation have been recently reviewed in [8].

The plant-like glycosylation has raised concerns of potential immunogenicity
and negative effects on the activity of pharmaceutical proteins. However, the con-
cern has remained mostly theoretical. In contrast, the plant-like glycosylation has
been proven beneficial in some cases [9,10]. Plant glycosylation machinery also
results in rather small variation in glycan structures in contrast to larger variation in
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CHO cells, which is an advantage from regulatory point of view [8]. Furthermore,
the glycosylation in plants can be controlled by targeting the protein accumulation
to either ER or other subcellular compartments like vacuoles [9,10]. Plants are
also amenable to modifications of the glycosylation machinery without compromis-
ing viability. Thus enzymes along the secretory pathway can be removed or added
to obtain more human-like glycosylation [8].

Safety

Mammalian cell cultures can be infected by viruses hampering the production of
pharmaceuticals or even posing risk to patients. Such a contamination occurred in
2008-2010 at Genzyme, a company producing biopharmaceuticals in CHO cells
for rare diseases. The company struggled with repeated vesivirus contaminations
and as a result the global stocks of these particular drugs was exhausted forcing
authorities to prioritise patients who would get the treatment [11]. In contrast to
mammalian cells, plants do not harbour any know human pathogens [12].

Plants also do not contain endotoxins like bacteria or hyper glycosylated pro-
teins like yeast. However, the secondary metabolites in some plants, such as
nicotine in tobacco, may be harmful and need to be considered in design of the
purification process [12,13]. Many plants are staple foods and have the GRAS
status (generally recognized as safe). This means they could be directly used as a
vehicle for administering edible vaccines or therapeutics for both human and ani-
mal use [14]. For example Protalix Biopharmaceuticals is developing a form of
glucocerebrosidase to be delivered orally within the matrix of carrot cells [15].

Finally, plant-based production of proteins is completely void of animal compo-
nents. This is of a great interest as industries are looking for alternatives for ex-
traction of proteins from their native animal sources, such as human transferrin
from blood or for producing vaccines in immunized eggs.

1.1.1 On field

Cultivating plants on field is inherently scalable. Vast amounts of biomass can be
cultivated with existing agricultural infrastructure with low cost and upfront invest-
ments. Therefore producing pharmaceutical proteins and industrial enzymes on
field could respond the hugely growing demand of recombinant proteins. The
scalability is especially important now, as many blockbuster biopharmaceuticals
have lost, or will lose, patent protection during 2015 and 2016 [1]. Both old and
new players in the field will be looking for alternative and economical production
systems for biosimilars. Also new uses of pharmaceuticals, such as topical appli-
cation of antibodies for prevention of HIV, require huge amounts of protein [7].
Production of sufficient amounts in current systems would surpass the whole
global fermenter capacity and be prohibitively expensive. In plants the antibodies
for topical applications could be produced in immense scale and applied as crude
plant extract without expensive purification [7,16]. Production of recombinant pro-
teins in plant seeds has also the benefits of providing homogenous material that
can be safely stored in ambient temperatures [17].
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To date there are no field produced proteins accepted to pharmaceutical use in
humans. However, plant-produced industrial proteins have entered the market.
The US based biotechnology company ProdiGene developed production of i.e.
avidin and B-glucuronidase in transgenic maize already in 90"s. Production of the
biomass took place on field and the proteins were found to be stable in the seed
for months after harvesting. The products were functionally equal to proteins ex-
tracted from natural sources and moreover — economically viable. Both products
were marketed by Sigma-Aldrich (reviewed in [12].

Use of food crops as production hosts for pharmaceutical components has,
however, raised questions of potential harm to consumers through accidental
mixing in the food chain. More over the open use of genetically modified plants in
general has encountered public and political opposition, especially in Europe [16].
The strict regulations ended the story of Prodigene Inc. Volunteer maize plants
were found in 2001 growing in a field the season following a field trial of a maize
crop producing a veterinary vaccine. The breach of extremely strict environmental
regulations resulted in massive fines and clean-up costs eventually forcing the
company to cease trading [14].

Still, another US company, Ventria Bioscience, uses transgenic rice and barley
to produce i.e. recombinant human transferrin (D. Zhang, 2013; discussed in more
detail in 1.4) on field to be used as an animal-free cell culture supplement. The
same company is developing an orally delivered lactoferrin for prevention of anti-
biotic-associated diarrhea. To be economically viable, it is estimated that the man-
ufacturing cost cannot be greater than 3.75 USD /g of protein. This could only be
achieved using plants cultivated on field [1].

In addition to agricultural regulations, production of pharmaceuticals also have
to follow the guide lines of good manufacturing practise (GMP) [12]. The same
regulation applies to compounds used in the process of manufacturing pharma-
ceuticals. The GMP has been developed to guarantee the safety and consistent
quality of pharmaceuticals produced in contained fermentation based processes
using microbes or animal cells. The GMP requires that the host organism is culti-
vated under precise and controlled conditions to ensure batch-to-batch consisten-
cy. A field is everything but that. Varying weather conditions, soil composition,
pests and use of agrochemicals create an environment where adherence to cur-
rent GMP is not possible [12].

1.1.2 Ingreenhouse

In contrast to field, greenhouses provide a contained environment with much more
control over the growth conditions. Especially growth chambers equipped with
automated cultivation systems and LED technology are getting close to controlled
environment of traditional bioreactors [12]. The development of vertical farming is
improving the economy of such systems rapidly. The advantage of immense
scalability and process economy in the agricultural system is partly lost when
production is moved indoors. However, contained cultivation alleviates the con-
cerns associated with open cultivation of transgenic plants and builds a barrier to
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isolate the product from food chain. Controllable environment has also enabled
formulation of GMP guidelines accommodating molecular pharming [12]. First in-
human clinical trial with an antibody produced in tobacco took place in 2011, in
framework of the academic Pharma Planta project [7]. The study defined the com-
plete path for GMP manufacturing of antibodies in transgenic plants grown in
containment, from seed to syringe.

Already today ORF Genetics, an Islandic company, produces recombinant pro-
teins in transgenic barley grown in contained greenhouses. The products are not
aimed for pharmaceutical use, yet, but to research and cosmetic use instead.

Transient expression

Contained environment also enables large scale protein production using transient
expression in tobacco plants [19]. Most commonly the genetic construct is deliv-
ered to plant cytoplasm using Agrobacterium tumefaciens. The expression cas-
sette is not integrated to the genome, but is translated directly to messenger RNA
and further to protein. The product can be harvested in few days. The method has
been utilized widely in research for fast production of small amounts of proteins.
However, the development of automated culture systems, new viral vectors and
spray application has made transient expression a potential alternative for indus-
trial protein production [19]. Most significant advantage of transient expression is
the speed and therefore the ability to respond to urgent need of vaccines. For
example influenza antigens have been produced by transient expression in matter
of weeks from receiving the gene sequence [16].

The field is flourishing in US [16] and various pharmaceutical proteins have
been produced in GMP-compliant processes using transient expression system
[12]. Recently an antibody based drug, produced by transient expression in tobac-
co, was accelerated through clinical phase to provide emergency care during the
Ebola outbreak in 2014. An influenza vaccine, likewise produced in transient
mode, is in phase lll clinical trials and is expected to enter the market in 2018 [20].
Transient expression in plants will reduce the time needed for production of the
vaccine significantly in comparison to immunization of eggs. The months saved in
production phase are off from the time for the virus to evolve.

Although the GMP guidelines have now been established in Europe for produc-
tion of antibodies in transgenic plants [7], the European drug agency (EMA) does
not yet recognise transient expression platforms.

1.1.3 In bioreactors

Due to regulatory hurdles encountered with field and greenhouse grown plants for
molecular pharming, the spotlight is back on bioreactors [21]. Plant-based manu-
facturing in bioreactors is compatible with the current GMP as such [12]. Therefore
it was no surprise that the first plant derived recombinant protein approved by FDA
for pharmaceutical use in human was produced in plant cell culture [1,15]. In addi-
tion to plant cell cultures, plant-based protein production in bioreactors can be

15



done using hairy roots, microalgae, moss cultures or floating plant cultures [3]. In
this work, however, | will focus on dedifferentiated plant cells alone.

Plant cell cultures have been used for decades for commercial production of a
number of pharmaceutical plant secondary metabolites, such as shikonin, berber-
ine, sanguinarine and skopolamin [22]. For example Phyton Biotech has produced
a sustainable supply of paclitaxel in 75 000 L bioreactors from 90°s [22]. First
recombinant protein, human serum albumin, was expressed in plant cell cultures
already in the beginning of nineties [23], but it took another two decades before
the first protein produced in plant cells gained FDA approval for use in human in
2012 [9].

Propagation and protein expression

Plant cell cultures are initiated by wounding plant tissue and inducing callus for-
mation by application of growth factors. The totipotent, dedifferentiated cells are
further maintained as axenic cultures. In liquid media the cells grow as individual
cells or, more commonly, as small clusters or threads (Figure 1). As primary pro-
ducers the plant cells do not have large requirements for the media, although most
cell cultures require sugars as carbon source. In comparison to the complex, rich
and expensive media required by animal cells, plant cell media is cheap, chemi-
cally defined and contains no animal derived components.

Heterologous protein expression in plant cell culture can be achieved in two
ways. The cell culture can be generated from a transgenic plant or an already
established cell culture can be transformed. The first option is often preferred
when transgenic plants, are available as it requires very little effort in screening for
good clones. However, generation of transgenic plants is tedious and time con-
suming. Transformation of plant cell cultures is significantly faster. Well estab-
lished cell cultures, such as tobacco BY-2, also grow much faster than cultures
established freshly from transgenic plants [24].

Plant cell cultures can be propagated in classical stirred tank bioreactors, alt-
hough minor modifications are required due to the more viscose cell suspension,
sensitivity to shear stress and tendency to foam [21,22,25]. Plant suspension cells
have also been cultivated in several other types of bioreactors such as airlift, bub-
ble columns, orbitally shaken vessels [26] and wavebag bioreactors [27]. In prac-
tise however, large scale commercial propagation has taken place in stirred tank
bioreactors in volumes of tens of cubic meters [25].

Single use bioreactors are gaining ground also in propagation of plant cells.
Pre-sterilized culture bags ease adherence to GMP, allow flexibility and reduce
investments in sterilization facilities [25,26,28]. Protalix Biotherapeutics relies on
their proprietary bioreactors based on pneumatically run flexible plastic bags. The
bags are used for few consecutive culture cycles and allow horizontal scalability
simply by increasing the number of bioreactors [9].
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Figure 1. Tobacco BY-2 cells in suspension culture.

Plant species

Cell cultures have been established from numerous plant species. This can be
seen as a disadvantage from regulatory point of view [12] or a resource, as the
expression levels of the same protein vary between species [29]. The most used
cell cultures for protein expression are derived from tobacco, rice and carrot [21].
Using food crops for molecular pharming on field is controversial (1.1.1), but in
contained systems they may have a regulatory advantage due to GRAS status.
Encapsulation of a pharmaceutical products in the cellulose capsule of plant cells
could be utilized for oral administration [29]. For example a glucocerebrosidase
product delivered orally within the matrix of carrot cells is being developed by
Protalix Biotherapeutics [15].

Benefits of plant cells

From protein production point of view plant cell cultures combine the benefits of
plants as a host organism to fermentation processes developed for more tradition-
al platforms. Grown in bioreactors, the plant cell cultures are fully compatible with
the existing GMP and similar process control to microbial or animal cell cultures
[12]. still, plant cells are inherently safe and capable of producing complex pro-
teins. The benefit of scalability of field or greenhouse grown plants is lost when
propagation is moved to bioreactors requiring large capital investments. However
the cost of up-scaling is not fully comparable to propagation of mammalian cells.
The complex and expensive media for mammalian cell cultures is a major cost
and it increases directly with culture volume. The media for plant cells in turn, is
cheap. While the plant cells do require similar facilities as mammalian cells, in-
creasing the culture volume or operating continuous cultures are not a significant
cost factors [26].
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In comparison to intact plants, generation of transgenic cell lines and the growth
of plant cell cultures is fast, which makes the production cycles significantly short-
er [30]. A batch cultivation of tobacco cells takes approximately one week.

Product recovery from plant cell cultures is simple when the product is secreted
into the medium, like in most other production platforms. As plant cells do not
secrete much native proteins and media contains only few minerals, the purifica-
tion is rather straight forward. Even when the product remains in the cells, requir-
ing cell disruption, the plant cell material is easier to handle than intact plants as it
lacks most of the fibres, waxes, oils and residues of agrochemicals present in
whole plants. Cultured plant cells used for protein production also contain lower
amounts of secondary metabolites in comparison to intact plants. Tobacco sus-
pension cells for example contain only very low concentrations of nicotine. Down-
stream processing is discussed more in detail in 1.2.3

1.1.4  Future of molecular farming

It is unlikely that plant molecular farming will replace the traditional platforms for
manufacturing recombinant proteins. It may however play an important part in
manufacturing of niche products where its advantages are clear in comparison to
other platforms in terms of quality, speed or economics. With the selected prod-
ucts, the focus needs to shift from proof of principle studies towards improving
aspects important for commercial production: quality, purity and yield [31].

At the moment plant molecular farming covers several very different platforms:
field and greenhouse grown plants, transient expression in plants, plants and
moss cultivated in bioreactors and plant suspension cell cultures. In future it be-
comes more important to focus on and consolidate a small number of platforms
[32]. One of those platforms will be the tobacco BY-2 cell line.

1.2 Tobacco Bright Yellow 2 suspension cells

The tobacco Bright Yellow 2 (BY-2) cell line was originally generated in 1968 at
Hatano Tobacco Experimental Station of the Japan Tobacco company [21]. It is
fast growing, easy to propagate and can be readily transformed using Agrobacte-
rium tumefaciens [33]. Especially, the possibility to efficiently synchronize the cell
cycle and the morphology that supports microscopy have made the cell line a tool
of choice for many laboratories studying the fundamentals of plant cell biology
[34]. Due to its central role in fundamental research, the BY-2 cell line has been
referred to as the “HelLa cell in the biology of higher plants” [33].

In 1982 another cell line was separated from BY-2. The sibling line, known as
NT-1, has been maintained mainly in North America [35]. In principle the cell lines
are genetically identical. However, decades of continuous passages have accu-
mulated mutations and chromosomal rearrangements in both lines [36]. Thus
neither of the lines is genetically identical to the original tobacco cultivar [33,36].
The BY-2 cell line has been more utilized in fundamental research (involving i.e.
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cell cycle synchronization) which requires maintenance of the culture in optimal
conditions for growth. It has been hypothesized that due to this selection pressure
the BY-2 line may have retained its faster growth rate [35].

This chapter gives an overview on use of tobacco BY-2 cell line in protein pro-
duction, its propagation, methods for downstream processing and ongoing plat-
form development.

1.2.1  Use as a protein production platform

Rapid accumulation of biomass and easy transformation has made the BY-2 cells
a good host for expression of recombinant proteins. Since the technology for het-
erologous protein expression in plant cells merged in early 90's [23], a growing
number of proteins have been successfully expressed in BY-2 and NT-1 cells
(Table 1). By now, BY-2 has become the most frequently used plant cell line for
protein production [29].

Protein yields in BY-2 cells are low, typically around 1% of total soluble protein
(TSP), as in plant cell cultures in general. Reported yields range from hardly de-
tectable to rare cases of hundreds of milligrams per litre (Table 1). In comparison,
the product titres in mammalian CHO cells can reach levels of 10 g/l [2].

The first registration for a plant made pharmaceutical was obtained by Dow
AgroSciences in January 2006 for a NT-1 produced vaccine against Newcastle
disease in chicken [3]. However, the company made a strategic decision to end
the product development [3]. Still to date no products produced in cultured tobacco
cells are on market. However, recently Protalix Biopharmaceuticals has an-
nounced that all its new products are developed in tobacco BY-2 cells instead of
carrot cells used earlier [9].
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Table 1. Recombinant proteins expressed in tobacco cell cultures. Reporter pro-
teins are not included.

Protein Expression

class Protein Cell line level (up to) Reference
Mouse mAb BY-2 N.A. [37]
Mouse 1gG BY-2 10 mg/l [38]
Mouse Fab - 10mg/I [39]
mAb24 - 1% of TSP [40]
M12 (hlgG1) human scFv BY-2 107 mg/l [26,41,42]
Lo-BM2 (higG1k) Anti-IgM BY-2 0.2 mg/l [43]
Human IgG BY-2 35 mgl/l [38]
Antibodies /< 13 (migG1k) ; 7.5 mgll [44]
CL4 anti-HBsAg BY-2 5 mgl/l [45]
Anti-rabies mAb - 0.5 mg/l [24]
Anti-phytochrome single-chain antibody - 0.5% of TSP [46]
2G12 anti HIV BY-2 5.5 pg/l [47]
2F5 BY-2 29 ug/lg FW  [30,48]
14D9 (mIgG1k) - 2mgl/l [49]
Norwalk virus capsid protein NT-1 1.2% of TSP [50]
Newcastle disease virus eHN protein BY-2 0.4% of TSP [51]
Influenza hemagglutinin NT-1 1.4 mg/l [52]
_Ho_st_cell—binding domain of E. coli 0157:H7 NT-1 13 pg/g FW [53,54]
Antigens ﬁgggtis B surface antigen NT-1 8 ug/g FW [55,56]
Dust mite allergens BY-2 [57]
Dengue virus envelope glycoprotein BY-2 0.71 mg/l [58]
Allergen of Artemisia vulgaris pollen, Art v 1 - <lpg/l [59]
Transglutaminase BY-2 [60]
SEAP NT-1 27 mgl/l [61,62]
PRX-102 (a-Galactosidase-A) BY-2 [63]
Laccases (loblolly pine) BY-2 [64]
Laccase (Iccl from lentinula edodes) BY-2 250 U/l [65]
Enzymes Human a-l-iduronidase BY-2 10 mg/l [66]
Human al-antichymotrypsin BY-2 [67]
Desmodus rotundus salivary plasminogen activa- BY-2 1.5 ug/lg FW [68]
t((:Jarlrer%t invertases BY-2 3 mg/g FW [69]
B-Glucuronidase NT-1 40 000 U/ [70]
ADA adenosine deaminase BY-2 16 mg/l [71]
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Table 1. Continues.

Protein Protein Cell line Expression Reference
class level (Up to)
Viral IL-10 BY-2 5.3 ug/g FW [72]
Murine IL-10 BY-2 9.3 pug/g FW [72]
Human IL-10 BY-2 3% of TSP [73]
Interferon a2b - arabinogalactan —fusion BY-2 28 mg/l [74]
Human IL-4 NT-1 180 pg/l [75]
Interferons Human IL-2 NT-1 100 pg/l [75]
and Human IL-18 - 166 pg/l [76]
hormones
Human IL-12 - 175 pgll [77]
Human growth hormone BY-2 5 mgl/l [78]
Human growth hormone - arabinogalactan — BY-2 35mgl/l [79]
fusion
Human granulocyte—macrophage colony- BY-2 17.89 mg/l [80-83]
stimulating factor
Human granulocyte colony-stimulating factor - 105pg/l [84]
Thrombomodulin BY-2 27 ugl/g Fw [85]
Human serum albumin BY-2 22 mg/l [86,87]
Others Human lactoferrin BY-2  43%of TSP [88,89]
EPO BY-2 low [90,91]

1.2.2  Expression systems

Transcription of heterologous genes in BY-2 cells is almost exclusively driven by
constitutive cauliflower mosaic virus 35S promoter and either 35S, nopaline syn-
thase (nos) or soybean vegetative storage protein (vsp) polyadenylation signal
(references within Table 1). A constitutive En2pPMA4p promoter has been used
with similar success to 35S promoter [38,43]. An oxidative stress-induced peroxi-
dase (SWPA2) promoter drives strong gene expression during the stationary
growth phase and has been used to express human lactoferrin in BY-2 cells [88].
Inducible expression of GFP has been reported using a 35S promoter-based tet-
racycline-specific derepressible expression system [92]. Bortesi and co-workers
[72] applied the system to decouple accumulation of viral IL-10 from clone genera-
tion and growth phase. The inducible system allowed 3.5 fold increase in accumu-
lation of the target, which has been shown to be harmful to tobacco plants and
presumably also to BY-2 cells [72]. Estradiol induced expression of GFP, driven by
tomato mosaic virus replication system has also been reported for BY-2 cells [93].
Similar approach was utilized in alcohol inducible expression of Norwalk virus
capsid protein in NT-1 cells [50]. Nevertheless, none of the alternative expression
systems have proven significantly better in BY-2 cells than the 35S promoter
based system.
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Transient expression of reporter protein GUS in BY-2 cells has been reported
[92]. Regardless of the ongoing research efforts, transient expression mode has
not yet been broadly utilized in protein production in plant suspension cells.

1.2.3  Generating production lines

The BY-2 cells can be transformed by nuclear bombardment or, more commonly,
using agrobacteria (references within Table 1). Transformation of plant cells using
agrobacteria results in insertion of the gene in random location and in variable
numbers to the host genome [94]. The genomic location plays a pivotal role in
regulating the gene expression by chromatin structure and proximity of regulatory
elements. Larger copy number may also increase the expression significantly [3].
Therefore finding an elite line or a “jackpot clone” may increase the productivity by
orders of magnitude [3], but requires tedious screening of a large number of trans-
formants [38,42,56].

The tendency of plant cells to grow in cluster or cell files makes it difficult to pick
a single transformation event to be sub-cultured. This may result in lines that are
in fact heterogenic populations of cells with variable productivities [95]. This phe-
nomenon has been observer with cell lines expressing fluorescent proteins as a
mosaic or sectorial pattern of protein accumulation [42,72,94]. With time the meta-
bolic burden of high expression of a recombinant protein may result in lower ex-
pressing cells to outcompete the more productive part of population and thus loss
of overall productivity over time. The problem can be alleviated by generating
monoclonal cell lines. This can be achieved by diluting cells, or protoplasts, into
wild type “feeder” cells and re-generating cell lines from individual transgenic cells
[94,95]

Co-expression of a fluorescent protein in the same expression cassette with a
target protein as a surrogate marker and visual selection of calli with high and
homogenous expression has been suggested as a tool for initial screening of the
clones [72,94]. Correlation in accumulation level of a fluorescent marker and target
protein has been reported [72]. The same principle was applied by Kirchoff and
co-workers [42] for flow cytometric sorting of the most fluorescent individual cells
of the population for sub-cloning. This approach resulted in significant increase in
productivity and relatively long term stability of the clones. Similar techniques are
commonly used for clone selection with mammalian cells [2].

In vitro cultured plant cells are affected by somaclonal variation: drifting of the
phenotype due to genetic and epigenetic changes, including changes in chromatin
states and methylation [96]. Genetic and genomic instability is very characteristic
to dedifferentiated plant cell lines and karyotype variation has also been confirmed
in BY-2 cell line [36]. Thus variation in expression levels are expected to arise
during prolonged cultivation [95] and the selection steps discussed above may
need to be repeated on regular basis.
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Cryopreservation

Cryopreservation of the production lines in master and working cell banks is es-
sential in order to avoid gradual loss of productivity over excessive passages [3].
Due to high water content, freezing plant cells is far from trivial. Nevertheless,
robust protocols have been developed [97] and the productivity of a cell line has
been shown to remain similar after regeneration of the suspension [86]. This has
been a major step towards fulffilling the requirements of industrial standards [3,21].

Targeted insertions

Random insertion of the transgenes has two sides. On the other hand it can be
seen as a tool to create diverse libraries of transformed lines where to select elite
clones [31], but on the other hand it forces to tedious screening of the clones after
every transformation. Vector-based site-specific integration and use of endonucle-
ases allow insertion of the genes in known favourable hot-spots in genome and
are a common practices with mammalian cells [2], but not with plants. However,
new technologies may offer a shortcut.

The new genome editing technology based on clustered regularly interspaced
short palindromic repeats (CRISPR-Cas9) has shaken the fields of molecular
biology as well as plant breeding in the past couple of years [98]. Targeted muta-
genesis has been achieved in tobacco plants [99] and in BY-2 cells [100]. These
advances pave road for targeted gene insertions through homologous recombina-
tion by homology-directed repair — a system that plant biotechnology is still miss-
ing. Next challenge will be to map and characterize so called “safe harbour loci”
that would promote strong and stable expression of any inserted transgene.
Standardised loci and precise tools to insert the heterologous genes will provide a
shortcut to avoid excessive screening. Establishment of such a standardised ex-
pression platform may also facilitate the regulatory approval of the products and
production lines [98].

Systems for gene amplification are another advantage of mammalian cells
[2,21]. Multiplication of the copy number results in significant yield improvements,
but the technology is still not developed for plant cells [21].

1.2.4  Propagation

The BY-2 cells are maintained as a callus culture on solid media or as cell sus-
pension, normally in shake flasks. Requirements of the cell culture are rather
simple: sufficient mixing, aeration and temperature of 26°C to 28°C. Unlike plants,
the cultured BY-2 cells are not autotrophic: They grow in dark and need sugars as
source of energy. A suspension culture of BY-2 cells is routinely maintained by
weekly sub-culturing. Duration of the cell cycle is between 18.6 and 20.2 hours
[34] and in ideal conditions a well maintained cell line can increase its biomass
100-fold in one week [35]. However, in many laboratories suspension cultures are
maintained by diluting the mature culture only 20 to 30 times, instead of 100 [34].
At the end of the culture cycle the cell suspension reaches high cell density, rep-
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resenting up to 70% of the suspension volume, causing high viscosity. This high
viscosity needs to be considered in selection of bioreactor systems for up-scaling.

Selection of bioreactor

For larger volumes the BY-2 cells have been propagated in various types of biore-
actors from simple wavebags, orbitally shaken vessels and bubble column biore-
actors to standard stirred tank bioreactors originally designed for microbial fermen-
tations and cultivation of animal cells. Most experimental data on propagation of
BY-2 suspension cells has been generated, in addition to shake flasks, in stirred
tank bioreactors (Table 2). The stirred tank bioreactors are also the established
standard in the industry. Already a report from 1977 describes successful propa-
gation of BY-2 cell suspension in 15 500 | culture volume in a steel tank bioreactor
with accumulation of biomass in comparison to shake flask cultures [101].

Single use bioreactors are an emerging trend. Pre-sterilized culture bags or lin-
ings of the culture vessel lower significantly the needed facility investments. BY-2
suspension cells have been propagated in a 50 | single use stirred tank bioreactor
[102] and recently also in 200 | volume in orbitally shaken single use vessel [26].
Simple cultivation systems, such as the air mixed polyethylene bags (up to 440 L)
used by Protalix [9] are perfectly suitable to full fill the requirements of BY-2 cells.
Additional benefit in these simple systems is their horizontal scalability: instead of
increasing the culture volume the number of the bioreactors can be increased with
low additional cost.

Large steel tank bioreactors require big capital investments. However, once the
investments have been made, the industry may favour the already established
systems over alternative processes. Thus the focus of this work will be on stirred
tank bioreactors.
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Table 2. Parameters used in some tobacco BY-2 suspension cell cultures in stirred tank bioreactors. N.A. stands for not available.

Vessel vol. Culture vol. Inoc. Aeration T_reshold level of Impeller type Mixing 1;emp. Antifoam Reference
[0) [0) (%) (vvm) dissolved oxygen (rpm) (°C)

3 2 5 0.1 >20% Pitched blade N.A. 26 Pluronic L-61 (0.01%) [103]
3 2 5 0.1 >20% Pitched blade 125 26 Pluronic L-61 (0.01%) [47]
3 1.75 10 0.1 >20% Pitched blade 200 26 Pluronic L-61 (0.01%) [86]
10 10 N.A. N.A. >30% Turbines 120 25 f;jg’,f;,% 70414 [69]
N.A. 40 10 0.1 Three-bladed impeller 50 N.A. [40]
3 2 20 0.43 Marine impeller 100 27 [104]
5 3 5 0.1-1.1 Four-flat-blade impeller 150 30 [70]
20 000 N.A. N.A. N.A. Dual angled four-blade paddles 10-40 N.A. [25]
2 000 N.A. N.A. N.A. Dual disk turbine 10-100 N.A. [25]
20 000 15 500 10 0.3 N.A. N.A. 28 [101]
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Culture parameters

The key parameters to consider in propagation of BY-2 suspension cells are aera-
tion and mixing. In shake flask cultures gas exchange takes place passively
through the flask mouth loosely covered with tin foil [70]. In stirred tank bioreactors
aeration is normally supplied through different types of spargers in the bottom of
the vessel or by aerating the headspace. Sulfficient aeration is generally reached
by sparging of 0.1 vvm (Table 2). Insufficient supply of air result in oxygen limited
linear growth [25,70]. On the other hand, excessive sparging of air may cause
uncontrolled foaming [70] and stripping the media of carbon dioxide and ethylene,
key regulators of cell growth [25].

Transfer of oxygen from supplied air to the media is facilitated by agitation,

which also provides efficient dispersal of nutrients and gases through the entire
propagation vessel and prevents sedimentation [25]. In flask cultures sufficient
mixing is provided by agitating the entire vessel on a rotary shaker, whereas
stirred tank bioreactors are mixed with a rotating impeller. The efficiency of mixing
depends on mixing speed and the used impeller type. Although a whole variety of
different impeller installations have been reported for propagation of plant cells,
the Rushton turbines, pitched blade impellers and marine impellers are most
commonly used in steel tank bioreactors [25](Table 2). Rushton turbines are the
industrial standard for microbial fermentations of low viscosity and with high oxy-
gen demand. They generate predominantly radial and horizontal flow, but are not
very efficient in generating circulatory flow. Pitched blade and marine impellers
instead have better pumping efficiency and can mix viscose suspension more
efficiently, especially when operated in upward pumping mode [25]. They also
inflict less damage to cells than Rushton turbines when operated with same speed
[25]. Insufficient mixing results in poor gas dispersion and oxygen limited condi-
tions either locally or in the whole culture. High mixing speed, on the other hand,
causes increased shear stress and cell damage [104]. Stress may induce secre-
tion of polysaccharides and proteins in the media which may contribute to for-
mation of foam [25].
Mixing speed and aeration rate can be adjusted during propagation based on
inline measurements of dissolved oxygen and exhaust gases and pH of the media
as well as off line measurements of accumulating biomass. However, real-time in-
line measurements of biomass development by radio frequency impedance spec-
troscopy (RFIS) may provide more accurate information of the process and devel-
opment of response loops without off line sampling [103]

Although propagation of BY-2 cells in stirred tank bioreactors have been report-
ed in several publications (Table 2), no general guidelines have been established.

Media

BY-2 cells are typically cultivated in media developed by Murashige and Skoog
[105]. The media is composed of sucrose, mixture of salts and few plant growth
factors and vitamins. The BY-2 cells have a distinctively high requirement on
phosphate. The concentration of KH,PO4 has been increased three fold in modi-
fied MS commonly used to date [33].
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The MS media was developed in the sixties in extensive trial and error based
experiments and only to optimize growth. Recent research has focused specifical-
ly in improving accumulation of recombinant proteins.

Nitrogen is an essential building block of amino acids and proteins. Nitrate me-
tabolism is also directly linked to carbon metabolism. The MS medium provides
nitrogen in form of nitrate and ammonium [105]. A systematic analysis of the me-
dia showed that supplementing the media with additional nitrogen increased the
yield of secreted antibody up to 150-fold, although with cost of the growth rate
[47]. The increase may have been at least partly due to more efficient secretion of
the protein in the stationary phase facilitated by larger osmotic pressure of the
medium [3]. Later Vasilev and co-workers used factorial design to optimize the
media for a cell line expressing a secretory antibody resulting in significant in-
crease in yield and reduced packed cell volume [41]. The key changes here in-
cluded increasing the nitrate/ammonium ratio and the amount of CaCl,. Another
experiment indicated that adding ammonium instead of nitrate, while reducing
level of potassium, increased accumulation of biomass, amount of total protein
and doubled the yield of intracellular ER-retained GFP [52]. Thus media composi-
tion seems to play a pivotal role in yield of recombinant proteins and different
modifications may be required for secretory and intracellular proteins.

1.25 Downstream processing

Downstream processing can account for up to 80% of the total costs of manufac-
turing a recombinant protein [26,106]. A major part of the costs are product specif-
ic, such as chromatographic purification, and are not dependent on the production
platform [12]. Only the first steps of the extraction process are host specific and
therefore important to consider here.

Recombinant proteins can be either secreted to the culture medium or retained
in the cell. Extraction and purification are easier if the product is secreted in the
media. However, retaining the proteins in the cell often results in higher yield and
desired post-transcriptional modifications [31]. When the product is retained in the
cell, disruption of the cell walls, clarification of the extract and removal of contami-
nating soluble material are required. Efficient cell disruption can be achieved by
pressure homogenization, sonication, enzymatic digestion or wet milling [27].
However, sonication and wet milling are difficult to scale-up and enzymatic macer-
ation, although bulk enzymes could be used [40], may become cost prohibitive in
large volumes [27]. Therefore pressure homogenization seems the most promising
approach for large scale processes.

In addition to the product, cell disruption releases native plant proteins to the
extract, including proteases. Product degradation can be prevented by cooling
down the extract or using protease inhibitors. However, cooling may be hard to
arrange and inhibitors prohibitively costly in large scale. The susceptibility to deg-
radation depends on the target and preventive measures might not always be
necessary [29].
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Several methods have been developed to reduce the complexity of the extract
before final purification, including heat precipitation of host cell proteins, floccu-
lants to remove small particulates and generic chromatography steps [31]. High
product concentrations are advantageous as cost of purification is proportional to
the volumes of extract. Therefore the extracts are often concentrated using cross-
filtration before chromatographic purification.

A significant advantage in plant cells is that in some cases expensive extraction
of the protein is not necessary at all. For example a vaccine for Newcastle virus,
produced in tobacco cells, was administered to chicken as crude extract by injec-
tion [3]. A protein product can also be administered orally even without disrupting
the cells, as discussed in 1.1.

1.3 Hydrophobins

Hydrophobins are some of the most fascinating proteins in nature. They are detri-
mental to fungal life style and thus abundant in the environment and in food. In
future the curious properties of these small and rigid proteins can be used e.g. in
formulation of precisely targeted cancer drugs and in manufacturing of new bio-
composite materials and in making of fluffier ice creams. The following chapters
will give a brief overview on the biological role of HFBs, their structure and proper-
ties and applications including the use as a fusion partner for plant-produced re-
combinant proteins.

1.3.1 Biological role of hydrophobins

The hypha of filamentous fungi grow in moist substrates but reach in to the air to
form reproductive structures. Some of those structures we call mushrooms. In
order to reach air, the hypha needs to penetrate the water-air interphase where
surface tension builds a barrier. The fungus secretes hydrophobins which assem-
ble to the interphase dramatically lowering the surface tension (Figure 2). When in
the air, the hypha keeps on producing hydrophobins which now assemble to the
interphase between the cell wall and air. Normally the cell wall is hydrophilic and
wets easily, but the amphiphilic hydrophobin layer inverts it hydrophobic instead
(Figure 2d). This prevents the wettability of the aerial hypha and the fruiting body
preventing them from falling back into the moist substrate and keeps water out of
the gas channels. The layer of hydrophobins also covers the spores enabling their
efficient dispersal by wind, water and insects. The coating also masks spores of
some fungi, such as the opportunistic pathogen Aspergillus fumigatus from human
immune system [107]. Hydrophobins also facilitate the attachment of the hypha
and spores on hydrophobic surfaces, such as plant leafs or even Teflon. These
properties are especially important for pathogenic organisms. Biological roles of
HFBs are extensively reviewed in [4,108].

Most fungal species carry several genes for hydrophobins that are spatially and
temporally regulated [109,110]. It seems that HFBs are adapted for specific roles.
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However, all biological functions of hydrophobins are based on their extraordinary
surface activity, ability to self-assemble to interphases and capability to reverse
hydrophobicity of a given surface. These functions are all derived from the ex-
traordinary structure of the proteins.
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Figure 2. lllustration of some biological roles of hydrophobins during fungal lifecy-
cle [4]. (a) Hypha of filamentous fungus growing in moist substrate secretes HFBs.
(b) The HFBs assemble in to a membrane in water-air interphase and lower the
surface tension. (c) Hypha breaches the interphase and continues producing
HFBs that now assemble on the interphase of cell wall and air, rendering hydro-
phobic properties to the cell wall. (d) HFBs coat the fruiting bodies keeping water
off the gas channels and (e) the spores facilitating their dispersal. (f) HFBs may
also enable strong adhesion of the hypha to hydrophobic surfaces.

1.3.2  Structure and properties of hydrophobins
Hydrophobins are small globular proteins with diameter of about 2 to 3 nm and
molecular mass around 10 kDa [108,111]. The proteins typically consist of 70-130

amino acids including a signal sequence for secretion. Although the primary struc-
tures of HFBs are very diverse they all share highly conserved sequence of eight
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cysteine residues in a characteristic pattern of C-X-CC-X-C-X-C-X-CC-X-C (Figure
3). This suggests that all hydrophobins would share a common disulphide network
and therefore also similar fold.[108].

2-3nm
HFBI SNGNGNVCPPG-LFSNPQCCATQVLGLIGLDCKVPSQNVYDGT DFRNVCAKT GAQPLC CVAPVAGQALL ——— == ==~ CQTAVGA
HFBII AVCPTG-LFSNPLCCATNVLDLIGVDCKT PTIAVDTGAIFQAHCASKGSKPLCCVAPVADQALL COKAIGTF
HFBIII APSSDVNGI IRRANAFCPEGLLYTINPLCCDLDVLGVADVDCVVPPAKPS SCKSFGSVCAS IGRKPRCCAVPVAGVALL ——— —-CTDPIPAL

HFBIV APAQEAAADIAILDGPCTAGVINNI PMCCGSGILDLLYLDCET PTQATSVLNPLSAVCGRVGLQAKCC

HFBV APQPNMKLPRSPVC-SG-LT ST PQCCAT DVLGVADLDCQT PSSPVPDAQTFEAVCAAGGRRARCC

HFBVI TVGGGDDGDGEDQASDLC-PGILYASPQCCDT SVLGLLDLSCEPPRSAPADVEAFNDICQEVGAKAQCC

HYD3 APAPGNYEVE PRTGGSNNGNNQPAC-SAQSSNV--CCNGLG-——————CLVQILGAG———————— CSTKSY---CCQSDAPLAVGALVNVNALNCVQVL
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Figure 3. Tertiary (modified from Mathias S. Grunér, 2015), secondary and prima-
ry structure of some hydrophobins. The conserved cysteines (blue), disulphide
bridges (black lines) and amino acids constituting the hydrophobic patch (orange)
are highlighted. Extended N-terminal sequence has been removed from HFBVI.

The HFBs have been divided in two classes based on the hydropathy patterns
in their sequence and spacing between the cysteine residues. In this work | will
focus mainly on class Il HFBs, which are found only in fungi of the phylum Asco-
mycota [108]. Especially, the focus will be on Trichoderma reesei, a filamentous
fungus commonly used in production of both native and recombinant enzymes. T.
reesei has an exceptionally broad arsenal of six class Il HFBs [113]

The 3D structures of class Il hydrophobins HFBI [111,114] and HFBII [110,115]
from T. reesei have been resolved in detail and much of the structure of the other
hydrophobins have been deduced from them. HFBI and HFBII consist of four {3-
sheets forming two B hairpins that further interlock in to a small barrel and one o-
helix (Figure 3). The cysteine residues are linked with four di-sulphide bridges that
stabilize the core of the protein. Two of the disulphide bridges are located inside
the barrel stabilizing its structure. One disulphide bridge connects the N-terminal
loop and another connects the a-helix to the barrel. The structure of hydrophobins
is extremely stable and rigid [111,115].

30



Normally in soluble proteins the hydrophobic side chains are turned inside to
form a stable hydrophobic core. However, the core of the hydrophobins is stabi-
lized by the disulphide bridges and about half of the hydrophobic residues are
exposed on the surface of the protein. Hence the hydrophobins can be thought to
have turned inside-out. This peculiar fold makes hydrophobins stand out from all
other known proteins [108]. The hydrophobic aliphatic residues are arranged into a
large, flat hydrophobic patch near the loops of the two 8 hairpins on outer side of
the barrel (Figure 3) [111]. When the sequences of HFBI and HFBII were aligned
according to the conserved cysteines, the residues forming the hydrophobic patch
were found to be the same [111] and highly conserved among all class Il HFBs
[108].

The hydrophobic patch makes the one end of the protein hydrophobic, while the
other end remains hydrophilic. As whole, the hydrophobins are not particularly
hydrophobic and thus should be better named as amphiphilins.

In very low concentrations the class Il hydrophobins HFBI and HFBII are found
in solutions as monomers [116]. However, when concentration increases dimer
and tetramer forms become dominant to cover the energetically unfavourable
exposure of the hydrophobic patch [115,116]. Despite oligomerization, the class Il
hydrophobins are highly soluble in water (up to 100 mg/ml) [111]. The oligomers
dissociate when they come in contact with a hydrophilic-hydrophobic interphase,
such as air-water, and the HFBs quickly self-assemble in to a highly structured
monolayer to the boundary [117,118]. Orientation of the HFBs in the layer de-
pends on the nature of the surface so that the hydrophobic patch is oriented to-
wards the hydrophobic environment and vice versa. Thus the formed layer reverts
the original nature of the surface [119]. The assemblages are in general extremely
stable. In fact, the classification of HFBs was originally based on the solubility of
these structures: Layers formed by class | HFBs can be normally dissolved with
trifluoroacetic acid and layers of class Il HFBs with 60% ethanol.

Differences between HFBs

Six class Il hydrophobins have been identified in T. reesei [113,120] of which HFBI
and HFBII are structurally very similar [111,115]. HFBI interacts more efficiently
with non-ionic surfactant than HFBII (M. Linder et al., 2001; discussed in detalil in
1.3.3). on the other hand HFBII lowers the surface tension of water faster than
HFBI [122]. Yet HFBI was found to stabilize oil droplets in water over longer period
of time [122]. Both form stable films on various hydrophobic and hydrophilic sur-
faces [123]. However, HFBI film on Teflon seems more repellent towards washing
with water [122].

HFBIIl is assumed to be structurally very similar to HFBI and HFBII based on
the similarities in amino acid sequence, dimensions and functional characteristics.
It does contain a ninth cysteine residue, which does not however seem to affect its
behaviour in solution or interphases [118].

The amino acid sequence and the hydropathy profile of HFBIV are distinctly dif-
ferent from HFBI or HFBII and most substitutions occur on the surface of the pro-
tein possibly also influencing its properties [124]. Regulation of the gene appears
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also different suggesting different biological role [120]. Nevertheless, HFBIV ap-
pears to bind tightly to both polar and hydrophobic surfaces, similar to HFBI and
HFBII, altering their hydrophobicity [124].

HFBV and HFBVI have been identified from the T. reesei genome, but not
characterized in detail [113]. The sequence data suggests that HFBVI has an
extended N-terminal sequence [120]. The extended N-terminus is not expected to
influence the core functions of HFBVI as hydrophobin, but could be hypothesized
to be involved in further stabilization of HFB multimers [120].

1.3.3 Protein bodies

Plants store proteins in seeds, where they remain stable over long periods of time.
The storage proteins accumulate in specialized storage compartments, such as
ER derived protein bodies (PB) in cereals [17,125]. The PBs are membrane en-
veloped spherical structures, with diameter of approximately 1-2 um, derived from
the rough endoplasmic reticulum (ER) [126,127]. In plants the formation of PBs
has been attributed to high concentrations of self-assembling prolamin storage
proteins, such as zeins in maize ER. When reached their full size the PBs may
bud off the ER and remain as terminally stored organelles in cytosol, integrate with
other storage organelles or remain within the ER [127]. Final faith of the PBs de-
pends on cereal species [17]

PBs can be artificially induced also in vegetative plant tissues by over express-
ing the storage proteins, or peptides derived from them, in the ER [128,129]. Inter-
estingly the same plant derived proteins can induce PBs also in animal, fungal and
insect cells suggesting that the phenomenon is not dependent on factors in plant
ER, but the mechanism is conserved over all eukaryotes [126,129]. Moreover
some proteins derived from animal origin, such as elastin-like polypeptides (ELP),
are able to induce PBs in plants [130]. Fungal HFBs also accumulate in protein
bodies when expressed as fusion proteins in plants, insect cells or filamentous
fungus and targeted to ER [5,131-134].

The mechanism of PB formation appears to be extremely conserved, yet not
completely understood. Accumulating data indicates that formation of these pro-
tein storage structures is due to interaction of eukaryotic ER with proteins of dis-
tinct characteristics [126,135]. Although originating from very different background,
the most studied PB inducing recombinant proteins, ELP [130], zein derived Ze-
ra™ [128,129] and HFBs all share hydrophobic characteristics or amphiphilicity,
and tendency to self-assemble [135]. High local concentration and subsequent
aggregation of proteins in ER, beyond a certain threshold level, seems to play a
central role in formation of PBs [127,131,132]. In some cases ER retention alone
may be sufficient to trigger PB formation [17]. For example, expression of recom-
binant ER-retained GFP has been repeatedly observed to trigger formation of
small PBs [5,130]. However, multimerisation of ELP, ZERA and HFBs may signifi-
cantly increase the local concentration and thus trigger PB formation even with
lower total expression levels [131].
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Enhanced accumulation levels have been obtained when various proteins have
been expressed as fusion with ELP [130], ZERA [129] and HFB (discussed in
detail in 1.3.6). Accumulation of the protein in storage organelles has been though
to improve the yields by shielding the proteins from physiological turnover, protect-
ing the host from toxic effect an providing a sink to avoid overcrowding the ER
[17,135]. Localization of recombinant proteins in PBs may also function as bioen-
capsulation, enabling oral administration of drugs and vaccines [125]. The PBs
induced by recombinant proteins have been thought to bud off the ER and to be
stored terminally in the cytosol as discrete compartments [5,130]. However, recent
research indicates that they remain in contact with the ER, surrounded by the ER
membrane and material can be transported between the PBs via ER lumen [136].
Also Zera™ induced protein bodies have been observed to remain in or surround-
ed by the ER lumen [128].

1.3.4  Applications of hydrophobins

The peculiar properties of hydrophobins have inspired numerous applications in food
processing, biocomposite materials and medical technology that have been re-
viewed elsewhere [4,109,137]. This part will highlight some interesting prospects
and focus in the most relevant applications in context of this work: purification by
aqueous two-phase separation (ATPS) and use as coating of nanoparticles.

By assembling to elastic layers in the interphases HFBs stabilize foams to ex-
treme extends already in minute concentrations [138]. This tendency has disas-
trous effects on beer. Gushing, the uncontrolled over foaming of beer, is caused
by fungal contamination on the grain used for malting and residual amounts of
hydrophobins [139]. The foam stabilizing characteristics can, however, be used in
food industry in manufacturing of ice cream and other aerated products [138]. The
fact that HFBs are already part of normal diet, in form of mushrooms, should facili-
tate the acceptance for use in food applications.

Self-assembly on surfaces as amphiphilic layers has been utilized in coatings of
biosensors and biomaterials [140]. The protein layer improves biocompatibility and
facilitates growth of mammalian cells and tissue on artificial support, such as Tef-
lon [4,109]. Coating of medical instruments such as catheters and wires with hy-
drophobins can also radically reduce the friction and therefore also tissue damage
[109]. Furthermore the HFB film on surfaces can be used to recruit and immobilize
other proteins such as enzymes through non-covalent interactions [124,141].

Surfactant-based aqueous two phase separation

Hydrophobins HFBI and HFBII interact with non-ionic surfactants and can be puri-
fied through surfactant-based aqueous two-phase separation (ATPS; M. Linder et
al.,, 2001). In aqueous solutions several non-ionic surfactants form a separate
phase in appropriate temperature. The surfactant phase consisting of hydrophobic
micelles and surrounded by aqueous environment accommodates well the am-
phiphilic hydrophobins. Separation of hydrophobins in to the surfactant phase is
extremely efficient [121]. Recovery step with i.e. isobutanol replaces water in the
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surfactant phase forcing the hydrophobins to the now energetically more favoura-
ble agueous phase [121].

Fusing a hydrophobin to another protein allows them being used as purification
tags for ATPS [142,143]. The size and properties of the fusion partner influence
the separation, which is not as high as with HFB alone. Larger fusion proteins also
seem to separate better in less hydrophobic surfactants [142]. The HFBI has been
used as a tag to successfully purify recombinant proteins from fungi [133,143,144],
insect cells [134] and plants (Joensuu et al., 2010) by ATPS. The system is also
readily scalable up to volumes of 1200 | [144].

The exact mechanism of surfactant-based ATPS is not completely understood
and development of the technology has relied heavily on trial and error. Different
surfactants give very variable results [121,142]. However, commercial surfactants
such as Agrimul NRE 1205 and Triton X-114 have been shown to be quite robust
[143]. Larger amount of surfactant (8—10% w/v) gives better recovery, but lower
amounts (2-4%) concentrate the product more effectively [5]. Additionally the
separation temperature and ionic strength of the solution affect the separation
[121,142].

Most significant benefits of the ATPS are its scalability and low cost in compari-
son to column chromatography. The whole process can be done in a single vessel
and requires only liquid handling and cheap technical grade surfactants. These
aspects are especially relevant in manufacturing of bulk products.

Nanoparticles

Delivering drugs to their targets is one of the biggest challenges in modern medi-
cine. Especially cytotoxic drugs used in treatment of cancer, such as paclitaxel
and doxorubicin, are harmful for all the cells in the body making treatment dose
limiting [145]. Therefore the doses used have to be carefully adjusted and are
often suboptimal for efficient treatment. Furthermore, increasing amount of new
drugs are “brickdust drugs”: hardly soluble in water and exhibit poor bioavailability.
New formulation methods are needed. Encapsulating drugs in to nanosize carri-
ers, nanoparticles, is a potential solution for increasing solubility and controlling
the delivery of the drugs to their targets. The abilities of hydrophobins to coat and
solubilize solid particles and hide fungal spores from human immune system [107]
have inspired their use as functional coating of nanoparticles.

HFBI and HFBII have been used to formulate spherical and stable nanoparti-
cles from poorly soluble drugs beclomethasone dipropionate and itraconazole
[146,147]. Coating with HFBI and HFBII have turned out to be the first environ-
mentally safe method to produce monodispersed poly(vinylidene fluoride) nano-
particles that could also be freeze dried and re-dispersed without losing their
properties [148].

Porous silicon (PSi) nanoparticles can be used as carriers for oral and intrave-
nous drug delivery. Coating with HFBII improved the solubility and biocompatibility
of the PSi particles still allowing release of the payload [149]. The coated particles
were relatively stable in simulated gastrointestinal fluids and oral administration for
rats increased the transit time from stomach to intestine due to improved mucoad-
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hesion [150]. The HFBII coating also influences the distribution of PSi nanoparti-
cles when administered to rats intravenously [151]. A major problem in parenteral
administration of nanoparticle drugs is the adsorption of plasma proteins around
the nanoparticles as a corona, causing aggregation and loss of activity. However,
the HFBII coated PSi particles recruited significantly less plasma proteins than
naked particles [151]. Avoidance of corona formation has been observed similarly
with HFBII coated polystyrene nanoparticles [152].

1.3.5 Engineering bi-functional fusion proteins

By now it is clear that hydrophobins are extraordinarily versatile molecules with
vast application potential in various industries. Moreover, the amphipathic proper-
ties HFBs can be carried to other proteins by rational design of chimeric fusion
proteins. This brings about a completely new level of diversity to the applications.
For example, fusing active enzymes genetically to HFBI has enabled immobiliza-
tion of endoglucanase on glass, Teflon and gold surfaces [123] and directing lac-
case activity to water-air interphase [153]. HFBI has also been utilized to immobi-
lize peptides on graphene biosensors [140] and, as a fusion with two cellulose
binding domains, to fabricate a novel and extremely durable nanocomposite by
crosslinking nanocellulose with graphene [154]. With similar logic, the itraconazole
nanoparticles (discussed in 1.3.5) were further functionalized by coating with HFBI
genetically fused to a cellulose binding domain. The fusion protein allowed formu-
lation of the nanoparticles, just like non-fused proteins, but also bound the nano-
particles tightly to cellulose nanofibrils within cellulose hydrogel [147]. The formu-
lation in nanocellulose matrix stabilized the nanoparticles, but did not disturb fast
release of the drug molecule or availability in vivo [147].

Most HFB-fusion proteins thus far have been constructed by linking the HFB-
block from its N-terminus, which is thought not to interfere with the core functions
of the proteins [120]. However, fusions to both N- and C-terminus have retained
the functionality of the HFBI [123]. In contrast, fusing another protein to the N-
terminus of HFBII seemed to reduce with hydrophobins ability to adhere on sur-
faces and to form multimers in solution [123]. In most published studies the HFB
block has not interfered with the activity of the fusion partner and vice versa. Thus
the HFBs appear as a versatile building block for bi-functional fusion proteins.

1.3.6  Hydrophobins as fusion tags in plant-based protein production

Utilization of HFBs as fusion tags for protein expression in plants serves two pur-
poses. First, the induction of the protein bodies has been thought to enhance the
yield of the recombinant proteins (discussed in 1.3.3). Second, the hydrophobins
transfer some of their functional properties to the fusion proteins and thus enable
use of ATPS a scalable method for first step purification (discussed in 1.3.4).

The first experiments on expression of GFP-HFBI fusion protein transiently in N.
benthamiana did indeed result in doubled yield in comparison to non-fused GFP
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and enabled efficient purification through ATPS [5]. However, since then only few
target proteins, besides fluorescent markers, have been expressed and purified
using HFB fusion technology (Table 3).

Table 3. Hydrophobin fusion proteins expressed in plants. C-terminally fused T.
reesei HFBI was used in all experiments. Fluorescent proteins are excluded. N.A.
stands for not available.

Target protein Host Effect on  Protein ATPS Reference
yield bodies
Bacteriophage tailspike .
] N.benthamiana  Not clear N.A. N.A. [155]
protein (Gp9)
. Increase
Xylanase (xyn11A) N.benthamiana yes N.A. [132]
10-fold
» N. tabacum Small
Influenza hemagglutinin (H5) . 0.4£0.1 pm N.A. [156]
leaf and seed increase
Polygalacturonase | N.benthamiana  Reduced N.A. N.A. [157]
o . Increased
Influenza hemagglutinin (H1) N.benthamiana N.A. Yes [158]
2.5 -fold
Influenza virus hemagglutinin
BY-2 N.A. 0.2-0.5 ym N.A. [158]
(H1)
Glucose oxidase N.benthamiana  N.A. N.A. Yes [5]

The influenza hemagglutinins H1 and H5 were both found to accumulate in PBs
when fused to HFBI, but both proteins were also found to form small PBs also
without the fusion tag in BY-2 cells and transgenic tobacco plants, respectively
[156,158]. Also HFBI fused xylanase was found to accumulate in PBs [132]. The
fusion to HFBI only increased the yields of xylanase and H1, but not of any other
fusion protein listed in Table 3. This strongly suggests that the yield enhancing
effect of the HFB fusion tag is largely dependent on the target protein itself. Purifi-
cation of plant-produced HFB-fusion proteins through ATPS has been earlier
demonstrated only with glucose oxidase and H1, of which both separated with
efficiency comparable to GFP-HFBI [5,158].

The enzymatic activity of HFBI fused glucose oxidase was similar to non-fused
proteins and the HFB fused H1 protein was found to be immunogenic, indicating
that the HFB-fusion tag did not hamper the biological function of either target pro-
teins [5,158].

It is noteworthy that, until now, the HFB fusion technology in plants has relied
solely on C-terminal fusion of T. reesei HFBI, leaving large variety of hydrophobins
of different biological functions (discussed in 1.3.1 and 1.3.2 and reviewed in
[109]) completely unexplored.
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1.4 Target proteins

This work explores the use of hydrophobins as functional fusion partners for plant-
based production of recombinant proteins. Two very different target proteins have
been selected for two very different applications: Stafylococcus aureus Protein A
and Human transferrin. This part gives a brief overview on their properties.

1.4.1 Protein A

Protein A in a cell wall bound pathogenicity factor of Staphylococcus aureus. The
42 kDa protein consists of five homologous immunoglobulin binding domains E, D,
A, B and C and a cell wall binding domain [159]. Each of the IgG binding domains
consist of a a-helical bundle stabilized by hydrophobic core [160]. They are capa-
ble of independently binding the constant regions of IgG1, 1gG2 or IgG4 antibodies
with high affinity, yet reversibly. The D and E domain also show affinity to Fab part
of some antibodies. The affinity of protein A to antibodies is pH dependent. Affinity
chromatography based on protein A is the industrial standard for purification of
antibodies. Typically the antibodies are released from sepharose bound Protein A
by decreasing the pH.

The antibody binding domains of Protein A have been previously expressed in
plants as a fusion to oleosin in safflower seeds [161] and as fusion to tobamovirus
coat protein in N. benthamiana [162]. Both studies aimed at low cost harvesting of
recombinant antibodies from plant tissue.

1.4.2 Transferrin

Transferrin is an approximately 80 kDa, 679 amino acid monomeric glycoprotein.
Transferrin contains as many as 19 intramolecular disulphide bridges making it
challenging to produce in microbial systems [163].

The main function of transferrin is iron sequestration and transport in serum
[18,145]. When free transferrin, apo form, binds two atoms of ferric iron turning in
to holo form its conformation changes. The affinity of the transferrin receptor to
holotransferrin is 10 to 500-fold higher than to the apo form. Uptake of transferrin
by endocytosis and subsequent change in pH releases the iron and the protein is
recycled back to bloodstream [18,145]. Transferrin has numerous therapeutic
applications and its role in iron transport makes transferrin an essential component
in growth media for mammalian cell cultures [18].

Transferrin receptor is ubiquitously expressed on normal cell types, but is up-
regulated several hundred fold on various metastatic and drug resistant tumours
reflecting increased consumption of iron [145]. This, combined with the capacity of
transferrin to cross the blood brain barrier, has made it an utmost interesting mol-
ecule for active and selective drug targeting by direct conjugation to the active
molecule or to nanocarriers [18,145].
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Plant-based production of recombinant transferrin is a safe and scalable alter-
native to extraction from human plasma or expression in animal cells [18]. Produc-
tion of transferrin in transgenic tobacco accumulated to 0.25% of TSP [163], but
has reached yields of 1% of seed dry weight in rice [164]. Plant derived recombi-
nant transferrin has been shown to be structurally and functionally similar to native
human protein although it appears to be not glycosylated [18,163,164]. Human
lactoferrin is an iron binding protein closely related to transferrin that shares 61.4%
sequence homology and highly similar structure [163]. Active lactoferrin has been
successfully expressed in BY-2 cell cultures yielding up to 4.3% of TSP [88,89].

Recombinant transferrin is produced commercially in rice seeds by InVitria un-
der trade name Optiferrin™ and in yeast under name DeltaFerrin™ by Delta Bio-
technology Ltd.
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2. Aims

Hydrophobins have gained a lot of attention for their wide application potential in
biotechnology and in material science. However, production of HFBs and HFB-
fusion proteins has been challenging. Plants are emerging as an alternative plat-
form for production of complex proteins. The overall aim of this work was to evalu-
ate the suitability of plant-based production systems for manufacturing of HFB-
fusion proteins. More specifically the aims were to:

1.

Study a range of different HFBs as potential fusion partners (Il)

Develop further the concept of bi-functional hydrophobin fusion proteins

(I, 1v)

Study expression of HFB-fusion proteins in BY-2 suspension cells (I, III,
V)

Develop large scale propagation of the BY-2 suspension cells and create
practical solutions for clone selection and downstream process (I, 111, 1V)
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3. Materials and methods

3.1 Cell cultures: maintenance and transformation

All experiments were conducted using Nicotiana tabacum Bright Yellow 2 cell line
[33], received from University of Gent. Transformation of the BY-2 cells was per-
formed as described earlier [165]. The cell lines were maintained as calli on modi-
fied MS-medium [35] supplemented with 25 mg/l kanamycin and were sub-
cultured every 3—-4 weeks by visually selecting the most fluorescent fractions un-
der UV-light, when a fluorescence marker was used. Suspension cultures were
maintained in 50 ml of the modified MS-medium supplied with 50 mg/l kanamycin
and sub-cultured weekly by transferring 5% (v/v) of the culture to fresh media.

The stirred tank bioreactors and culture parameters used for propagation of BY-
2 suspension cells in pilot scale are presented in Table 4.

3.2 Determination of biomass

It should be noted that the fresh weight (FW) of suspension cells was determined
in this work by sampling 10 ml of culture suspension in a pre-weighed 15 ml tube,
pelleting the cells by centrifugation (10 min, at RT, 3220 g, Eppendorf Centrifuge
5810R) and weighing the pellet after pouring off the supernatant. The FW obtained
like this corresponds to packed cell volume (PCV) reported in many other studies:
FW of 600 g/l here corresponds to PCV of 60%.

The dry weight (DW) reported here was determined by weighing the same pel-
let after freezing and freeze drying. This value should correspond well to the DW
reported elsewhere, determined after drying the sample for example at 60°C.
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Table 4. Parameters for all BY-2 propagations in stirred tank bioreactors. (IF 40, IF400, BioFlo 510 and BioFlo PRO: New Brunswick
Scientific, Enfield; Braun C-20: Sartorius Stedim Biotech) *Airflow was divided manually between the sparger and headspace. (N.A.
stands for not available.)

Bioreactor Cell line Volume Agitation Tip speed Air flow Temp. DOaim  Pressure
U] (m/s) (vwm) (GO D) (bar)
1 BraunC-20 GFP-HFBI 20 75-150 0.4-0.8 0.1-0.2 28 20 N.A.
2 IF40 GFP-HFBI 30 75-200 04-1 0.1-0.3 28 20 0.2
3 BioFlo PRO GFP-HFBI 600 40-120 0.75-2.25 0.13-0.25 28 30 0.2-0.3
4 BioFlo 510 HFBI-ProtA 30 100-300  0.56- 1.67 0.1-0.3 28 20 0.1-0.2
5 BioFlo 510 HFBIV-Tf 33 100-210  0.56-1.17 0.1-0.2 28 20 N.A.
6 BioFlo 510 WT 30 100-320 0.56-1.78 0.1-0.15 26 20 0.2
7 BioFlo 510 WT 30 100-320 0.56-1.78 0.1-0.15 26 20 0.2
8 IF400 WT 300 60-155 0.72-1.86 0.05-0.5* 26 20 0.2-0.6
9 BioFlo 510 WT 30 100-260  0.56- 1.44 0.1 26 20 0.2-0.3
10 BioFlo PRO WT 600 40-120 0.75-2.25 0.1-0.2 26 20 0.2-0.3
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3.3 Protoplast preparation and immunolabeling

Agro-infiltrated leaves of Nicotiana benthamiana, harvested 6 days post infiltration,
were cut into strips and digested in enzyme solution (1.5% w/v cellulaseR10
(Serva Germany), 0.4% w/v macerozymeR10 (Serva, Germany), 0.4 M mannitol,
20 mM KCI, 20 mM MES (pH 5.7), 10 mM CaCl2, 5 mM B-mercaptoethanol) at RT
overnight. Protoplasts were sieved through a 100 pm mesh and centrifuged (10
min, 80 g, 4 °C) and washed twice with WI buffer (0.5 M mannitol, 4 mM MES pH
5.7, 20 mM KCI). Protoplasts were prepared from BY-2 cells by digesting cell walls
in PNT buffer (MS salts, 27.384 g/l sucrose, 0.5 mg/l NAA, 1.0 mg/l BAP) supple-
mented with 1% wi/v cellulaseR10 and 0.3% w/v macerozymeR10 overnight at RT.
Protoplasts were separated by centrifugation (100 g for 5 min) washed 3 times
with PNT and pelleted in buffer (9 g/l NaCl, 18.38 g/l CaCl2, 0.375 g/l KCI, 1 g/l
glucose) by centrifugation (100 g, 10 min).

The protoplasts were fixed in 4% wi/v paraformaldehyde (Sigma-Aldrich, USA)
in WI for 1 h at RT followed by incubation in 3% IGEPAL CA-630 (Sigma-Aldrich)
and 10% DMSO (Merck, Germany) in PBS for 5 min at RT. Non-specific binding
was blocked by incubation in 2% w/v BSA (Sigma-Aldrich) in PBS for 1 hour at
RT.

Primary antibody against the c-Myc tag (mouse, A00864, GenScript, USA) was
applied in PBS (1:100) and incubated at 4 °C overnight. Secondary antibody,
conjugated with Alexafluor®568 (donkey anti mouse, A10037, Life Technologies,
USA), was applied in PBS (1:100) and incubated for 2 hours at 38 °C. Between
each step the protoplasts were washed three times with PBS.
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3.4 Other methods

All other methods used in this work are described in detail in the original publica-
tions as listed in Table 5.

Table 5. Methods used in this work.

Method Used and described in
Gene constructs and cloning 1,00, 11, IV

Transient expression in Nicotiana benthamiana 11, 1, v

Agueous two phase separation (ATPS) 1, 1, 10, 1V

Protein Extraction and analysis 1,00, 1, vV

Confocal microscopy 1,00, 1, vV
Transmission electron microscopy \%

Quartz crystal microbalance with dissipation monitoring 1]

Preparation and analysis of porous silicon nanoparticles \%
MDA-MB-231 cells and assays \%
Transferrin iron binding assay \%
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4. Results and discussion

4.1 Hydrophobins to improve protein yields

The Tricoderma reesei HFBI fusion tag has been shown to increase yields of
some fusion proteins when transiently expressed in plants [5]. Goal in this study
was to evaluate whether other HFBs would also have an effect on the yield of
recombinant fusion proteins and whether they could also be used for purification of
the fusion proteins by ATPS.

4.1.1  Various hydrophobin tags influence the yields of respective fusion
proteins in Nicotiana benthamiana

A library of HFB fusion proteins was created by fusing eight different HFBs to GFP
both N- and C-terminally (Il). The library covers HFBII [110], HFBIII [118], HFBIV
[124], HFBV and HFBVI from T. reesei and HYD3, HYD4 and HYD5 from Fusari-
um verticillioides [166]. Transient expression of the library in N. benthamiana
plants resulted in variable levels of protein accumulation (Il). Later on HFBI and
HFBII were fused to Protein A and HFBI (lll), HFBII and HFBIV to transferrin (Tf)
(IV). In this work a variant of Protein A was used that contains all five binding
domains, but not the cell wall anchor. In addition, five glycosylation sites have
been mutated to avoid N-glycosylation (l11).

Of the new HFB tags, HFBII placed in the N-terminus of GFP showed highest
accumulation: up to 21% GFP of TSP. Head to head comparison to HFBI-GFP
revealed a two-fold increase in yield of GFP. Here the genes coding for both HFBII
and HFBI were codon optimized. Thus the results are not fully comparable to
previous reports of non-codon optimized and differently oriented GFP-wtHFBI
accumulating up to 38% GFP of TSP [5]. Yet, in line with the experiments with
GFP, a HFBII-Protein A fusion accumulated better than wtHFBI-Protein A (llI).
This supports the conclusion that HFBII-tag placed in the N-terminus of the fusion
may indeed provide yields superior to those of HFBI-fused proteins. Curiously,
HFBII placed in the C-terminus of the GFP-fusion yielded less than 1% GFP of
TSP (I1). Same trend was observed with other fusion partners. Both Protein A (I11)
and Tf (IV) accumulated significantly better when HFBII was connected to the N-
terminus of the fusion instead of C-terminus. Comparatively low accumulation of
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fusion proteins where HFBII is connected to the C-terminus of the target protein
was hypothesized to relate to the short N-terminal amino acid sequence of the
HFBII (I1). Only two amino acids separate the linker from the first di-sulphide linked
cysteine residue. With the linkers used in this work, the short C-terminal peptide
chain may not provide sufficient space for proper folding. Thus the N-terminally
fused fusion proteins may be prone to misfolding and directed to degradation
pathway. In line with the results here, an early experiment with HFBI and HFBII
fused endoglucanase indicated that the HFBII fusion protein partly lost its surface
activity and ability to form multimers in solution [123]. A longer and more flexible
linker could better allow folding and thus improve the yields.

Orientation of the HFBI-tag did not influence accumulation of Protein A (IIl), but
the Tf-HFBI accumulate significantly less than HFBI-Tf (1V). Significant (p<0.05)
differences in yield between the orientations of the GFP fusion protein were ob-
served also with HYD4 and HYD5 (I1). With both proteins accumulation was higher
when the HFB was placed in the C-terminus. In contrast to HFBII, the differences
here cannot be explained by short C-terminus of the HFBs. Hypothesis of the role
of the short N-terminus of the HFBII has also been tested by replacing the short N-
terminal sequence of HFBII with the N-terminus of HFBI. This did not solve the
poor accumulation suggesting that the reason for low expression levels may be
more complex (personal communication: Dr. Joensuu, 2016).

The most interesting question was: Do HFB-tags improve accumulation of tar-
get proteins? Protein A was expressed in N. benthamiana as fusions with HFBI
and HFBII. In line with the experiments on GFP (ll), both HFBI-Protein A and
HFBII-Protein A accumulated significantly better than non-fused Protein A, HFBII
performing slightly better with approximately 35-fold increase (lll). However, in
contrast to GFP and Protein A, accumulation of Tf was not improved by fusion to
HFBs (IV). There were no statistically significant differences between accumula-
tion levels of fusion proteins where HFBI, HFBII or HFBIV were connected to the
N-terminus of transferrin. However, placing HFBI of HFBII in the C-terminus in-
stead of N-terminus lowered the yields. In line with results obtained with GFP,
fusions to HFBIV accumulated similarly in both orientations.

4.1.2  Accumulation of HFB-fusion proteins in BY-2 cells

Stably transformed tobacco BY-2 cells represent, in many respects, a very differ-
ent expression platform in comparison to transient expression in N. benthamiana.
Therefore validating the results of transient expression assays in BY-2 platform is
necessary. Expression levels of different gene constructs in transient expression
assays can be compared with relatively good reliability and reproducibility. How-
ever, the differences between BY-2 cell lines transformed with the same construct
are vast (discussed more in 4.3.1) making detailed analysis challenging.

GFP-HFBI was the first hydrophobin fusion protein expressed in BY-2 cells ().
Although the HFBI fusion tag had doubled the accumulation of GFP in transient
assays [5], only a slight increase could be observed in BY-2 expression system
(Figure 4).
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Figure 4. Accumulation of GFP in callus lines expressing either non-fused GFP or
GFP-HFBI. (Unpublished data).

In line with transient expression in N. benthamiana, accumulation of Protein A in
BY-2 calli, was clearly improved by both N-terminal HFBI and HFBII tags (lll). In
contrast to transient expression, no apparent difference was observed between
accumulation of Protein A fused to HFBI or HFBII. However, the sample size did
not allow detailed comparison of the constructs. A callus line with good expres-
sion level of HFBI-Protein A and favourable growth characteristics as a suspen-
sion culture was selected for further experiments. In suspension the cell line
reached yield of 36 mg/l, which in respect to general yields in BY-2 suspension
cultures (Table 1) represents a good level of protein accumulation.

Relying now on good correlation of expression levels in N. benthamiana and
BY-2, Tf was expressed in BY-2 cells as Tf-HFBIV fusion (IV). The construct was
not the best accumulating one in transient assays (IV), but the novelty of using
HFBIV was a tempting selection criteria. Some cleavage of fusion proteins with
HFBs place in the C-terminus suggested that N-terminal fusion may prove to be
more stable. A suspension culture of a BY-2 cell line expressing Tf-HFBIV
reached a good yield of 25 mg/l (1V).

The cell lines for both HFBI-Protein A and Tf-HFBIV were selected based on
the expression levels determined in calli. However, the characteristics of cell lines
as callus and in suspension culture are often not related and therefore it would be
advisable to do the last screening steps in suspensions [21,26].

The results obtained with Protein A-fusions as well as preliminary analysis of
calli expressing Tf and other target proteins fused to HFBI, HFBII and HFBIV (data
not shown) indicate that screening of constructs in N. benthamiana may indeed
give a relatively good estimation of protein accumulation in BY-2 cells.

46



4.1.3 Formation of protein bodies

The ability of HFBI to increase the yield of respective fusion partners has been
attributed to the tendency to induce formation of protein bodies in the host cells
[5,135]. The data on protein body formation has been generated largely using
GFP as a target molecule. In this work the HFB-library (4.1.1), was utilized to
study the localization of various HFB-fusion in N. benthamiana (Il).

Consistent formation of protein bodies, similar to GFP-HFBI, was observed only
with fusion proteins that accumulated to relatively high levels (I1), such as HFBII-
GFP. Fusion proteins with lowest accumulation levels were observed predomi-
nantly in the reticulate pattern of ER. These results are well in line with the previ-
ous reports suggesting that a threshold level of accumulation is essential for PB
formation [131] and that higher concentration of recombinant protein in ER corre-
lates with larger and more consistent PBs [132].

This work describes, for the first time, formation of protein bodies also in BY-2
cells (). Non-fused, ER-targeted GFP was located predominantly in the reticulate
structure of ER, while some spherical structures resembling protein bodies were
observed in older cells with high concentration of GFP. However, GFP-HFBI ac-
cumulated in protein bodies even though the accumulation level was lower than
with non-fused GFP, 30% in comparison to 17% of TSP, respectively (I). The
central space of the cells was occupied by large vacuolar compartments and the
protein bodies as well as the whole ER network were pushed in the periphery of
the cells (l).

Research on protein body formation in plants has focused mostly on fluorescent
proteins, such as GFP, that can be easily imaged without extensive sample prepa-
ration. This raises a concern of the potential role of the target proteins themselves
in localization of the fusion proteins. Here the subcellular localisation of Protein A
(1) and transferrin fusions (Figure 5) was investigated by immunofluorescent
microscopy. The method was validated by immunolabeling GFP-HFBI expressing
protoplasts of N. benthamiana with antibodies against the c-Myc-tag on the pro-
tein. Similar pattern of protein bodies could be imaged capturing the fluorescence
either from GFP or the fluorescent label (Ill). This confirmed that the treatment of
the protoplasts did not disrupt the subcellular localization pattern significantly.
Small spherical structures, similar to those induced by GFP-HFBI, could be ob-
served also in protoplasts prepared from leafs expressing Protein A, HFBI-Protein
A and HFBII-Protein A (lll). No apparent difference could be observed between
localisation in any of the proteins, although the PBs induced by Protein A —
constructs seemed to be less abundant than the GFP-HFBI induced PBs. This
result is surprising as the yields of both HFB-Protein A and HFBII-Protein A were
generally significantly higher than the yields of non-fused Protein A.

Tf, in contrast to Protein A, does not seem to accumulate in protein bodies in N.
benthamiana regardless of the fusion to HFBIV, but is observed in the ER lumen
(Figure 5). Co-expressed GFP-HFBI (discussed in detail in 4.3.1) accumulates in
familiar protein bodies. Interestingly, when co-expressed with GFP-HFBI, both
fused and non-fused Tf seemed to localize around or within the protein bodies
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formed by the GFP-HFBI. Similar localization pattern was also observed in proto-
plasts prepared from BY-2 cells co-expressing transferrin-HFBIV and GFP-HFBI.
These observations pose two interesting suggestions. First, the formation of pro-
tein bodies may be dependent not only of the properties of HFBs and protein con-
centration in ER, but also of the respective fusion partner: GFP itself may play a
central role. Second, the observation supports the conclusion of Saberianfar and
co-workers [136] that the HFBI induced protein bodies do not bud off the ER, but
remain within the membrane system surrounded by other ER proteins, such as
recombinant Tf here.

Co-expression with GFP-HFBI

Transferrin Transferrin GFP Overlay

Tf - .

Tf-HFBIV

N. benthamiana

Tf-HFBIV

BY-2

Figure 5. Immunolocalization of Tf, Tf-HFBIV and GFP-HFBI in protoplasts pre-
pared from BY-2 suspension cells and agro infiltrated N. benthamiana leafs. Tf-
HFBIV was detected with a primary anti- c-myc antibody (mouse) and secondary
donkey anti mouse IgG labelled with Alexafluor568. Fluorescence signal derived
from Alexafluor568 is presented as a heatmap: red indicates low intensity and
yellow high intensity. Fluorescence from GFP is presented in green. Scale bars
correspond to 10 pm. (unpublished data).

It is important to note that in imaging of Protein A or Tf constructs, the protein
levels were not quantified from the same samples used for imaging. This under-
mines the reliability of conclusions, considering that PB formation appears to be a
concentration dependent phenomenon. In general, the cell to cell variation in pro-
tein accumulation in both cell cultures and plant leaves can also be significant.
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Altogether, the results presented here suggest that HFBs do enhance formation
of protein bodies when fused to GFP, but also a certain threshold level of accumu-
lation is required. However, when fused to either Protein A or Tf the HFBs had no
apparent effect on localization of the proteins. This raises the question on the role
of GFP. Some earlier studies on HFBI fused to other targets than GFP have re-
ported formation of PBs [156,158]. However, the structures have been small,
irregular and by far not as abundant as with GFP, similarly to the images obtained
here with Protein A fusions. Round and consistent PBs have been imaged in rela-
tion to expression of a xylanase-HFBI, but only with co-expressed GFP [132]. All
in all, it appears that clear connection of PB formation and increase in protein
accumulation has not yet been shown with any other target proteins than GFP.

Besides GFP, fusion to HFBI has significantly improved the accumulation of two
target proteins, a xylanase [132] and Protein A (lll), but not of any others (Table
3). In both cases the role of PB has not been clear suggesting that formation of
PBs may be an artefact. This leaves open the question of other possible yield-
increasing mechanisms of the HFB fusions, which may apply only for certain fu-
sion partners.

4.14  Attempts to express proteins that are harmful for the host cell

One of the expected advantages in using HFB fusion has been that accumulation
of the respective fusion proteins in discrete envelopes of PBs would protect the
host cell from toxic effects of the product [5,135]. Thus the HFB fusion technology
has been speculated to enable expression of proteins that are otherwise difficult to
produce.

Here three such proteins were selected as targets: phytocystatin Act d 4 [167],
a Nicotiana tabacum cysteine protease [48] and glucose oxidase [5]. HFBI was
fused to the C-terminus of each protein. BY-2 suspension cells were transformed
with the constructs and transgenic calli was recovered. However, most of the calli
were lost after few passages and no protein expression could be detected in the
remaining clones (unpublished data). This may suggest that expression of the
target proteins was indeed lethal to the host cells, at least in large concentrations
[72].

As discussed above (in 4.1.2.), it seems that the protein bodies may in fact not
leave the ER after all and thus cannot be regarded as discrete organelles. This is
supported by recent findings of Saberianfar and co-workers indicating that the
content of HFB induced protein bodies is connected to ER and is exchanged with
the neighbouring, connected, protein bodies [136]. Therefore the hypothesis of
protective effect of the protein bodies may need to be revised.

4.2 Bi-functional HFB fusion proteins

In light of the results discussed in the previous section, the initial idea of this work,
suggesting that HFB-tags could be used as a general tool to improve yields in
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plant-based protein production, may need to be re-considered. It is time for a
frame shift. When used as fusion tags for recombinant proteins, HFBs carry some
of the functionalities to the respective fusion protein. Hence the activities of re-
combinant proteins can be combined with properties of HFBs in a single molecule
in a “click and go” fashion. The target proteins selected for this work provided an
excellent opportunity to explore the potential of the fusion strategy for construction
of bi-functional designer molecules.

4.21  New HFBs as purification tags for ATPS (ll)

ATPS is an excellent method for first step purification of HFB fusion proteins from
plants and especially from BY-2 suspension cells due to the very low background
in the recovered fraction (I, II, 1ll, and 1V). Majority of the native plant proteins
remain in the aqueous residue and only few co-separate in to the surfactant
phase. The titre of the recombinant proteins is often low in plants and especially in
in plant suspension cell platforms. Thus a “one pot” method requiring only liquid
handling and providing a degree of concentration would be beneficial. The ability
of HFBI and HFBII to interact with non-ionic surfactants and efficiently separate in
ATPS has been studied widely, but only HFBI has been utilized for purification of
recombinant fusion proteins.

The eight new HFB's tested for protein expression in N. benthamiana (dis-
cussed in 4.1.) were also evaluated for purification of respective GFP fusion pro-
teins from plant leaf extract. Only HFBIl and HFBIV were able concentrate the
fusion proteins in to the surfactant phase, while all other fusion proteins distributed
evenly between the phases (Il).

To exclude the effect of plant matrix and protein concentration [5] a head to
head comparison of HFBII and HFBIV with the well-established HFBI was per-
formed by spiking the purified proteins to buffer in equal concentrations. Recovery
rate of HFBI-GFP was 83+4%, which is comparable with previous findings [5]. The
recovery rates of HFBII-GFP and HFBIV-GFP were only slightly lower, 71+7% and
75+4%, respectively. The results are in line with early experiments indicating that
HFBI separates more efficiently in ATPS than HFBII [121].

The results were not tied to GFP. When fused to Protein A, both HFBI and
HFBIl were capable of separating the fusion into the surfactant phase in ATPS
whereas the non-fused Protein A remained mostly in the residue (lll). The separa-
tion efficiency was comparable to that of respective GFP fusion proteins (Il). The
Tf-HFBIV fusion also migrated to surfactant phase with similar efficiency to GFP-
HFBIV (IV) and HFBIV-GFP. The recovery rate for Tf-HFBIV was 88+2%, while
only 9+1% of the non-fused Tf (Optiferrin) was recovered from the surfactant
phase. To my knowledge, the separation of HFBIV or HFBIV-fusion proteins in two
phase system has not been studied before.

The two-phase separation method has been optimized for HFBI [5] and thus
further optimization of the system may balance out the observed differences be-
tween different HFB’s. Nonetheless, these experiments suggest that in addition to
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HFBI also HFBIlI and HFBIV can be used as building blocks for fusion proteins
capable to interact with non-ionic surfactants.

It is important to note, however, that the ability to interact with non-ionic surfac-
tants seems to be decoupled from other properties of HFB’s, such as surface
activity [168]. Therefore the HFB's that did not perform in the initial ATPS experi-
ments may turn out as useful fusion partners for other applications.

4.2.2  Fishing antibodies: HFBI-Protein A (lll)

Purification of recombinant HFB-fusion proteins by ATPS (4.2.1) requires in many
cases removal of the HFB tag after purification. This may not be economically
feasible or may interfere with the integrity of the target protein. The aim here was
to create a bifunctional fusion protein combining the properties of HFBs and the
antibody binding domain of Protein A (lll). On the other hand the molecule would
interact with non-ionic surfactants in ATPS and on the other hand it would reversi-
bly bind antibodies, thus concentrating and purifying antibodies in two-phase sys-
tem as illustrated in Figure 6.
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Figure 6. The concept of in-solution antibody harvesting using a HFB-Protein A
fusion protein. The Protein A block (green) binds to the IgG (red) when added to
the antibody-containing cell extract (1). Addition of a surfactant (tan) results in a
two-phase system. The HFB block (blue) guides the HFB-Protein A/IgG complex
to the surfactant phase. The aqueous residue (2) is discarded. The IgG is released
by addition of acidic buffer and recovered from the aqueous phase (4). The HFB-
Protein A carrier remains in the surfactant phase (5) and can be recycled for a
new round of antibody harvesting. (IIl)

The HFB-component enabled the fusion protein to separate in ATPS (lll), as
describe above (4.2.1). The functionality of the antibody binding domain was con-
firmed by quartz crystal microbalance with dissipation monitoring (QCM-D) (llI).
The antibody binding capacities of HFBI-Protein A and HFBII-Protein A was com-
pared to non-fused commercial Protein A. One immobilized HFBI-Protein A mole-
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cule bound 1.5+0.3 (mean + SD, n=3) antibodies. The corresponding number for
HFBII-Protein A was slightly lower, 1.2+0.5, while commercial Protein A bound
1.24+0.3 antibodies. Subsequent rinsing of the surfaces with acidic buffer resulted
in instant and complete release of the antibodies. After raising the pH back to 8.0
the protein layers were able to bind antibodies again without significant loss of
efficiency. Based on these results it is safe to conclude that both fusion proteins
retained antibody-binding capacity of the Protein A block (ll1).

Only HFBI-Protein A was tested for harvesting antibodies from N. benthamiana
leaf extract. The extract was spiked with 0.2 g/l of Rituximab IgG to simulate purifi-
cation of recombinant antibodies from transgenic plants. The HFBI-Protein A was
added to the extract in molar ratio of 3:1 in relation to the antibody. After addition
of Triton X-114 and phase separation the fusion proteins and antibodies were
found in the surfactant phase while most native proteins remained in the aqueous
residue. The antibodies were recovered directly from the surfactant phase by
adding acidic buffer and letting the phases separate again. Acidic conditions effi-
ciently released antibodies from the fusion protein, as already shown with QCM-D
experiments and the antibodies migrated to the aqueous phase while the fusion
protein remained in surfactant phase. By using the HFBI-Protein A fusion protein
28% of the antibody could be recovered. Passive distribution of the antibody alone
resulted in recovery rate of 12% (lll). The amount of recovered antibody is clearly
lower than what would be expected based on the good recovery of HFB-Protein A
alone in ATPS. The HFBI-Protein A/antibody complex is larger and of relatively
hydrophilic nature, hence a single hydrophobin tag may not have been sufficient to
drag the whole complex in to surfactant phase. On the other hand, the recovery
rate of the HFB-Protein A was not influenced by the presence of the antibody. This
suggests that the factor limiting the recovery of HFBI-Protein A/antibody complex
is the affinity of the Protein A domain to the antibody, not the separation efficiency
of the HFB domain. Thus the efficiency of antibody harvesting could be enhanced
by improving the binding affinity of the fusion protein or using an antibody binding
moiety that could attach several HFB fusion proteins to a single antibody.

The fusion protein remained in the surfactant phase after recovery of antibodies
in acidic aqueous phase. In these experiments part of the fusion protein was de-
graded, probably due to the acidic conditions and recovery of the intact fusion
protein was only approximately one fifth of the original amount. If the degradation
issues could be solved, for example by re-engineering the protein, the HFBI-
Protein A could be recycled and used for another round of antibody purification. The
commercial Protein A based chromatography columns are re-used for several purifi-
cation rounds and the reusability is one of the most important economic factors.

Although the recovery of antibodies was poor, these results confirm that, in
principle, the bi-functional fusion protein can be used to harvest antibodies, or
other non-covalently bound molecules, in ATPS. A re-usable system for protein
harvesting involving only liquid handling could provide a very desirable solution for
emerging industry of generic antibody drugs.
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4.2.3  Arming nanoparticles: Transferrin-HFBIV (IV)

Targeted drug delivery is one of the grand challenges of modern medicine. The
aim here was to combine the surface active properties of hydrophobins with hu-
man transferrin to create a bi-functional coating for nanoparticles enabling both
formulation and targeting with a single molecule (Figure 7). Tf-HFBIV produced in
BY-2 suspension cells was used in these experiments (IV).
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Figure 7. Overview of the concept of Tf-HFBIV fusion protein for functional coating
of nanoparticles.

The HFBIV domain remained functional and enabled the whole fusion to inter-
act with non-ionic surfactants (IV) as described above (4.2.1). The primary func-
tion of Tf requires sequestering iron. To test if HFB-fused transferrin retained its
functionality, the fusion protein was subjected to a series of treatments that first
removed all bound iron and subsequently re-saturated it with iron. The conforma-
tional changes indicated that HFBIV fused Tf binds iron reversibly, in similar man-
ner to commercial Tf [164]. Before treatments the Tf-HFBIV was divided in both
holo and apo forms indicating that the protein had sequestered some iron already
in the production host. Removal of iron turned all protein in to the apo form. In iron
saturated conditions most apo Tf-HFBIV protein obtained again the holo form.
Some Tf-HFBIV did, however, remain in the apo form. Although the experiment
did not provide quantitative measures of the iron binding capacity it did confirm
that the Tf block of the fusion protein retained its ability to reversibly bind iron.

An in vitro experiment was set up in order to test if the Tf-HFBIV would be able
to interact with the Tf-receptor and carry nanoparticles into human cells (IV). Po-
rous silicon (Psi) nanoparticles were coated with Tf-HFBIV, HFBI and commercial
Tf. None of the coated NPs caused toxic effects to MDA-MB-231 breast cancer
cells (1V).
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Interactions of the Psi nanoparticles with MDA-MB-231 breast cancer cells were
studied by Transmission electron microscope (TEM) and confocal microscopy
(Figure 8). Coating the nanoparticles with HFBI alone resulted in increased accu-
mulation of the particles in close vicinity of the cell membrane in comparison to
naked NPs, but did not lead in to internalization. However, nanoparticles coated
with Tf-HFBIV or commercial Tf (Optiferrin) were observed also inside the cells in
high numbers. Although not quantitative, these results suggest that the Tf-HFBIV
fusion protein retained the biological function of Tf to interact with Tf-receptor and
facilitated active up-take of nanoparticles in human cancer cells. These results
present the first proof-of-concept for functionalization of HFB coating with Tf as
targeting ligand.

The HFBIV was selected as fusion partner mostly out of academic interest (see
4.1.1 and 4.1.2). Only limited information is available on the properties of the T.
reesei HFBIV [124], whereas the surface active properties of HFBI and HFBII are
well documented [4]. The HFBIV did enable the fusion to interact with surfactant,
but self-assembly on the nanoparticle surface was left out of the scope of this
work. This work provides a proof-of-concept for combining the function of Tf to
function of a HFB, but further experiments are required to test whether HFBIV is
suitable for nanoparticle formulation. The HFBI and HFBII have been applied in
coatings before and may indeed prove to be better alternatives or the whole HFB-
library (1) could be screened for even better alternatives.

The bi-functional coating molecule may offer the best advantage in formulation
of poorly soluble drugs like dipropionate and itraconazole [146,147]. In such an
application both HFB and Tf would play a key role; the first in solubilisation and
formulation and the other in targeting.
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Figure 8. Interaction of the coated PSi nanoparticles with human MDA-MB-231
breast cancer cells. Left panel shows representative TEM images and the right
panel are confocal fluorescence microscope images of non-coated and coated PSi
nanoparticles with the cancer cells. Cell membranes were stained with RED Cell
Mask® and the nanoparticles with FITC-green. Arrows indicate the respective PSi
nanoparticles. (1V)

4.3 The platform: Tobacco bright yellow 2

The BY-2 suspension cells appear as a promising production platform for complex
HFB-fusion proteins, such as Tf-HFBIV. However, several aspects including ge-
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netic instability, low yields, scalability and cost of propagation and downstream
processing need to be addressed in order to make BY-2 cells a commercially
feasible platform. The aim of this part of the work was to evaluate methods for cell
line screening (4.3.1 and 4.3.2) and to develop practices for large scale propaga-
tion (4.3.3), biomass harvesting (4.3.4) and protein purification through ATPS
(4.3.5).

4.3.1 Visual selection of calli

Main challenges with the BY-2 platform are the tedious screening, heterogeneity
and genetic instability of the transformed line. In this work a visual selection mark-
er was studied as a potential solution (I and V).

GFP was co-expressed in the same T-DNA with the target protein and the fluo-
rescent signal was considered as an indication for simultaneous expression of Tf-
HFBIV (IV). The surrogate marker allowed selection of only the most fluorescent
fragments of transformed calli to create homogenous clones (I and 1V) (Figure 9).
Similar approach has been taken by Bortesi and co-workers using Ds-Red with
encouraging results [72]. The procedure is to some extent analogous with the
FACS-based method described by Kirchhoff and co-workers [42].

Figure 9. Calli expressing GFP as a surrogate marker. Selection of the most fluo-
rescent fragments from the heterogeneous calli resulted in homogeneous lines.
(Unpublished).

Here three different co-expression strategies were applied for the visual marker:
targeting to plastid by rubisco transit peptide or targeting to ER with or without
HFBI fusion tag. Targeting the expression of GFP to plastids was predicted to
result in least interference with processing of the target protein in ER. Expression
of HFBI fused GFP, on the other hand, was hypothesized to enhance formation of
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protein bodies and thus improve accumulation of target proteins with otherwise
low yields by “bandwagon effect” [132].

Targeting GFP to plastids resulted in very low expression levels and thus weak
fluorescent signal was too hard to detect with naked eye in order to help manual
selection (unpublished results). Nevertheless, the fluorescent signal could be
detected with confocal microscope (Figure 10) and was located to plastids. The
plastids in BY-2 cells are undeveloped, significantly smaller than chloroplasts in
tobacco leafs and do not accumulate chlorophyll [169,170]. Presumably the pro-
tein storage capacity of the plastids was not sufficient to accumulate amounts of
GFP that would have been required for visual selection. Previously, however,
expression of plastid-targeted dsRed has been used successfully for clone selec-
tion [42,72].

Figure 10. Z-stacs of confocal microscope images showing localization of the
GFP in either plastids (A) or small PBs in ER. (Unpublished)

Both ER-targeted GFP and GFP-HFBI provided good fluorescence signals for
manual selection. Over few passages, the originally mosaic pattern of fluores-
cence in the calli became homogenous (Figure 9).

GFP-HFBI was applied as a marker to assist expression of Tf-HFBIV in BY-2
(IV). Transient assay in N. benthamiana indicated that the surrogate marker had
no significant influence on accumulation of Tf-HFBIV (IV). Accumulation of the
fluorescent marker and Tf-HFBIV was evaluated in BY-2 calli after several pas-
sages on solid media. In contrast to previous reports [72] we found no clear corre-
lation in the amount of GFP with the accumulation of transferrin (IV). This could be
an artefact due to small sample size (n=16), but it does indicate that the link be-
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tween co-expressed fluorescence marker and target protein might not be as direct
as previously reported [72,171]. Several factors could uncouple the accumulation
of a surrogate fluorescence marker and a target protein, such as multiple or partial
T-DNA insertions and transgene rearrangements during prolonged cultivation [72].
Furthermore the expression cassettes used here for Tf and GFP-HFBI in the dual
construct were identical. It is possible that the repetitive sequences may have
caused elimination of one of the cassettes from the genome.

A surrogate fluorescent marker may be a feasible tool for initial screening of
transformed calli and generation of homogenous lines. However, the actual
screening for good producers needs to be done according to the actual target
protein.

4.3.2  The Hulk-story

Although expression of a visual marker does not seem to correlate well with a co-
expressed target protein, repeated selection did result in some stable lines with
extremely high expression of the fluorescent proteins themselves (I). Two years
after transformation and repeated selection of the calli, a BY-2 suspension cell line
yielded up to 0.3 g GFP-HFBI per litre of culture volume (1). After three more years
of selection of the calli another line carrying the same construct yielded 1.1+0.2 g/l
(meantSD, n=3) GFP-HFBI in suspension culture corresponding to 50.1+8.5% of
TSP or 8.3+1.6% of the dry weight (Figure 11). This is the largest titre of recombi-
nant protein ever reported in BY-2 or any other plant suspension cell cultures and
is comparable to the yields generally reached in yeasts or animal cells. The cell
line was renamed as HULK. The growth of the cell suspension was comparable to
wild type BY-2 cells (Figure 11). Accumulation of GFP-HFBI was followed over a
period of 19 passages after growing as suspension culture for approximately 5
months. The yield remained relatively stable through the whole period between
44% and 56% GFP of TSP, even though no visual selection was applied anymore
(unpublished results). The cell line has not been analysed in more detail and the
factors causing the high expression levels remain to be discovered. One possibility
is that a superior transformation event has been selected during the process.
Several copies of the gene or a hit to a “transcriptional hot spot” could explain the
result. The expression level could also result from gradual mutations or
somaclonal variation that may have accumulated over time under selective condi-
tions.

However, it is clear that continuous manual selection over long periods of time
is not a feasible method for generating production lines, and real life target pro-
teins cannot be directly selected according to fluorescence. The next step forward
is to discover a shortcut. The cell line offers a valuable lead for reverse engineer-
ing. Further research should aim to characterize the cell line thoroughly to identify
any anomalies and pinpoint the genomic location of the insert(s). The new gene
editing tools enable exploring the role of location effect by placing the same genes
to same genomic locations in WT cells. The role of gradual changes in the cell line
itself can be explored by replacing the gene for GFP-HFBI with another marker.
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Protein yields in tobacco cell cultures typically vary from 0.005 to 200 mg/I de-
pending on the product (Table 1). Generally protein yield of in range of 10 mg/l is
considered satisfactory for starting commercial product development and range of
100 mg/l should provide the desired profit margin for plant-based recombinant
protein expression [172]. Thus, this work proofs that the BY-2 cells can, in prac-
tise, reach productivity of economic interest.
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Figure 11. (Previous page) A BY-2 cell line (HULK) expressing high levels of
GFP-HFBI. (A) The accumulating GFP-HFBI is visible in the suspension cells with
naked eye in daylight. (B) Protein accumulation over one week of cultivation. Error
bars represent standard deviations (n=3) (C) A Coomassie stained SDS-PAGE
shows that GFP-HFBI (approximately 35 kD) builds the bulk of total protein. The
parallel lanes represent 3 replicas. Same amount DW is loaded on the gel. (D)
Growth of the cell line is similar to WT BY-2 cells. (E) Accumulation of fresh bio-
mass, dry weight and GFP over follow-up period of 19 passages. (F) A z-stack of
confocal microscope images showing accumulation of GFP-HFBI in protein bod-
ies. (Unpublished)

4.3.3 Propagation of BY-2 cell suspension in pilot scale stirred tank
bioreactors

In frame of this work the cultivation of BY-2 suspension cells was scaled-up from
50 ml shake flask cultures up to 600 | culture volume in standard stirred tank bio-
reactors (l). Different cell lines were propagated in various size pilot scale bioreac-
tors all together ten times (Table 4).

Culture cycle

Figure 12 illustrates a representative batch cultivation of BY-2 suspension cells
(accumulation of FW in all bathes is presented in Appendix 1). Culture circle start-
ed with a lag phase of two (48h) to three days (72h). During this phase the bio-
mass did not accumulate significantly, but the oxygen usage increased steadily
indicated by reduced amount of dissolved oxygen (DO) and increased concentra-
tion of carbon dioxide (COy) in exhaust air. Sucrose was hydrolysed to glucose
(and fructose) catalysed by invertases located in the cell walls or secreted in the
medium [52]. The culture pH dropped within the first day of the culture from 5.8 to
4.2-4.5, but rose quickly back to 4.7—-4.8. This trend of pH change is characteristic
to BY-2 suspension cells and is presumably caused by uptake of nutrients, such
as ammonium, and release of ions [52,86].

After lag phase the cultures started exponential growth. The fresh weight (FW)
and dry weight (DW) accumulated rapidly. Use of oxygen increased further and
both mixing and aeration were increased to maximum settings (Table 4) to keep
DO above level of 20% (or 30%). The mixing and aeration rates used in this work
were not sufficient to maintain the oxygen levels in most of the cultivations: to-
wards the end of the growth phase maximum aeration and mixing were reached
and DO dropped close to zero. However, the apparent oxygen limitation did not
seem to influence the biomass accumulation dramatically. Peaking of the dis-
solved CO; or pH indicated the end of active growth. Accumulation of DW at 16—
19 g/l coincided with peaking CO, and exhaustion of glucose in the media during
fifth (120h) or sixth day of cultivation (144h), although some fructose may still be
left in the media [52]. After the drop in the beginning, the culture pH remained
stable throughout the cultivation until it started to increase in middle of the growth
phase and peaked at the end of growth, when all ammonia was taken up from the
medium [52]. After exhaustion of sugar and peaking of the DW, the FW still in-
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creased for a day or two up to 540-690 g/I. This is due to growth of the cells by
elongation and increasing volume of the central vacuole by up-take of water. De-
tailed in-line measurements by radio frequency impedance spectroscopy indicate
that the specific growth rates in this elongation stage may be even higher than
during growth primarily by cell division [103].

Accumulation of biomass

Growth of BY-2 suspension cells in stirred tank bioreactors appears similar to
growth in shake flasks (I and Ill) [26]. However the FW to DW ratio seems slightly
larger in shake flasks. This was probably due to the vigorous agitation in the bio-
reactor that may keep the cell aggregates smaller or even reduce the cell size
[25]. Changes in morphology would reflect in smaller volume of cell pellet that was
used to determine the FW (3.2). The generated dry biomass 16-19 g/l was in
agreement with consumed carbohydrates (30g/l). Exhaustion of the carbon source
would imply that additional carbohydrates may further improve the yield of bio-
mass. However, the extremely large cell volume (up to 70% of the cultivation vol-
ume) poses a physical limitation to growth. Thus reducing the water uptake seems
critical for increasing the volumetric productivity. This could be achieved, at least
to some extent, by adjusting the osmolarity of the culture media [103].
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Figure 12. Representative 600l batch cultivation of BY-2 cell suspension. (A)
Photographs from inside and outside the BioFlo PRO pilot bioreactor. (B) In-line
and (C) off-line measurements. (1)
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Inoculum

All in all BY-2 cells are very robust and can be propagated successfully in various
bioreactors and with varying parameters, but based on the results here, sufficient
inoculum seems to be a critical factor for successful batch. Cultures started with
approximately 30 g/l FW (or 1-2 g/l DW) cells grew well and reached stationary
phase in six days. A culture started with approximately 20 g/l FW (0.8 g/l DW)
failed to grow to high density within 7 days (Appendix 1). On the other hand in-
creasing the inoculum size to approximately 45 g/l FW seemed to reduce the
cultivation time so that stationary phase was reached in 5 days (Appendix 1,
batches 6, 7, 9 and 10). These results are in line with observations of Raven and
co-workers that increase of inoculum size from 5% (corresponds to approximately
32.5 g/l FW) to 8% (52 g/l FW) may reduce cultivation time up to 48h [26].

Mixing and aeration

With the propagation parameters used in this work the oxygen does not seem to
be a limiting factor for growth of BY-2 suspension cells in stirred tank bioreactors.
Nevertheless, oxygen limitation before exhaustion of the carbohydrates may slow
down the linear growth (cultivation bio1920 in supplement)[25,70]. The cultivation
parameters were adjusted throughout this work in a practical rather than academic
manner. Increasing the agitation and aeration helped to maintain the level of DO
above 20% in the last bioreactor operations. Alternative way to maintain sufficient
level of DO is to supplement the input gas flow with oxygen [53]. Oxygen transfer
could also be improved by using a fine sparger producing smaller air bubbles [25].
However, the agitation and aeration parameters used here did not cause apparent
limitation of culture growth and thus oxygen supplementation would only pose an
unnecessary complication of the process.

Mixing in all bioreactor cultivations was done with Rushton turbines and con-
trolled by a cascade (Table 4) to maintain DO above a set threshold level. Rush-
ton turbines generate a radial flow pattern that induces a relatively high turbulence
and specific power input, which may cause shear damage to the cells. Pitched
blade impellers, generating an axial flow pattern and thus less shear damage
[173], have been used in many other reports on bioreactor propagation of BY-2
cells (Table 2). However, no apparent shear related growth inhibition could be
observed in any of the bioreactor runs in this work with tip speeds up to 2.25 m/s
(supplement). It may still be possible to even increase the maximum mixing pa-
rameters as the impeller systems inducing axial flow pattern are generally consid-
ered suitable for plant cells with tip speeds up to 2.5 m/s [173]. However, another
report indicated that cell damage may inhibit growth already when tip speed of
marine impeller exceeds 0.24 m/s [104]. Lot of research effort is being put in de-
veloping more gentle agitation systems for plant cells in stirred tank bioreactors
[173]. However, it appears that moderate bubbling combined with low speed mix-
ing with conventional Ruston turbine system is sufficient for propagating BY-2
suspension cells in large scale.
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Foaming

No anti-foaming agents were use during the pilot scale cultivations. Foaming of
the culture broth caused problems only with some runs, but not the others. Foam-
ing is generally most intensive at the beginning of the exponential growth and is
reduced towards the end of the culture. It appears that in larger cultivation vessels
the foam forming on top of the culture is more efficiently mixed in, than in smaller
culture vessels. In 1000 | pilot scale bioreactor formation of foam was hardly ob-
served (Figure 12 A). On the other hand, in 40 | cultivation vessel formation of
foam did cause some practical problems in form of filter clogging during some
cultivations, but not others. As a precaution the vessels were not filled to maxi-
mum working volume. Anti-foaming agents, such as Pluronic® L61 (BASF, Mount
Olive, New Jersey) and Silbione 70414 have been used with BY-2 cells [47,69,86].
Also in our set-up use of anti-foaming agents would be recommendable.

Cultivation mode

All cultivations were performed in batch mode where setting up, sterilization and
cleaning the bioreactors build up a major part of the costs. Repeated, or semi-
continuous culture, where part of the suspension is left in the bioreactor and fresh
media is added for another round of cultivation may reduce the total cost per ob-
tained biomass tremendously [21,26,27]. Tobacco cells have also been propagat-
ed for extended duration in perfusion or chemostat cultures, where fresh media in
continuously pumped in to the bioreactor while spent media or cell suspension is
pumped out [82]. This mode of cultivation would suit well a process where the
down-stream processing can also be operated in continuous mode.

Suggested parameters

Based on the results of this work following parameters are suggested as a starting
point for future bioreactor operations: DO maintained above a threshold of 20% by
agitation as in table 6 and aeration cascade 0.1-0.2 vvm, temperature 26°C and
pressure 0.2 bar. At starting point the cell density should be 30 to 45 g/l FW to
reach stationary phase in six to five days, respectively.

Table 6. Suggested parameters for bioreactor operations

. Working Mixing cascade Tip speed
Bioreactor . :
volume (min-max) (min-max)
BF510 301 100-300 rpm 0.56-1.78 m/s
IF400 3001 60-150 rpm 0.70-1.80 m/s
BioFlo PRO 600 | 40-120 rpm 0.75-2.25 m/s
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4.3.4  Biomass harvesting and cell disruption

One purpose of this work was to evaluate practical solutions for downstream pro-
cessing of the BY-2 suspension cells. HFB-fusion proteins were retained to ER
and therefore the product had to be harvested from the biomass. A major chal-
lenge in harvesting recombinant proteins from BY-2 suspension cells is their ex-
tremely high water content. The dry weight of the cell mass is at highest approxi-
mately 5% of the fresh weight in the beginning of the exponential growth phase
(see 4.3.3). At the peak of cell volume dry weight represents only approximately
3% of the fresh weight. In other words, the harvested biomass consists of 95 to
97% water. Two approaches were evaluated for extracting the recombinant pro-
teins: harvesting and freeze drying the cell mass prior to dry milling and extraction
() or direct homogenization of the whole culture broth followed by clarification (l11).

The biomass was recovered from the culture suspension in large scale by using
two different filtration systems: pressurized filtration (Seitz) or filter press (Larox)
(Figure 13). In the Seitz device the culture suspension was pumped in to a filter
system with a filtration area of 7x 0.16 m% The filter chambers were filled with the
biomass and the permeate flowed through. In the Larox system the cell suspen-
sion is filtered in the bowl of the filter press with slight pressure. When the bowl is
filled the pressure is released and bowl emptied for subsequent round of filtration.
Of the two filtration methods the Larox filter press yielded in drier cell mass and
was easier to handle in pilot scale. The filtered cell mass was freeze dried and
homogenized by milling. GFP-HFBI was found to be stable in the dry powder at
RT for at least a month (I). No apparent degradation of the host cell proteins was
observed either suggesting that also other recombinant proteins could be stored in
the dried powder at ambient temperatures. Protein extraction was performed by
mixing the powder with extraction buffer. Solubility of GFP-HFBI was good, thus a
very small volume of buffer could be used in order to gain high protein concentra-
tion in the extract (l). Freeze drying large amounts of plant cell material is expen-
sive and time consuming. When dried cell powder can be used as such, for exam-
ple as oral vaccine for animals [53], it may be a good solution. However, for pro-
tein extraction the freeze drying step is not necessary, when disrupting the cells
directly in the culture suspension is also possible.

Direct homogenization of cells in the culture broth was done by high-pressure
homogenizer (lll). Before homogenization concentrated extraction buffer (10X)
was added to the cell suspension to improve the protein stability. Two subsequent
rounds of homogenization (ca. 600 bar) seemed to break most of the cells, but not
all. The homogenate was clarified by centrifugation. This step could be replaced
by dead-end filtration in large scale. Approximately 80% of the TSP was recovered
by high-pressure homogenization in comparison to extraction from freeze dried
material. The smaller recovery is probably due to the incomplete disruption of the
cells. The clarified extract was applied directly to ATPS. Regardless of the slightly
lower recovery and dilution of the product, this approach suits large scale opera-
tions much better than harvesting the cell mass separately.
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Figure 13. Filtration systems used for harvesting cells. (A) Seitz pressurized filtra-
tion. (B) A single filter unit of Seitz and filtered cell mass. (C) Larox filter press and
(D) cell mass harvested with Larox.

4.3.5 Scaling up ATPS

ATPS has been previously performed in large, up to cubic meter scale [144], but
not with plant-based material. In this work recombinant proteins from BY-2 extract
were purified using ATPS in up to 20 litre volume (I and lll). Experiments with
GFP-HFBI showed that the volume of ATPS does not influence the efficiency of
the separation dramatically (I). Approximately 50 to 60% of the fusion protein was
recovered in all volumes using 3% (w/v) Triton X-114, which is comparable to
experiments conducted in small scale. The time required for the phase separation
increases with the volume: in 100 ml two phase system is established in 15 min, in
11in 30 minand in 20 I'in 1 h and 30 min (1).

The recovered surfactant phase was washed with isobutanol. The subsequent
phase separation poses a bottle neck. A floating precipitate supposedly composed
of host cell proteins forms in the aqueous phase and disturbs the recovery of the
phase in e.g. separation funnels. When the two phase system is centrifuged, even
shortly, the precipitate forms a solid “raft” between the two phases that does not
any more hinder recovery of the lower phase (Figure 14). Therefore, after mixing
the surfactant phase with isobutanol, the mixture was aliquoted in 2 | bottles and
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centrifuged to separate the phases and the precipitate. The centrifugation step
was feasible in the scale of this work, but not in larger set ups. Nevertheless, it
may be that in separation vessels with different dimensions the formation of the
precipitate would not pose a problem.

Figure 14. Phase separation by centrifugation after washing the surfactant phase
with isobutanol. A “raft” is clearly visible between the two phases. The product
(GFP-HFBI) was recovered in the lower aqueous phase by pumping.

The recovered phase containing the concentrated and partially purified HFB-fusion
protein also contains residual amounts of isobutanol that may interfere with follow-
ing affinity chromatography steps. Therefore a buffer exchange step was required.
In this work the buffer exchange was performed in pilot scale using a Millipore
Pellicon 2 cross filtration unit. A 3.6 | volume of recovered phase from ATPS purifi-
cation of Tf-HFBIV was washed with 10 | of buffer and concentrated to 1.1 | vol-
ume. After cross filtration the solution had only a faint smell of isobutanol and no
problems were encountered during subsequent purification by affinity chromatog-
raphy.
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5. Conclusions

The extraordinary surface active characteristics of fungal HFBs have been utilized
in a range of experimental applications from food additives to coating of biosen-
sors and nanoparticles. The applications have been further broadened by combin-
ing the functions of HFBs to other proteins by genetic fusions. Yet manufacturing
of HFBs and complex HFB-fusion proteins remains a challenge. The initial studies
showed that HFB-fusion proteins accumulated in exceptionally high yields in
plants [5]. The main purpose of this work was to extend the HFB-fusion technology
beyond HFBI to other HFBs, evaluate suitability of tobacco BY-2 suspension cells
for manufacturing of HFB-fusion proteins and develop practical solutions for scal-
ing up the production.

The HFB-fusion technology, in plants, has relied solely on fusing target proteins
to C-terminus of Trichoderma reesei HFBI. The results of this work suggest that
also HFBII and HFBIV are suitable alternatives for fusion partners. All three HFBs
retained their capability to interact with non-ionic surfactants also when fused to
target proteins. HFBI and HFBIV may be fused from either termini, but the yield of
HFBII fusions drops significantly when fused from its C-terminus. The literature
suggests that all HFBI, HFBII and HFBIV all have somewhat different properties
and biological roles, which builds diversity to the toolkit of HFB fusion technology.
When fused to GFP or Protein A, the HFBII fusion tag accumulated higher yields
than HFBI-tag. The improved accumulation has been attributed to formation of
protein bodies and results of this work also indicate correlation between high ac-
cumulation and formation of PBs. However, it remains unclear if the PBs are a
causing factor of the high yield, or merely a phenomenon resulting from it. In gen-
eral HFB-fusion tags seem to increase yield of some proteins, but not others. The
expectations for using HFBs as a production and purification tags may need to be
revised. Relatively modest increases in yield or purification through ATPS are not
enough to justify the extra effort, especially if application of the protein requires
cleaving off the tag after purification. Thus the focus was changed to the interest-
ing prospects of using the HFBs as functional components of new bi-functional
fusion proteins.

In this work the HFBs were built in two bi-functional fusion proteins, HFBI-
Protein A and Tf-HFBVI, for in-solution harvesting of antibodies and functional
coating of nanoparticles, respectively. Proof-of-concept was shown for both appli-
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cations. Hydrophobin fusion proteins have been purified using ATPS before, but
this work describes for the first time harvesting of non-covalently bound antibodies
using a bi-functional HFB fusion proteins. Bare hydrophobins have improved the
properties of various nanoparticles, but this is the first time a targeting ligand has
been incorporated in the same coating molecule. Most promising applications for
HFB-fusion proteins may indeed be in immobilization of new activities on surfaces
of nanoparticles and biosensors.

The tobacco BY-2 cells were found to be a suitable production platform for
HFBI-GFP, HFBI-Protein A and Tf-HFBIV. Use of a surrogate fluorescence marker
appears as a promising approach for preliminary line selection, although the corre-
lation between the yields of the marker and target protein was not clear. Curiously,
similar visual selection of a cell line expressing HFBI-GFP resulted in few years’
time in exceptional yields of 1 g/l. It is not clear if the extraordinarily high protein
accumulation was due to selection of a superior transformation event or selection
of gradually improved expression caused by somaclonal variation. Nevertheless
the outcome is a tangible showcase for the potential of BY-2 cells. The cell line will
be used as a lead to discover shortcuts for development of production lines in the
future.

Here the cultivation of BY-2 suspension cells was scaled up in standard stirred

tank bioreactors up to culture volumes of 600l. The results show clearly that the
cell line can be propagated in standard microbial fermentation facilities without any
significant modifications or additional investments. In some respects the standard
instrumentation may be even unnecessarily complex. The cultivation could proba-
bly be done in simple single use bioreactors such as the CellEx bioreactors used
by Protalix Biotherapeutics. Although the up-scaling experiments here have been
conducted in rather practical than systematic manner, they did result in guiding
parameters for cultivation of BY-2 cells in stirred tank bioreactors at 30 |, 300 | and
600 | scale. Downstream processing of the biomass was studied here from the
perspective of extracting intracellular proteins. For that aim high-pressure homog-
enization of culture broth, followed by clarification by filtration and ATPS to recover
the product proved to be the most practical approach.
Overall, the results of this work indicate that tobacco BY-2 suspension cells are a
potential platform for manufacturing complex high-value recombinant proteins,
such as HFB-fusion proteins. Nevertheless, the platform cannot challenge the
established eukaryotic production systems directly. From productivity point of view
the yeast or animal cell platforms may still be better alternatives. A new product is
required to change the game plan: a niche product for which the plant cell platform
provides a clear advantage. Complete lack of animal derived components in plant
cell cultures may be seen as such an advantage for products aimed for coating
nanoparticles or biosensors. If such a product would fuel the development of the
plant cell platform, it can build on three decades of work done with animal cell
platforms and become commercially viable in relatively short time. If so - BY-2 cell
line is the prime candidate for becoming the chassis to build the next generation
plant cell factory.
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Appendix 1. Accumulation of biomass in
bioreactor cultivations
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Fig 1. Expression of the HFB library in N. benthamiana. (A) Amino acid sequences of the HFBI and the 8
novel hydrophobin fusion tags studied here. Conserved cysteine residues and disulphide bridges are
highlighted. (B) Expression levels of fusion proteins determined by fluorometry. Letters indicate groups with
significant difference (p<0.05, n = 8 individual plants). Error bars indicate standard deviation. (C) Confocal
microscopy images illustrate subcellular localization of the fusion proteins. A control sample infiltrated with
only p19 showed no signal (image not show). The scale bar represents 5um.

doi:10.1371/journal.pone.0164032.9001

ml isobutanol (Merck). For the second round of ATPS, comparing HFBI-GFP, HFBII-GFP
and HFBIV-GFP, purified (ATPS and a Strep-Tactin® column [IBA, Germany]) proteins
were added to PBS to a concentration of 30 ug/ml. ATPS was performed in 1.5 ml volume with
3% Triton X-114 and recovered with 0.45 ml isobutanol. The partition coefficient (k) was cal-
culated by dividing the protein concentration in the surfactant phase (protein amount in recov-
ered phase divided by volume of the surfactant phase) by the concentration in the residue [9].

Confocal microscopy

Localization of GFP-fusion proteins was visualized in leaf disks harvested 7 dpi using a Zeiss
LSM 710 laser scanning confocal microscope (Carl Zeiss, Oberkochen, Germany) with a 63x
water immersion objective (excitation at 488-nm and detection at 493-598 nm).

Statistical analysis

Statistical analyses were done with SPSS Statistic 22.0 (IBM, Armonk, NY). A one way
ANOVA test, followed by the Tukey HSD test were performed, with a significance level of
95%.

Results and Discussion

Accumulation of GFP and protein body formation are dependent on the
HFB-fusion tag

To compare the accumulation levels, we transiently expressed GFP fused to eight different
HEFBs (Fig 1A), in both orientations, in N. benthamiana. Accumulation of GFP was quantified
according to the fluorescence signal (Fig 1B). These results are in agreement with an
SDS-PAGE analysis (54 Fig).

The HFBII-GFP gave a yield of up to 15% GFP of TSP, but curiously the GFP-HFBII gave a
yield of only less than 1%. We have observed the same trend with other target proteins fused to
HFBII (unpublished data). The low accumulation of GFP-HFBII could be related to the short
N-terminal sequence before the first cysteine residue (Fig 1A), which, with the linker used
here, may not have been sufficient to provide space for proper folding. In addition to HFBII,
the differences in accumulation levels between C-and N-terminal fusions were significant
(p<0.05) with HYD4 and HYD5.

To investigate whether the novel fusion tags induce formation of PBs, as described earlier
with GFP-HFBI [12,13,15,16], we examined the leaves expressing the proteins under confocal
microscope (Fig 1C). Consistent formation of PBs, similar to GFP-HFBI [12,15,16], was appar-
ent only with HFB-fusions with relatively high accumulation levels. Fusion proteins with lower
yields, such as GFP-HFBII and both HFBIII and HFBVI fusion proteins were observed pre-
dominantly in reticulate ER. These observations are in agreement with earlier reports indicat-
ing that a threshold level of accumulation is essential for PB formation [15] and that higher
concentration of protein in the ER correlates with larger and more consistent PBs [16]. It
remains unclear whether the formation of PBs is a result of high concentration of protein, or a
causing factor of it.

PLOS ONE | DOI:10.1371/journal.pone.0164032 October 5, 2016 4/10
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Fig 2. Purification of HFB-fusion proteins by ATPS. (A) A schematic illustration of the process. (B) Purification from plant
extract. The partition coefficient is determined by dividing concentration in surfactant phase by concentration in residue. Letters
indicate significant difference (n= 4, p<0.05) and error bars indicate standard deviation.

doi:10.1371/journal.pone.0164032.g002

Only fusion proteins with HFBIl and HFBIV show patrtitioning in ATPS

We set up ATPS experiments to study the performance of the HFB tags for protein purifica-
tion. First we examined whether the HFB fusion proteins would separate from leaf extract
(TSP) into a surfactant phase and further to the recovered fraction (Fig 2A). The partition coef-
ficient (k) [9] describes the ratio of the protein concentration between surfactant phase and res-
idue (Fig 2B).

Most fusion proteins show low partitioning to the surfactant (k<1) with no significant dif-
ferences between the constructs. Only HFBII and HFBIV concentrate the fusion proteins into
the surfactant phase (Fig 2 and S5 Fig). The k-values for HFBII-GFP and GFP-HFBII were 2.1
#0.1 and 1.3+0.0, respectively, and for HFBIV-GFP and GFP-HFBIV 2.6+0.3 and 3.3+0.7
(mean%SD, n = 3), respectively. Although not functional in ATPS, other HFBs may turn out
useful for other applications, such as surface adhesion. This was, however, out of our scope
here.

Efficient separation does not correlate with high accumulation

The ability of the HFB fusion proteins to interact with the non-ionic surfactant (Fig 2B), does
not correlate (R*> = 0.0168, S6 Fig) with accumulation levels (Fig 1B). Thus the expression level
of a given HFB fusion protein, or tendency to accumulate in PBs, cannot be used to predict
functionality in ATPS. The characteristics enabling HFBs to interact with surfactants and/or to
induce formation of PBs are not well known. However, these results indicate that the funda-
mental properties responsible for the two phenomena are not the same.

Comparison to HFBI

Finally we compared HFBII and HFBIV side by side with HFBI (Lig 3). We used only N-termi-
nally fused HEBs due to the low yield of GFP-HFBII.

The yields of HFBII-GFP and HEBIV-GFP (Fig 3A) were in line with the initial screening
(Fig 1B). The yield of HFBI-GFP reached only 11.1+1.5% GFP of TSP (mean+SD, n = 8),
which is significantly less than HFBII-GFP (21.3+2.3%), but more than HFBIV-GFP (p<0.05).
The yield of HFBI-GFP here was much lower than the yield of 38% GFP of TSP that has been
previously reported for the non-codon optimized and differently oriented GFP-HFBI [12].

PLOS ONE | DOI:10.1371/journal.pone.0164032 October 5, 2016 5/10
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0%

Next, we set up an ATPS experiment (Fig 3B) by adding purified fusion proteins into buffer
in equal concentrations, because the protein concentration and the matrix of the plant extract
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may influence the separation efficiency [12]. The recovery yield of HFBI-GFP was 83%4% in
the surfactant phase giving a k-value of 15.7+0.6 (mean=SD, n = 3). This is comparable with
previous findings [12,13]. The recovery yields of HFBII-GFP and HFBIV-GFP were only
slightly lower, 71+7% and 75+4%, respectively. However, the k-values for HFBII-GFP 5.7+0.5
(mean+SD, n = 3) and HFBIV-GFP 7.4+0.5 indicate significantly less efficient (p<0.05) separa-
tion. The slightly larger portions of the HFBII and HFBIV fusion proteins remaining in the res-
idue were also visible on immunoblot (56 Fig). The larger k-values in the later ATPS
experiment reflect the smaller amount of surfactant used (3% vs. 4%) [12]. The difference in k-
values between HFBII-GFP and HFBIV-GFP was significant (p<0.05), but there was no signifi-
cant difference in the recovery yields. Similar behaviour of structurally similar HFBI and
HEFBII in the two phase system was expected based on previous reports [9]. However, the
amino acid sequence and hydropathy profile of HFBIV are very different from HFBI and
HFBII. In addition, most of the differences occur on the surface of the protein presumably
influencing its properties [25]. To our knowledge this is the first report on separation of
HFBIV in a two phase system based on a non-ionic surfactant. The two-phase separation
method has been optimized for HFBI [12] and thus further optimization with other HFB s
may balance out the observed differences.

Conclusions

Until now, only HFBI has been applied in HFB-fusion technology in plants. In this study we
screened eight novel HFBs for plant based-production of fusion proteins. Accumulation of
most fusion proteins remained modest, only HFBII-GFP reaching similar or even higher yields
than HFBI-GFP. With some HFBs, such as HFBII, the orientation of the fusion had a signifi-
cant impact on the yield. In ATPS both HFBII and HFBIV performed well, being only slightly
less efficient than HFBI. It appears that the tendency to separate in surfactant based aqueous
two phase systems is a property shared only by few HFBs. Although the results need to be con-
firmed with other target proteins than GFP, it can be concluded that, in addition to HFBI, at
least HFBII and HFBIV are potential fusion partners for plant-based production of fusion pro-
teins capable of interaction with non-ionic surfactants.

Supporting Information

S$1 Fig. Expression cassettes and amino acid sequences. (A) A schematic presentation of the
expression cassettes. Genes for HFB, linker and GFP were cloned in the vector between Bsal
restriction sites using Golden gate assembly. (B) The full nucleotide and amino acid sequences
of the coding region of the expression cassette for representative construct: HFBII-GFP. (C)
Sequence data for HFBIIL, (D) HFBIV, (E) HFBYV, (F) HFBVI, (G) HYD3, (H) HYD4 and (I)
HYD5.

(PDF)

S2 Fig. Expression vector pJJJ178.
(PDF)

83 Fig. Pooled leaf samples. (A) A Coomassie stained SDS-PAGE of pooled leaf samples

(n = 8) showing accumulation of HFB fusion proteins (expected size indicated by arrows) in
Nicotiana benthamiana. (B) Immunoblot analysis with anti StreplI-tag antibody indicates
some degradation of the fusion proteins. Equal amounts of total soluble protein were loaded on
all gels. A leaf infiltrated with only a construct for P19 was used as a negative control.

(PDF)
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$4 Fig. SDS-PAGE illustrating aqueous two phase separation. (A) Coomassie stained
SDS-PAGE gels of representative samples from ATPS (Fig 1B). Lane numbering refers to: 1)
TSP; 2) residue; 3) recovered phase. (B) Concentrations of fusion proteins in residue and recov-
ered phase in comparison to initial concentration in plant leaf extract (TSP). Error bars indi-
cate standard deviation (n = 4).

(PDF)

S5 Fig. Protein accumulation levels (means, Fig 1B) blotted against k-values (means, Fig
2B).
(PDF)

S6 Fig. SDS-PAGE and immunoblot illustrating aqueous two-phase separation with puri-
fied proteins. (A) Coomassie stained SDS-PAGE and (B) an immunoblot of pooled samples
(n = 3) from starting solution, residue phase and recovered phase in ATPS comparing
HFBI-GFP, HFBII-GFP and HFBIV-GEFP (Fig 3B). Detection was performed with anti-c-Myc
tag primary antibody (rabbit, A00172, GeneScript) and a secondary antibody for IR-detection
(goat anti-rabbit, IR Dye® 680RD, LI-COR Biosciences, Germany).

(PDF)

S1 Table. Genbak ID numbers for original gene sequences and Uniprot ID numbers for
amino acid sequences used in this study. The sequence coding for the extended N-terminal
part of HFBVI, presumably a cell wall binding domain (amino acids 1-179), was not included
in the coding sequence.

(PDF)
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SUMMARY

Purification is a bottleneck and a major cost factor in the production of antibodies. We
set out to engineer a bi-functional fusion protein from two building blocks, Protein A
and a hydrophobin, aiming at low-cost and scalable antibody capturing in solutions.
Immunoglobulin-binding Protein A is widely used in affinity-based purification. The
hydrophobin fusion tag, on the other hand, has been shown to enable purification by
two-phase separation. Protein A was fused to two different hydrophobin tags, HFBI or
I, and expressed transiently in Nicotiana benthamiana. The hydrophobins enhanced
accumulation up to 35-fold, yielding up to 25% of total soluble protein. Both fused and
non-fused Protein A accumulated in protein bodies. Hence the increased yield could not
be attributed to HFB-induced protein body formation. We also demonstrated production
of HFBI-Protein A fusion protein in tobacco BY-2 suspension cells in 30 | scale, with a
yield of 35 mg/l. Efficient partitioning to the surfactant phase confirmed that the fusion
proteins retained the amphipathic properties of the hydrophobin block. The reversible
antibody binding capacity of the Protein A block was found to be similar to that of non-
fused Protein A. The best-performing fusion protein was tested in capturing antibodies
from plant leaf extract with two phase separation. The fusion protein was able to carry
Rituximab antibodies to the surfactant phase and subsequently release them back to the
aqueous phase after a change in pH. This report demonstrates the interesting potential of
hydrophobin fusion proteins for novel applications, such as harvesting antibodies in
solutions.

KEYWORDS
antibody, hydrophobin, Nicotiana benthamiana, Protein A, purification, tobacco BY-2
suspension cells



INTRODUCTION

Antibodies are essential in modern medicine as diagnostic agents and in targeted drug
delivery. Being the fastest growing area of the pharmaceutical industry, monoclonal
antibodies (mAbs) are estimated to reach a total market size of 125 billion US$ by 2020
(Ecker et al., 2015). MAbs are mainly produced in animal cell cultures, where they are
secreted to the culture media. The industrial standard for harvesting mAbs involves an
initial Protein A-based affinity chromatography step. Despite their widespread use,
chromatographic methods suffer from difficulties in scalability. The system relies on
batch operation, and transfer to continuous mode is not possible. It is a multistep,
labour-intensive process that represents a major part of the overall production costs.
Alternative procedures include two-phase extraction using conventional salt-polymer
systems, for example polyethylene glycol (Azevedo et al., 2009). The drawback of these
rather simple two-phase systems is often poor reproducibility due to sensitivity to e.g.
temperature, contaminants or salt concentration (Collen et al., 2002).

Here we describe a novel bi-functional fusion protein, produced in plants, which may
enable a novel, low cost and easily scalable strategy for antibody harvesting in
solutions. Our approach is inspired by two proteins with specific properties:
Trichoderma reesei hydrophobins (HFBs) and Staphylococcus aureus Protein A.

HFBs are small globular proteins which display extreme surface activity due to their
unique amphipathic structure (Linder, 2009; Wessels, 1994; Wosten and Scholtmeijer,
2015). They are found exclusively in filamentous fungi, where they fulfil a broad range
of biological functions. Secreted HFBs facilitate penetration of water-air interfaces by
decreasing surface tension, and coat the hypha and spores thereby decreasing
wettability, improving dispersion and providing surface adhesion. The versatile
biological roles of HFBs have generated a multitude of potential uses in biotechnology,
from structure-enhancing food additives to coating of sensors, nanoparticles and
medical instruments (Wosten and Scholtmeijer, 2015).

HFBs are grouped into two classes according to their hydropathy plots. In this work, we
focus on the class Il hydrophobins HFBI and HFBII. HFBs show a distinct structure
comprising a hydrophobic patch at one end of the molecule and a hydrophilic surface at
the other (Hakanpaa et al.,2006a; Hakanpéaa et al., 2006b). Due to this unique structure,
the hydrophobins self-assemble at liquid-liquid, liquid-solid or liquid-air interfaces to
form monolayers (Linder, 2009; Liner et al.,, 2002; Szilvay et al.,2007). Their
amphipathic nature also allows hydrophobins to interact with small molecule
surfactants. This property is commonly used in the purification of hydrophobins and
hydrophobin fusion proteins by aqueous two-phase separation (ATPS) (Collen et al.,
2002; Joensuu et al., 2010; Linder et al., 2001).

Protein A is an antibody-binding protein widely used in affinity chromatography during
recent decades. It reversibly binds antibodies of the IgG class (IgG1, 19gG2, 1gG4,



1gG3). Based on the number of binding sites, a Protein A molecule can bind up to five
IgG molecules (Uhlen et al., 1984). However, experimental data suggests that the ratio
of Protein A to IgG is closer to 1:2 (Yang et al., 2003). In most applications the Protein
A is chemically bound to a solid chromatography matrix. The antibodies are released
from Protein A by decreasing the pH.

We set out to engineer a fusion protein combining two active blocks, HFB and the
immunoglobulin binding domain of Protein A, in the same polypeptide chain. We
expected the novel bi-functional protein to bind mAbs effectively in solution, but also to
be separated in a water-surfactant two-phase extraction system. Hence, the fusion
protein may be used to capture antibodies from solution and concentrate them to the
surfactant phase. The phase separation can be performed in a single vessel, by addition
of the antibody-capturing fusion protein and a surfactant. The whole process requires
only liquid handling and is therefore easily scalable and avoids the need for complex
equipment. A similar two-phase system utilizing the Protein A — IgG interaction was
recently reported by McLean et al. (2012). Whereas their two-phase system was formed
intrinsically by an oleosin-tag fused to the Protein A moiety, we chose a strategy
utilizing external two-phase systems based on non-ionic surfactant to allow case-
sensitive optimization of purification conditions in a more flexible manner. Moreover,
the hydrophobin-tag unit can be cleaved or modified without sacrificing surface-active
functionality. Bound antibodies can also be guided to chosen liquid-solid interfaces via
hydrophobin self-assembly.

HFB-fusion proteins have been produced in filamentous fungi (Linder et al., 2004;
Mustalahti et al., 2013), insect cell cultures (Lahtinen et al., 2008), plants (Gutiérrez et
al., 2013; Jacquet et al., 2014; Joensuu et al., 2010; Phan et al., 2014; Pereira et al.,
2014; Saberianfar et al., 2015) and in plant cell cultures (Reuter et al., 2014). Whereas
production of HFB-fusion proteins has been challenging in some other hosts, plants
have shown to be an especially suitable production platform. The HFB-fusion strategy
has, in some cases, significantly enhanced accumulation of the recombinant proteins
(Joensuu et al., 2010; Jacquet et al., 2014). This effect has been attributed to HFB-
induced formation of protein bodies in the host cells (Conley et al., 2011; Joensuu et al.,
2010). In plants the fusion proteins are not only accumulated in high yields, but are also
correctly folded. In addition, plants contain very few native proteins that would be co-
purified in ATPS lowering the product purity (Joensuu et al., 2010; Reuter et al., 2014).
Furthermore, field grown transgenic plants may provide an ideal low-cost production
platform for commodity proteins aimed at biotechnological applications outside the
pharma industry (Fischer et al., 2013). However, contained production might be
necessary for some applications, and regulatory issues may apply. Both transient
expression systems and plant cell cultures may be contained and provide adherence to
cGMP requirements (Fischer et al., 2012; Ritala et al., 2014). Considering the
downstream processing, suspension cell cultures may provide better overall cost
efficiency.



Our goal in this study was to demonstrate a proof of principle for in-solution antibody
harvesting using a novel bi-functional fusion protein. We also evaluated production of
the fusion proteins both in Nicotiana benthamiana plants and in tobacco BY-2
suspension cells.

RESULTS
Screening for a hydrophobin fusion strategy

We used agro-infiltrated Nicotiana benthamiana plants to screen for the best
hydrophobin fusion strategy. Protein A was constructed in the same polypeptide chain
with HFBI or HFBII in both N- and C-terminal orientations (Figure 1a and Figure
S1).The yield of both N- and C-terminal HFBI fusions reached 1.7+0.3 and 1.3+0.5
mg/g of fresh leaf material (mean+SE, n=6) (Figure 1b). The HFBII-Protein A
accumulated better than the HFBI fusions, 2.4+0.6 mg/g fresh leaf material or
24.316.9% of TSP. This represented an approximately 35-fold increase in yield in
comparison to non-fused Protein A. However, the yield of Protein A-HFBII remained
on a similar level to that of the non-fused Protein A. Due to consistent expression levels,
we used only the N-terminal fusions, HFBI-Protein A and HFBII-Protein A, in further
experiments.

Subcellular localization

We studied the subcellular localization of the ER-targeted recombinant proteins by
immunofluorescent microscopy of protoplasts prepared from agro-infiltrated N.
benthamiana leaves (Figure 2). GFP-HFBI fusion protein, which is known to
accumulate in protein bodies (Joensuu et al., 2010) served as a positive control. The
GFP-HFBI-induced protein bodies were visible both in intact leafs (not shown) and in
the fixed protoplasts (Figure 2). The protein bodies were visualized equally well by the
GFP as by the signal derived from the fluorescent probe binding to c-Myc tag. Protein
A, both fused and non-fused, aggregated similarly into protein body-like structures. We
observed no apparent difference between the constructs. However, the bodies were less
abundant and slightly more scattered than the GFP-HFBI induced protein bodies.

Aqgueous two-phase separation

Next, we examined the amphipathic properties of the HFB blocks by performing ATPS
using two fusion constructs, HFBI-Protein A and HFBII-Protein A (Figure 3). The
partition coefficient (k) describes the ratio of the protein concentration between
surfactant phase and residue. Both HFBI-Protein A and HFBII-Protein A displayed
regular hydrophobin-like partitioning in the two-phase system resulting in k-values of
4.8£0.9 and 2.4+0.6, respectively (mean+SD, n=3), whereas the non-fused Protein A
did not partition into the surfactant (k=0.4+0.1). The overall recovery rate of HFBI-
Protein A (62+5%) was significantly better than that of HFBII-Protein A (47£4%) or
non-fused Protein A (25+1%). Volumes of the phases are given in Figure S2.



Antibody binding capacity of the hydrophobin-Protein A fusion proteins

Having confirmed that the fusion proteins could be separated in ATPS, we set out to
study the antibody binding capacity of the Protein A block. Antibody binding was
measured using a quartz crystal microbalance with dissipation monitoring (QCM-D).
The QCM-D technique measures the change in oscillation frequency as a substance is
bound to the surface of a quartz crystal oscillating at its resonance frequency. The
frequency change is related to the mass of the bound thin layer via the Sauerbrey
equation (HOo6k et al., 2001). The surface-bound layer dampens the oscillation
frequency of the freely oscillating crystal. This effect is described by the dissipation
factor and depicts the structure of the bound layer. Commercially available Protein A
(Sigma Aldrich, USA) served as a reference for HFBI-Protein A and HFBII-Protein A.
All three proteins formed reproducible and stable thin layers on the polystyrene surface
(Figure 4b, bottom bars). In order to evaluate the IgG binding capacity of the fusion
proteins, a solution of the Rituximab antibody was applied to the protein layers.
Addition of the antibody resulted in a mass increase that was similar in the case of all
three proteins (Figure 4b, top bars). The molar ratios of Rituximab bound to the
immobilized fusion proteins were estimated on the basis of the Sauerbrey masses
obtained from the QCM-D data. One mole of immobilized HFBI-Protein A bound
1.5+0.3 (mean = SD, n=3) moles of Rituximab. The corresponding figure for HFBII-
Protein A was slightly lower, 1.2+0.5. The molar ratio of the commercial Protein A to
Rituximab was 1.2+0.3. No specific antibody binding was observed on layers of non-
fused HFBI (data not shown) or BSA (Figure S3). The results confirmed that both
fusion proteins retained the immunoglobulin-binding capacity of the Protein A block.

In order to demonstrate the release of antibodies and regeneration of the antibody-
binding layer, we performed two successive rounds of IgG binding and release using
commercial IgG A antibodies. Release of the bound 1gG A from the HFBI-Protein A and
HFBII-Protein A layers was accomplished by decreasing the pH by rinsing the layer
with acidic buffer (Figure 4a). When glycine buffer at pH 2.2 was introduced to the
surface-bound HFB-Protein A/IgG L. complex, the mass decreased instantly. The
released mass corresponded to the amount of antibody initially bound. After elevating
the pH to 8 the layer was capable of re-binding the 1gG A without a significant decrease
with respect to the initial amount. We also noted that the HFB-Protein A layers
remained stable and capable of binding 1gG A after overnight incubation in buffer (data
not shown).

Antibody capture from plant leaf extract with hydrophobin-Protein A fusion
protein

After confirming the bi-functionality of the fusion proteins, the 1gG binding capacity of
the Protein A block and the amphipathic properties of the HFB block, we proceeded to
demonstrate the principle of antibody capture in ATPS (Figure 5a). In this experiment



we used only HFBI-Protein A, as it outperformed HFBII-Protein A in the initial ATPS
and 1gG binding experiments. We spiked N. benthamiana leaf extract with Rituximab
IgG and HFBI-Protein A, either separately or both together. After establishing a two-
phase system, the residual aqueous phase was removed and acidic buffer added to
release the antibodies from the Protein A block and the surfactant phase.

Most of native plant proteins remained in the aqueous residue phase (figure 5 b, lane 2)
and only little background was observed in surfactant phase (lane 3). The acidic buffer
(lane 4) contains purified antibody. With HFBI-Protein A 28+1% (mean+SD, n=3) of
the antibody was recovered while the recovery rate without the fusion protein was
significantly lower, 12+2%. VVolumes of the phases are given in Table S1.

Binding to IgG had no effect to the separation of the HFBI-Protein A into the surfactant
phase: there was no significant difference in recovery rates in presence or absence of the
antibody (figure 5 ¢). Recovery of the fusion protein after release of the antibody and
second ATPS was poor, only a fifth of the initial amount (figure 5c). This could be
partly due to degradation in acidic conditions as shown on the SDS-PAGE (figure 5b,
lane 5).

Contained protein production in BY-2 suspension cells

Having established the good expression levels in N. benthamiana and demonstrated the
functionality of the HFBI-Protein A, we decided to evaluate the possibility to produce
the fusion proteins in transgenic BY-2 cells. After preliminary screening of callus lines,
protein accumulation was quantified for the 10 best clones expressing Protein A, HFBI-
Protein A and HFBII-Protein A (Figure 6). Non-fused Protein A yielded on average
approximately 2 pg/g of fresh callus, whereas both HFBI and HFBII fusions boosted the
average accumulation approximately tenfold to 20 to 30 pg/g fresh callus (Figures 6a
and b). It should be noted however, that the accumulation levels between the best 10
clones of each line showed considerable variation (Figure 6c). This is most probably
due to random insertion sites in the genome and effect of the location to the
transcriptional activity.

Based on favourable growth characteristics and homogeneity of the callus,we selected a
clone expressing HFBI-Protein A to be grown in suspension culture in shake flasks and
subsequently in a stirred tank bioreactor in 30 | scale. The accumulation of biomass (dry
weight) in the bioreactor was comparable to that in shake flasks (Figure 7a). The yield
of HFBI-Protein A reached 30+6 mg/l (mean£SD, n=3) and 36+3 mg/l in shake flasks
and bioreactor, respectively (Figure 7¢). In order to establish a streamlined downstream
process suitable for large scale production, the whole culture suspension was
homogenized in a high pressure homogenizer and clarified by centrifugation. The
clarified extract was directly applied to two phase separation with 2% surfactant,
resulting in partially purified protein extract with HFBI-Protein A concentrated to 44+2



mg/l with recovery rate of 49+10% (meanzSD, n=3). Thus the total yield after first
purification was approximately 18 mg HFBI-Protein per litre of culture volume.

DISCUSSION

Monoclonal antibodies have a key role in modern medicine, research and diagnostics. In
many cases however, the high costs of production are limiting their use. The production
cost becomes an issue especially now as the first generic antibody drugs are entering the
market. Harvesting and initial purification of antibodies using chromatographic methods
poses a major bottle-neck and represents a large part of the overall production cost
(Farid, 2007; Raven et al., 2015). The aim of this study was to show that the use of a
HFB tag can be broadened to include not only purification of fusion proteins
themselves, but also of non-covalently bound target molecules, such as antibodies. We
constructed a bi-functional fusion protein from two blocks: Protein A and either HFBI
or HFBII. The fusion proteins were produced in Nicotiana benthamiana plants and in
BY-2 suspension cells. The best performing fusion protein was finally tested for
capturing Rituximab antibodies from solution.

HFB-fused Protein A reached excellent yields in N. benthamiana. Both N-terminal HFB
fusion-tags improved accumulation in comparison to non-fused Protein A up to 35 fold.
We observed the same trend later in BY-2 calli, although the accumulation levels varied
between the clones. HFBI fused to either the N- or C-terminus of the Protein A
improved the accumulation to similar levels in N. benthamiana. HFBII, however,
enhanced the accumulation of Protein A only as an N-terminal fusion, whereas the C-
terminal fusion accumulated to levels similar to those observed with non-fused Protein
A. The N-terminus of the HFBII, before the first disulphide bridge, is four amino acids
shorter than that of HFBI (Sunde et al., 2008). This may cause a steric hindrance for
correct folding of the Protein A-HFBII and thus limit its accumulation. The HFBI
fusion has previously been reported to enhance the accumulation of some fusion
proteins in plants (Gutiérrez et al., 2013; Jacquet et al., 2014; Joensuu et al., 2010).
However, this effect has not been consistent and several studies have shown no
improvement in yields (Pereira et al., 2014; Phan et al., 2014). This is the first report on
improved product accumulation in BY-2 cells using a HFB tag.

The yield-enhancing effect of HFB fusion tags has been attributed to the formation of
protein bodies (Conley et al., 2011; Joensuu et al., 2010). We examined the sub-cellular
localization of the fusion proteins by immunofluorescent confocal microscopy of
protoplasts prepared from agro-infiltrated N. benthamiana leaves. Interestingly, we
found that all Protein A constructs accumulated in protein body-like structures,
regardless of the HFB fusion. When compared to GFP-HFBI-induced protein bodies,
the Protein A induced bodies appeared to be less abundant, but were similar in size. We
observed no apparent differences in localization of fused or non-fused Protein A.
Previous reports have suggested that protein bodies would form independently of the



presence of HFBs when the recombinant proteins accumulate in levels higher than 0.2%
of TSP (Gutiérrez et al., 2013; Saberianfar et al., 2015). In our experiments the yields of
all recombinant proteins exceeded that threshold. Thus the results here support the
conclusions of the previous studies that formation of protein body-like structures may
indeed be largely a concentration-dependent phenomenon. However, in our experiment
even the ca. 20-fold difference in accumulation levels of fused and non-fused Protein A
did not result in apparent differences in number or size of the protein bodies. Therefore
the formation of protein bodies alone may not be the only reason for increased
accumulation. This challenges the previous assumption and leaves open the question of
other possible yield-increasing mechanisms of the HFB fusion. However, this question
was outside the scope of this study.

In the future, transgenic plants grown in the field may provide an ideal low-cost
production platform for HFBI-Protein A and other commodity proteins. However,
contained production might be a necessity for some applications, especially in the case
of pharmaceutical targets (Fischer et al., 2012; Ritala et al., 2014). In comparison to N.
benthamiana-based transient production systems, plant suspension cells may prove to
be a useful alternative. As demonstrated here and in previous studies, BY-2 cell lines
can be propagated in conventional industrial scale bioreactors and the downstream
processing is readily scalable (Raven et al., 2015; Reuter et al., 2014). Low productivity
is nevertheless an issue. Yields in plant cell cultures typically vary from 0.005 to 200
mg/l and a yield in range of 10 mg/l is generally considered satisfactory for starting
commercial product development (Hellwig et al., 2004). Thus the intrinsic productivity
of the suspension culture here was on a good level (36 mg/l). Nevertheless, an
approximate calculation indicates that the 30 litre culture volume correlated in yield to
only ca. 40 N. benthamiana plants. However, it should be noted that the yield of HFBI-
Protein A in transient expression was very high, whereas the potential to increase
productivity of the BY-2 suspension culture remains vast. We have previously reported
tenfold increase in productivity with a stable model protein GFP-HFBI in BY-2
suspension cells (Reuter et al., 2014). Several means for improving the productivity of
BY-2 suspension cells have been published recently, including improved culture media
(Holland et al., 2010), FACS-based clone screening (Kirchhoff et al., 2012), protease
knockout lines (Mandal et al., 2014) and development of culture systems (Raven et al.,
2015). However, improving the yield in the BY-2 suspension cells was not the aim of
this study.

We expected the fusion proteins to exhibit two functions. First, they should demonstrate
the amphipathic properties of hydrophobins and be efficiently separated into a
surfactant phase from aqueous solution. Second, they should reversibly bind
immunoglobulins. The initial ATPS experiment showed that both HFBI-Protein A and
HFBII-Protein A partitioned well to surfactant phase. The HFBI-Protein A, however,
partitioned slightly better than HFBII-Protein A (Figure 3).In order to examine the
antibody binding capacity of the fusion proteins, we used a quartz crystal microbalance



with dissipation monitoring (QCM-D). Both fusion proteins bound IgG with similar
efficiency to that of commercial Protein A. According to the literature, the wild type
Protein A could theoretically bind to five immunoglobulins (Uhlen et al., 1984), but the
experimental data, as well as information from chemical providers, suggest that the real
rate is close to 1:2. Although this potential rate was not reached in this experiment, we
conclude that the HFB block does not hinder the antibody binding capacity of the fusion
proteins. The fusion proteins also retained the capability of Protein A to repeated rounds
of antibody binding and release by adjusting the pH. Thus the fusion protein could be
potentially re-used in a recyclable system, thus lowering the purification costs.

Having separately confirmed the two functions of the fusion protein, we put the HFBI-
Protein A to a final test to see whether it could be used to harvest antibodies from plant
leaf extract. The ATPS experiments demonstrated that the antibody was bound by the
Protein A block and carried to the surfactant phase by the HFB block of the fusion
protein. Furthermore, the antibody could be recovered back to the aqueous phase by
decreasing the pH. This would enable recycling of the HFBI-Protein A for another
round of harvesting, if issues with degradation and low recovery can be solved. Use of
other variants of Protein A may allow milder elution conditions and better stability in
comparison to the wild type protein used here (Pabst, et al., 2014). The recovery rate of
the antibody was clearly lower than would have been expected on the basis of
separation of HFB-Protein A alone. The vastly larger size and relatively hydrophilic
nature of the HFBI-Protein A/IgG complex in comparison to the smaller and
sufficiently amphipathic fusion protein alone may have hindered the separation of the
complex. However, the presence of the IgG did not influence the recovery of HFB-
Protein A. This suggests that it is the formation of the complex, or the binding of
Protein A block to the antibody, rather than the separation efficiency of the fusion
protein that limits the recovery rate of 1gG. Binding of the fusion protein to the 1gG
could also have been hindered by multimerization of the fusion protein due to self-
assembly tendency of the HFB block (Linder et al., 2002). Further work to improve the
affinity of the fusion protein and the purification conditions is ongoing.

A fraction of the antibody (12%) was recovered from the ATPS also without HFBI-
Protein A. Some of the antibody may have migrated to the surfactant phase due non-
specific hydrophobic interactions with the surfactant or passive distribution between the
phases. Similarly the antibody may have migrated back to the acidic buffer.
Nevertheless, the difference to recovery rate using HFB-Protein A was sufficient for
proof of concept.

Whereas the experiments vyielded merely a qualitative demonstration of the
phenomenon, further optimization of the process could result in a feasible, recyclable
antibody purification system. Options for tuning and optimization of the system are
versatile with respect to choice of surfactant, additives and buffer composition.



This report makes a case for novel applications of HFBs beyond their use as a fusion tag
simply to aid production and purification of recombinant proteins. The bi-functional
fusion protein, inspired by the unique properties of the HFBs, may open novel
applications for antibody harvesting and purification. However, the applications are not
limited to that. Recently the surface active and self-assembling properties of HFBs and
HFB-fusion proteins have been utilized for example in functional coatings of
nanoparticles (Sarparanta et al., 2012) and surfaces (Kurppa et al., 2014). With the
emerging interest in material technology, HFBs can be seen as very interesting building
blocks for a host of novel fusion proteins.

EXPERIMENTAL PROCEDURES
Construct design

A codon optimized coding sequence for the immunoglobulin binding domain (amino
acids 27-325) of Staphylococcus aureus Protein A (accession 1314205A) was
synthesised at Genscript (USA). Four potential N-glycosylation sites were removed (N
to Q) (Figure S1). The coding sequence was connected to HFBI (accession
XM_006964119.1) or HFBII (accession P79073) of Trichoderma reesei by a (GGGS)3
linker as described in Figure 1. The sequence for HFBII was codon optimized. The
constructs were assembled and placed in a plant binary expression vector pCaMterX
(Harris and Gleddie. 2001) under the control of the dual-enhancer cauliflower mosaic
virus 35S promoter (Kay et al., 1987), tcup translational enhancer (Wu et al., 2001) and
the soybean (Glycine max) vspB (Mason et al., 1988) terminator using Golden Gate
cloning (Engler et al., 2009). The vector incorporates a c-Myc-tag and a signal sequence
for secretory pathway (Prbl) in the N-terminus and Strepll-tag and ER-retention signal
(KDEL) in the C-terminus of the open reading frame. See Figure S1 for complete
nucleotide sequence. The expression vectors were transformed into Agrobacterium
tumefaciens strain EHA105 (Hood et al., 1993).

Transient expression in Nicotiana benthamiana plants, tissue sampling and protein
extraction

A. tumefaciens cultures were grown in liquid LB-media overnight. The optical density
at 600 nm was adjusted to 0.8 with infiltration buffer (ImM MES, 1mM MgSO,). The
suspension was mixed with (ratio 2:1) a suspension of Agrobacterium carrying an
expression vector for p19 (Silhavy et al., 2002). Leaves from six different 5 to 6 weeks
old N. benthamiana plants were infiltrated using a syringe and sampled six days post
infiltration (dpi) by collecting four leaf discs (@ 7.1 mm) for each construct.

The leaf discs were stored frozen at -80 C and homogenized using a Retsch mill
(MM301, Haan, Germany). lce-cold extraction buffer (phosphate buffered saline,
PBS;137 mM NaCl, 2.7 mM KCI, 8.1 mM Na2HPO4, 1.8 mM KH2PO4 , 2 % sodium
ascorbate, 1 mM EDTA, 1 mM PMSF, 1.25 ug/ml leupeptin pH 7.4) was added (300 ul)
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and the leaf powder was mixed to a slurry. The protein extract was clarified by
centrifugation at 16 873 g for 2x5 min at +4 °C; Eppendorf 5418R, Germany). The
replicates were either analysed separately to obtain data for statistical analysis or pooled
together to show representative sample on SDS-PAGE and western blot.

Protoplast preparation and imaging

Agro-infiltrated leaves (6 dpi) were cut into thin strips and digested in enzyme solution
(1.5% cellulaseR10 (Serva Germany), 0.4% macerozymeR10 (Serva, Germany), 0.4 M
mannitol, 20 mM KCI, 20 mM MES (pH 5.7), 10 mM CacCl,, 5 mM B-mercaptoethanol)
in the dark at RT overnight. Protoplasts were sieved through a 100 pm mesh and
centrifuged for 10 min at 60 g at 4 °C (Eppendorf 5810R). After washing twice with WI
buffer (0.5 M mannitol, 4 mM MES (pH 5.7), 20 mM KCI), the protoplasts were fixed
in 4% paraformaldehyde (Sigma-Aldrich, USA) in WI for 1 hour at RT. The
membranes were permeated by incubation in 3% IGEPAL CA-630 (Sigma-Aldrich) and
10% DMSO (Merck, Germany) in PBS for 5 min at RT. Non-specific binding was
blocked by incubation in 2% BSA (Sigma-Aldrich) in PBS for 1 hour at RT. Primary
antibody against the c-Myc tag (mouse, A00864, GenScript, USA) was applied in PBS
(1:100) and incubated at 4 °C overnight. Secondary antibody, conjugated with
Alexafluor®555 (goat anti mouse, A21422, Life Technologies, USA), was applied in
PBS (1:100) and incubated for 2 hours at 38 °C. Between each step the protoplasts were
washed 3x with PBS.

Z-stack images were acquired with a Zeiss LSM 710 laser scanning confocal
microscope (Carl Zeiss, Germany) equipped with a 63X water immersion objective.
Excitation with a 488-nm agron laser was used for GFP and fluorescence was detected
at 495-550 nm. Alexafluor®555 was excited with a 543-nm HeNe laser and
fluorescence was detected at 550-630 nm.

ATPS and protein purification

Proteins were extracted for purification by homogenizing snap-frozen agro-infiltrated
leaves in cold extraction buffer (4x buffer volume/leaf weight). The homogenate was
clarified by centrifugation (10 min at 3220 g at 4 °C; Eppendorf 5810R). To precipitate
host cell proteins, particularly Rubisco, the supernatant was set up on magnetic stirrer
plate and the pH was adjusted to 4.8 by adding HCI. After two minutes the supernatant
was tittered back to pH 7.2 with NaOH and clarified with a second centrifugation step.
For the ATPS, the supernatant was warmed to 24°C and mixed with Triton X-114 (6%
wlv, Sigma Aldrich, USA). After mixing the phases were allowed to separate in a
separation funnel. The lower (detergent-rich) phase was collected and washed with
isobutanol (Sigma Aldrich, USA; 10-fold volume with respect to detergent mass). The
aqueous phase was collected and the buffer was changed to 100 mM Tris-HCI, 150 mM
NaCl and 1 mM EDTA (pH 8.0) with 10DG gel filtration columns (Biorad, USA).
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Figure 1. Transient expression of Protein A and HFB-fusions in N. benthamiana. a) Schematic
presentation of gene constructs of Protein A and fusions with HFBI or HFBII. b) Pooled samples
analyzed on Coomassie stained SDS-PAGE and c) on western blot. d) Recombinant protein yields
analyzed as band intensities from western blots. Error bars indicate standard error of mean (n=6). The
letters indicate significant difference (p<0.05).
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Figure 2. Immunostained confocal microscopy images of N. benthamiana protoplasts showing
subcellular localization of recombinant proteins. Upper panel: GFP-HFBI was used as a positive control.
On the left, GFP-derived signal shows a typical morphology of HFBI-induced protein bodies. In the
midle, the same cell immunostained with anti-c-Myc primary antibody and Alexafluor®555 conjugated
secondary antibody. On the right, an overlay image. No signal was detected from the same sample treated
without the primary antibody. Lower panel: representative images of protoplasts expressing Protein A
(left), HFBI-Protein A (middle) and HFBII-Protein A (right). Protein body-like structures, similar in size
and shape, can be seen in all samples. All images are maximum intensity projections of z-stack images.
Scalebars indicate 5um.
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Figure 3. Fusion proteins retain the amphipathic properties of the HFB block. a) A Coomassie stained
SDS-PAGE of pooled samples from three replicates shows that both fusion proteins partitioned to the
surfactant and were found in recovered phase, whereas the non-fused Proten A remained mainly in the
residue as did most native plant proteins. Equal volumes of samples were loaded on gel. Fraction volumes
are presented in Figure S2. b) Recovery rate of the proteins in residue and in the recovered phase
analyzed on a western blot. Letters indicate significant difference (n=3, p<0.05). Error bars indicate
standard deviation.
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Figure 4. Fusion proteins retain the reversible antibody binding capacity of the Protein A block. a) The
QCM-D experiment showed reversible antibody binding to the HFBI-Protein A layer, represented as a
function of time and oscillation frequency. Protein binding reduced the oscillation frequency of the
polystyrene-coated quartz crystal. The curve shows binding of HFBI-Protein A (20 min time point) and of
1gG (80 min), and release of 1gG by decreasing buffer pH to 2.2 (140 min). The procedure was repeated
twice. b) A similar experiment shows that surface-bound Protein A, HFBI-Protein A and HFBII-Protein
A (grey bars) all bind Rituximab with similar capacities (white bars). The error bars indicate standard
deviation between repeated measurements.
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Figure 5. The HFBI-Protein A fusion protein can capture antibodies in solutions. a) The concept of the
in-solution antibody harvesting. The Protein A block (green) binds to the 1gG (red) when added to the
antibody-containing plant leaf extract (1). Addition of a surfactant (tan) results in a two-phase system.
The HFB block (blue) guides the HFBI-Protein A/IgG complex to the surfactant phase. The aqueous
residue (2) is discarded. The IgG is released by addition of acidic buffer and recovered from the aqueous
phase (4). The HFBI-Protein A carrier remains in the surfactant phase (5) and can be recycled for a new
round of antibody harvesting. b) SDS-PAGE showing the partition of the I1gG in ATPS with the HFBI-
Protein A (middle) and without (left) and HFBI-Protein A alone (right). Lane numbering corresponds to
the illustration on top (a). Volumes of the collected phases are given in Table S4. ¢) Overall recovery of
IgG and HFBI-Protein A. The error bars represent standard deviation of the mean (n=3). The asterisks
indicate significant difference (p>0.001).
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Figure 6. Accumulation of Protein A, HFBI-Protein A and HFBII-Protein A in tobacco BY-2 cell
cultures. a) A Coomassie stained SDS-PAGE and b) a western blot illustrating the accumulation of the
recombinant proteins in samples pooled from 10 callus clones for each construct. The western blot is
visualised using anti-c-Myc antibodies. ¢) Amount of recombinant proteins in the 10 best callus clones for
each construct determined from western blots. The line used to initiate a suspension culture is indicated
with an asterisk.
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Figure 7. HFBI-Protein A producing BY-2 suspension cell culture propagated in 30 litre culture volume.
a) Accumulation of dry mass was similar in shake flasks and in the bioreactor. The error bars represent
standard deviation between three biological replicates in shake flasks and three technical replicates in the
bioreactor. b) The accumulation of total soluble protein, analysed by Bradford-assay, and c) the
recombinant protein, analysed from western blots, was comparable in the bioreactor and shake flask
cultivations. The error bars represent standard deviation between three technical replicates.
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ATGGGATTTTTTCTCTTTTCAC, TGCCCTCATTTTTTCTTGTCTCTACACTTCTCTTAT TCCTAATARTATCTCACTCTTCTCATGCCTCTAGRGAGT

AGRAGTTGATTI TCTGAGGAGGATCTTAGCARCGECARCGECAATGT TTGCCCTCCCGEGCCTCTTCAGCAACCCCCAGTGUTGTGUCACCCARGTCCTTGE

CCTCATCGGEUCTTGACTGCARRGTCCCCTCCCAGRACGTTTACGACGGCACCGACTICCGCARACGICTGCGOCARRACCGECGCTCAGCCTCTOTGC TG

GTGECCCCCEITEOCGECCAGGCTCTITCTEIGCCAGACCGLCETCGETGUTGETGUIGETGEAGGC T CTGETGEAGGCTCAGGTGEGAGGUAGTGUAGGRAR

ATGCTGCACAGCATGATGRAAGCTCARCAGRACGCATTCTACCAAGTTCTTARACATGCCTRAATTTGAACGCTGATCAGAGARATGGT TTCATTCARATCTCT

e
TARGGATGATCCATCTCAGTCAGCTAACGTGTTAGGAGAAGCACAAAAGCTCCAGEATTCACAAGCTCC! GCTGATGCACAACAGAATAAGTTTALC

AAAGATCARCAGAGTGCATTCTACGAGATCCTCAACATGCCTARTCTCAACGAAGAGCAGAGRRACGGTTTTATCCARTCTCTTARRGATGATCCAAGTC

hQ

AGTCTACTARTGTTCTTGGAGAAGCTAAGARATT GEAGTCACAAGCTCCTARGGCAGATAATAACT TCAATAAGGAACAGC. CGCATTCTACGE

GATCTTGAATATGCCTAATTTGRAACCGAAGAGCAGAGGRACGETTICATCCAAAGTCTT: GATGATCCTTCAC GTGCTAATCTTTTGECTGRAGCR

GGCAGATAATAAGTTTAAC, GAACARCAGRACGCTTTCTACGAGATTCTICATTTGCCTAATCTTARCG

AAGAGCAGAGRAATGGTTTTATTCAATCACTTARAGATGATCCTTCTCAGTCAGCTAATCTTCTCGCTGAGGCARAGRRAATTGARCGATGCTCARGCACT

N+Q
TAAGGCTGACRATREAGTTTARC GAGCRARCAGRAATGCATTCTACGAGATTTTACACCTCCCT CTTGACAGARAGAGCRARAGGRATGGTTTTATTCRAR

AGTCTTRAGGRATGATCCARGTGTGTCT. G TCTTAGCRAGRRGC: G TTGRAATGATGCTTGGTCCCACCCTCAGTTCGRAGRAGRAGGRATGAGT

b)

ATGGGATTTTTTCTCTTTTCAC TGCCCTCATTTTTTCTTGTCTCTACACTTCTCTTATTCCTAATRAATATCTCACTCTTCTCATGCCTCTAGRGAGE

AGRRGTTGATTTCTGAGGRAGGATCTTGCTGTTTGCCCTACTGGATTGTTCTCTARCCCTTTATGTTGTGCTACTAATGTGTTGGATTTGATTGETGTGER

TTETAAGACTCCTACTATTGCTGT TEATACAGETGCAATCTTTCAAGCTCATTGTGCATCTARGEGATCARARCCTCTTTGCTGTGTTGCTCCAGTTGCR

GATCAGGCTTTATTATGCCAGAAGGCTATTGGETACTTTCGETGUTGETGEAGGC T CTGETGEAGECTCAGETGGAGGCAGTGCAGGARAATGCTGCACAGT

ATGATGRAGCTCAACAGRAACGCATTCTACCAAGT TCTTARACATGCCTAATTTGAACGCTGATCAGAGARATGGTITCATTCAATCTCTTARGGATGATCC

N+Q
ATCTCAGTCAGCTRACGTGTTAGGAGAAGCACRRAAGCTCCAGGATTCACRRGCTCC, GCTGATGCACRACAGAATAAGTTTARC GATCARCRS

AGTGCATTCTACGAGATCCTCARCATGCCTAATC TCARCGRARAGAGCAGRGRARACGGTTTTATCCARTCTCTTRARRGATGATCCARAGTCAGTCTACTRAATG

TTCTTGGAGRAGCTARGARATTGCAGGAGTCACRAGCT CCTARGECAGATAATARCTTCAATARGGARCAGE. CGCATTCTACGAGATCTTGRATAT

GCCTAATTTGAACGAAGAGCAGAGGARCGETTTCATCCARAGTCTT. GATGATCCTTCAC GTGCTRAATCTTTTGCCTGRAGCARACGARATTGCAC

GAGTCTCAAGCTCC. GECAGATAATAAGTTTARAC, GRACAARCAGAACGCTTITCTACGAGATTCTTCATTTIGCCTAATCTTARCGARGAGCAGAGAR

ATGGTITTTATTCAATCACTTARAGATGATCCTTCTCAGT CAGCTAATCTICTCGCTGAGGCARAGARAAT TGAACGATGC T CAAGCACCTARGGC TGACAR

[{=a®

TAAGTTTAACAARGAGCARCAGAATGCATTCTACGAGATTTTACACCTCCCT! TTGACAGRAGARGCARAGGARTGEITTTATTCARAGTCTTARGGAT

GATCCRAAGTGTGTCT. G TCTTAGCAGAAGC. G TTGAATGATGCTTGGTCCCACCCTCAGTTCGAGRARAGRAGGATGAGCTT

Figure S1. Nucleotide sequences of expression cassettes for a) HFBI-ProteinA and b) HFBII-ProteinA.
Genes for HFB, linker and ProteinA were cloned in the vector between Bsal restriction sites using Golden
gate assembly. The gene of interest is placed under control of double the 35S promoter and the vsp
terminator. A Prlb signal sequence (MGFFLFSQMPSFFLVSTLLLFLIISHSSHASR) directs the protein
to secretory pathway and a KDEL-signal retains it in the ER. The vector also introduces a codon
optimized C-myc-tag (GAGCAGAAGTTGATTTCTGAGGAGGATCTT) in the N-terminus and a codon
optimized Strepll-tag (TGGTCCCACCCTCAGTTCGAGAAGQG) in the C-terminus of the amino acid
sequence.
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Figure S3. QCM-D experiment showing antibody binding to HFBI-Protein A layer, Protein A layer and
BSA as negative control.

Table S1. Volumes of fractions recovered from ATPS in Figure 5b. Meanz (n=3). Numbers in brackets
refer to labelling in figure 5b.

start (1) (ml) residue (2) (ml) surfactant phase (3) (ml) acid phase (4) (ml)

lgG 1.86+0.02 1.05£0.03 0.81+0.03 0.960.05
HFBI-ProtA+lgG 1.85+0.02 1.03£0.04 0.83x0.02 0.98+0.05
HFBI-ProtA 1.86+0.03 1.00+0.01 0.86+0.01 1.07+0.01
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ABSTRACT

Encapsulation of drugs to nanoparticles may offer a solution for targeted delivery. Hydrophobins
act as self-assembling functional coating of porous silicon nanoparticles to improve stability and
biodistribution. Since human transferrin is widely utilized as a targeting ligand, we set out to
engineer a fusion protein combining the functionalities of the two. We showed that transferrin
can be expressed in Nicotiana benthamiana plants as a fusion with Trichoderma reesei
hydrophobins HFBI, HFBII or HFBIV. Transferrin-HFBIV was further expressed in tobacco
BY-2 suspension cells. Both partners of the fusion protein retained their functionality: The
hydrophobin moiety enabled migration to a surfactant phase in an aqueous two-phase system and
the transferrin moiety was able to reversibly bind iron. Coating porous silicon nanoparticles with
the fusion protein resulted in uptake of the nanoparticles in human cancer cells. This study
provides a proof-of-concept for functionalizing hydrophobin coatings with transferrin as a
targeting ligand.

KEYWORDS
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INTRODUCTION

Drug delivery is one of the biggest challenges in modern medicine, especially for cytotoxic
drugs used in the treatment of cancer due to their severe off-target effects’ and poor
bioavailability. Thus, new formulations are needed to enhance the delivery to specific target
cells. Encapsulating drugs in nanoparticles is a potential solution for both increasing their
solubility and controlling their delivery and release, thus diminishing the unwanted side effects.
However, nanoparticles need to be stable, degradable, non-immunogenic and reach specifically
their targets®. In this regard, porous silicon (PSi) nanoparticles have been used extensively as
carriers in oral® and intravenous drug delivery* for different biochemical applications.

Fungal hydrophobins (HFB) are small, globular proteins with extraordinary surface active
properties due to their unique amphipathic structure®®. HFBs are highly soluble in water, but
form multimers at high concentrations”®. When in contact with a hydrophilic hydrophobic
interphase, HFBs self-assemble into a monolayer (Kisko et al., 2007; Szilvay et al., 2007). The
self-assembly of Trichoderma reesei HFBI and HFBII has been successfully utilized to formulate
nanoparticles from poorly water-soluble drug compounds (Valo et al., 2010; Valo et al., 2011).
When applied on PSi nanoparticles, the HFB coating improved the solubility and
biocompatibility of the particles, while allowing the controlled release of the payload (Bimbo et
al., 2011). The coated particles were stable in simulated gastrointestinal fluids and the oral
administration to rats increased the transit time from stomach to intestine (Sarparanta et al.,
2012b). The HFB coating also influenced the biodistribution of the PSi nanoparticles when
administered intravenously to rats (Sarparanta et al., 2012a). A major problem in parenteral
administration is the adsorption of plasma proteins around the nanoparticles as a corona, causing
aggregation and loss of activity (Shahbazi et al., 2014a; Shahbazi et al., 2014b). However, HFB-
coated PSi nanoparticles and polystyrene nanoparticles recruited significantly less plasma
proteins than naked particles (Grunér et al., 2015; Sarparanta et al., 2012a).

When linked to other proteins, HFBs convey some of their properties to the respective fusion
partner. Several HFBI fusion proteins have been expressed in plants (Jacquet et al., 2014,
Joensuu et al., 2010; Miletic et al., 2015; Pereira et al., 2014; Phan et al., 2014; Saberianfar et al.,
2016). Recently, we have shown that also HFBII and HFBIV are potential candidates as fusion
partners (Reuter et al., in press). While HFBI and HFBII are structurally similar (Hakanpéé et al.,
2004; Hakanpaa et al., 2006), the amino acid sequence and the hydropathy profile of HFBIV are
distinctly different, possibly also influencing its properties (Espino-Rammer et al., 2013).
Nevertheless, HFBIV appears to bind to both polar and hydrophobic surfaces, similarly to HFBI
and HFBII (Espino-Rammer et al., 2013).

The HFB fusion technology has been applied for purification of fusion proteins using
surfactant based agqueous two-phase separation (ATPS) in fungal (Linder et al., 2001; Linder et
al., 2004), insect (Lahtinen et al., 2008), plant (Joensuu et al., 2010) and plant cell based
production platforms (Reuter et al., 2014). A fusion protein combining HFBI and a dual cellulose
binding domain has also been used for adding functionality to HFB-coated nanoparticles. The
fusion protein enabled formulation of the nanoparticles, similar as non-fused HFB, but also



bound the nanoparticle to cellulose nanofibrils within cellulose hydrogel allowing improved
formulation (Valo et al., 2011). In this study, we took one step further and investigated whether a
HFB fusion protein could be used for active targeting of nanoparticles utilizing transferrin
receptor-mediated endocytosis. Transferrin (Tf) is an 80 kDa glycoprotein with 19
intramolecular disulphide bridges. Challenges in production of the complex molecule in bacterial
systems (Brandsma et al., 2010) and risks involved in purification from human plasma have
encouraged search of alternative production platforms, such as plants and yeasts. Human Tf was
first expressed in tobacco (Brandsma et al., 2010) and is currently produced commercially in rice
under trade name Optiferrin (Zhang, 2013). Plant-derived recombinant Tf has been shown to be
structurally and functionally similar to native human protein although it appears not to be
glycosylated (Brandsma et al., 2010; Zhang et al., 2010; Zhang, 2013).

The main function of Tf is iron sequestration and transport in serum (Tortorella and
Karagiannis, 2014; Zhang, 2013). When free transferrin (apo form) binds ferric iron, its
conformation changes (holo form) and the affinity to transferrin receptor increases. The Tf/Tf-
receptor complex is taken-up by the cells through endocytosis and dissociation of iron occurs at
low pH in the endosomal compartments. Subsequently, the protein is recycled back to the
bloodstream (Tortorella and Karagiannis, 2014; Zhang, 2013). The transferrin receptor is
ubiquitously expressed on normal cell types, but is upregulated on various tumors (Tortorella and
Karagiannis, 2014). This, combined with the capacity of transferrin to cross the blood-brain
barrier, has made it an interesting molecule for drug targeting via direct conjugation to the active
molecule (Brandsma et al., 2010; Brandsma et al., 2011; Kratz et al., 1998), or to nanocarriers
(van der Meel et al., 2013; Pei-Hui Yang et al., 2005; Tortorella and Karagiannis, 2014).

The aims of this study were to engineer a fusion protein that exhibits the functional
characteristics of both HFB and transferrin, to produce the protein in plant cell culture and to test
whether it can be used to facilitate targeting and uptake of nanoparticles in cancer cells.

MATERIALS AND METHODS
Construct design

Codon optimized coding sequences for human Tf (Uniprot: P02787) without the native signal
peptide, HFBI (Uniprot: P52754), HFBII (Uniprot: P79073) and HFBIV (Uniprot: ORHNO) were
synthesised at Genscript (USA). The coding sequences were connected by a (GGGS)3 linker
(Figure 1A) and placed in a plant binary expression vector pCaMterX (Harris and Gleddie. 2001)
under the control of the dual-enhancer cauliflower mosaic virus 35S promoter (Kay et al., 1987)
and the soybean (Glycine max) vspB (Mason et al., 1988) terminator using Golden Gate cloning
(Engler et al., 2009). The vector incorporates a c-Myc-tag and a signal sequence for secretory
pathway (Prbl) in the N-terminus and Strepll-tag and ER-retention signal (KDEL) in the C-
terminus of the open reading frame. See Figure S1 for complete nucleotide sequence. The
expression vectors were transformed into Agrobacterium tumefaciens strain EHA105 (Hood et
al., 1993).



Transient expression in Nicotiana benthamiana, tissue sampling and protein extraction

Transient expression was done as described earlier (Joensuu et al., 2010). In brief, the optical
density of A. tumefaciens cultures were adjusted to 1.0 and the suspension was mixed (2:1) with
Agrobacterium carrying an expression vector for post transcriptional gene silencing inhibitor p19
(Silhavy et al., 2002). Four N. benthamiana plants were infiltrated using a syringe and sampled
six days post infiltration. The samples were stored at -80 oC and homogenized (Retsch mill
MM301, Haan, Germany). Extraction buffer (phosphate buffered saline, PBS; 137 mM NacCl, 2.7
mM KCI, 8.1 mM Na2HPO4, 1.8 mM KH2PO4, 2 % sodium ascorbate, 1 mM EDTA, 1 mM
PMSF, 1.25 ug/ml leupeptin pH 7.4) was added (6:1 v/w) and the leaf powder was mixed to a
slurry. The extract was clarified by centrifugation (Eppendorf Centrifuge 5424R, 21130 g, 10
min, 40C). The replicates were either analyzed separately for statistical analysis or pooled
together to show representative sample on SDS-PAGE and immunoblot.

Transformation and maintenance of BY-2 cell cultures

Transformation and maintenance of the BY-2 cells was performed as described earlier (Reuter
et al., 2014). After two passages on selective media, 48 two weeks old calli were screened for
product accumulation. Ten lines were selected for further experiments. Yield and growth of the
suspension culture were evaluated after 31 weekly passages.

Protein extraction from BY-2

Callus samples were stored at -20 oC. Buffer (PBS, 1mM EDTA) was added 1:2 v/w to callus
samples thawed on ice and subsequently homogenized using the Retsch mill. Samples from
suspension culture were freeze dried and extraction buffer was added to powdered material (40:1
v/w) and homogenized by milling. The protein extracts were clarified by centrifugation for 10
min at 21130 g at 40C (Eppendorf 5424R).

Protein Analysis

Concentration of TSP was measured using the Bradford analysis (1976) with Bio-Rad reagent
(Bio-Rad, USA). Protein separation was performed by SDS-PAGE on Bio-Rad Criterion-TGX
and Mini-PROTEAN precast gels and stained using GelCode® Blue Stain Reagent (Thermo
Scientific, USA). Protein quantifications were performed either from SDS-PAGE or by western
blot analysis after transferring proteins on nitrocellulose membrane using the Trans-Blot®
Turbo™ system (Biorad, USA). Proteins were visualized with anti-c-Myc tag primary antibody
(rabbit, A00172, GeneScript) and a secondary antibody for detection (anti-rabbit-AP, 170-6518,
BioRad or in BY-2 work goat anti-rabbit, IR Dye® 680RD, LI-COR Biosciences, Germany).
Detection was done with Odyssey CLX densitometer (LI-COR Biosciences, Germany) and
Image Studio 2.1 software. Protein quantities were assessed against known concentrations of
purified Tf-HFBIV or commercial Optiferrin (Sigma-Aldrich).



Agueous two phase separation

ATPS experiments were conducted as described in Reuter et al., (in press) in 5 ml volume with
3% Triton-X 114 (Sigma-Aldrich).

Iron binding experiments

Purified Tf-HFBIV and Optiferrin were dialyzed over night against 50 mM NaOAc, 5 mM
EDTA, pH 4.9, 2x1.5 h against water and 3x2 h against 25 mM Tris-HCI, pH7,5 at 4 oC. Iron
saturation was done by incubating the proteins in ImM Fe-NTA, 20 mM NaHCO3 at RT for 2 h.
The mobility of non-treated, iron depleted and iron saturated proteins were analysed on
Criterion™ TBE-Urea gels (Biorad, USA) and on SDS-PAGE.

Preparation and characterization of Alkyne-THCPSi nanoparticles

Preparation of Alkyne-terminated THCPSi (AlkyneTHCPSI) nanoparticles is described in SI1.
For the surface absorption of HFBI, Tf-HFBIV and Tf, 1 mg of the Alkyne-THCPSi
nanoparticles were dispersed in 125 pL of the Hanks’ Balanced Salt Solution (HBSS)[14-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer at pH 7.4 and added to 1 mL of
the coating compounds (1 mg/mL) and gently vortexed for 30 sec until the nanoparticles were in
suspension, followed by incubation at room temperature for 2 h. The solution was then
centrifuged at 15000 rpm for 5 min and the supernatant removed. The particles were washed
three times with 1 mL of Milli-Q water with subsequent centrifugation cycles at 15000 rpm for 5
min for every wash and re-suspended in HBSS buffer. To determine the hydrodynamic diameter
(Z-average), polydispersity index (Pdl) and surface zeta-potential of the nanoparticles, bare and
surface modified PSi nanoparticles were centrifuged and re-dispersed in aqueous solution with a
final concentration of 20 pg/mL prior to the measurements using Zetasizer Nano ZS (Malvern
Instruments Ltd, UK). All measurements were performed in triplicate.

Cell-nanoparticle interaction studies

The cell culture conditions for MDA-MB-231 breast carcinoma cells (American Type Culture
Collection) and viability studies are described in SI1. To evaluate the intracellular uptake and
localization of the modified nanoparticles, the MDA-MB-231 cells were treated with
AlkyneTHCPSi, AlkyneTHCPSIi-HFBI, AlkyneTHCPSi-Tf-HFBIV or AlkyneTHCPSI-Tf
nanoparticles and imaged with TEM and laser scanning confocal microscope.

For TEM imaging, the MDA-MB-231 cells (105 in 1 mL of RPMI 1640 media) were allowed
to attach overnight on round coverslips (13 mm) placed at the bottom of 24-well plates (Corning
Inc. Life Sciences, USA). The cell culture media was then replaced with 500 puL of nanoparticle
suspension (100 pg/mL) and the samples were incubated at 37 °C for 6 h. Afterwards, the
particle suspension was removed and the coverslips were washed twice with HBSS-HEPES



before fixing the cells with 2.5% glutaraldehyde in 0.1 M PBS solution (pH 7.4) for 1 h RT.
After fixing, the coverslips were rinsed twice with HBSS-HEPES (pH 7.4) and sodium
cacodylate buffer (NaCac) for 3 min prior post-fixation with 1% osmium tetroxide in 0.1 m
NaCac buffer (pH 7.4). The cells were finally embedded in epoxy resin after dehydration of the
cells with 30-100% ethanol for 10 min each. Ultrathin sections (60 nm) were cut parallel to the
coverslip, post-stained with uranyl acetate and lead citrate, and observed by TEM.

For confocal microscopy Lab-Tek® 8-Chamber Slides (Thermo Fisher Scientific, USA) were
seeded with the cells at a density of 5x104 per well. After overnight incubation at 37 °C, the cell
medium was replaced with 250 pL of the fluorescein isothiocyanate (FITC)-loaded nanoparticles
(50 pg/mL). The cells were incubated for 6 h before washing three times with HBSS—HEPES
(pH 7.4). The plasma membrane of the cells was stained by 3 min incubation with 200 pL of the
RED CellMask® (5 pg/mL; Invitrogen, USA) at 37 °C followed by washing twice with HBSS—
HEPES buffer. The cells were fixed with 2.5% glutaraldehyde for 15 min. The intercellular
localization of FITC-labelled nanoparticles was observed with a Leica SP5 inverted confocal
microscope (Leica Microsystems, Germany), equipped with argon (488 nm) and DPSS (561 nm)
lasers and HCX Plan Apochromate 63[1/1.2-0.6 oil immersion objective.

Statistical analysis

Statistical analyses were done with SPSS Statistic 22.0 (IBM, Armonk, NY) using a two-tailed
Student’s independent samples t-test for two samples and one way ANOVA test followed by
Tukey HSD for three or more samples, with significance level of 95%.



RESULTS AND DISCUSSION
Construct screening in Nicotiana benthamiana

We have recently reported that in addition to T. reesei HFBI, also HFBII and HFBIV are
potential candidates for expression of fusion proteins in plants °. To find a suitable fusion
strategy, we built six fusion constructs where human Tf was connected by a linker either N- or
C-terminally to T. reesei hydrophobins HFBI, HFBII or HFBIV (Figure 1A). The constructs and
a non-fused Tf were transiently expressed in N. benthamiana and accumulation levels were
determined by immunoblot analysis (Figure 1B and C). All fusion constructs resulted in lower
accumulation in comparison to non-fused Tf (43+19% of TSP, mean+SD, n=4). There was no
statistically significant difference (p<0.05) in accumulation of fusions where different HFBs
were placed in the N-terminus of the fusion protein. However, yields of fusions where HFBI or
HFBII were placed in the C-terminus were lower. This observation was in line with our previous
experiments °. The HFBIV fusion proteins accumulated to same levels in both orientations,
similarly to previously reported GFP-HFBIV and HFBIV-GFP °. In general, it remains unclear

why the HFB-tags seems to improve accumulation of some fusion partners >3 but not others
14

It is not clear why HFBII-Tf migrated faster than Tf-HFBII and FHBIV-Tf faster than Tf-
HFBIV on SDS-PAGE. Immunoblot analysis also indicated that all constructs were degraded to
some extent (Figure 1B). Detection of the degraded fragments with antibody recognizing the C-
terminus of the proteins suggests cleavage to take place close to the N-terminus. Based on the
good accumulation (21+£9% of TSP), relatively low degradation and out of interest to further
explore HFBIV, we selected Tf-HFBVI to be used in following experiments requiring stable
transformation.

An additional expression cassette for GFP-HFBI was included in the T-DNA (Figure 1A) as a
surrogate marker to facilitate visual selection of homogeneous transgenic BY-2 calli ***. Co-
expression of GFP-HFBI has also been reported to increase accumulation some target proteins in
N. benthamiana *. In N. benthamiana the dual construct resulted in high accumulation of GFP-
HFBI (Figure 1B), but reduced the yield of Tf-HFBIV to 10+2% of TSP. This reduction was,
however, not statistically significant.
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Figure 1. (A) A schematic presentation of the used constructs. (B) Pooled samples from four
plants on SDS-PAGE and on immunoblots. Cleavage of the fusion protein is apparent with
HFBIV-TT, but also with HFBI-Tf and HFBII-Tf. (C) Accumulation levels of Tf, Tf-HFBs and
co-expression of Tf-HFBIV with HFBI in N. benthamiana quantified from immunoblots detected
based on Strep-tag (meantSD, n=4 individual plants in the same experiment). The letters
indicate statistically significant difference (p<0.05).

Expression in BY-2 cells

We generated BY-2 cell lines co-expressing the Tf-HFBIV fusion protein simultaneously with
GFP-HFBI as visual selection marker. Transgenic calli were sub-cultured based on the intensity
and homogeneity of GFP fluorescence in order to co-select for high accumulation of Tf-HFBIV
and sixteen independent callus lines were screened for protein expression (Figure 2A). The
visual selection resulted in homogeneous callus morphology, but the accumulation of GFP-HFBI
did not correlate with the yield of Tf-HFBIV (R2 = 0.0464). This could be an artefact due to
small sample size (n=16), but it does indicate that the link between co-expressed fluorescence



marker and target protein might not be as direct as previously reported '**". The callus line with
highest accumulation of Tf-HFBIV was grown in suspension.
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Figure 2. Expression of Tf-HFBIV in tobacco BY-2 cells. (A) Accumulation of Tf-HFBIV and
GFP-HFBI in 16 callus lines. The line grown in suspension is marked as a diamond. (B) Growth
of Tf-HFBIV expressing BY-2 cell suspension in shake flask. (C) TSP on SDS-PAGE and Tf-
HFBIV detected on immunoblot. Arrows indicate the expected sizes of Tf-HFBIV (87 kDa) and
GFP-HFBI (36 kDa). (D) Accumulation levels of Tf-HFBIV in suspension culture (n=3).

After 31 passages in suspension culture, the growth of the Tf-HFBIV-expressing cell line was
comparable to wild type cells: the dry weight peaked at 14.6+0.2 g/L at day 7 (Figure 2B).
Accumulation of Tf-HFBIV reached 25.2+0.7 mg/L or 1.6+0.1% of TSP at day 7, while the
accumulation of GFP-HFBI was approximately two-fold higher (51.0£1.6 mg/L). The



accumulation of both GFP-HFBI and Tf-HFBIV were lower in the cell suspension than in the
original screened calli. However, changes in protein expression are normal when moving cells
from solid to liquid media. Thus, screening for a production line should be done in suspension
culture.

Overall, plant suspension cells may provide a good production platform for a complex fusion
protein, such as Tf-HFBIV. We have shown here that BY-2 cells are capable of folding correctly
a protein with altogether 23 disulphide bridges providing a significant advantage over bacterial
platforms. Although production in plant seeds, like commercial Optiferrin, is readily scalable and
economical, bioreactor-based production is more amenable to the current regulations for
manufacturing of pharmaceutical components. The yield reported here (25 mg/L), although good
for BY-2 cells, is low in comparison to other production hosts *#*°. We have previously reported
recombinant protein (GFP-HFBI) yields ten-fold higher, up to 0.3 g/L in BY-2 suspension cells
15 and we have further improved that to the level of 1 g/L (unpublished data). Broader clone
screening and optimizing the production process further can increase the target protein yields
still tremendously.

The Tf-HFBIV fusion protein retains the amphiphilic properties of HFBIV

We setup an aqueous two-phase separation (ATPS) experiment to test whether the HFBIV
confers to Tf-HFBIV the capability of interacting with non-ionic surfactants. Tf-HFBIV
separated efficiently to the surfactant phase showing no significant difference (p > 0.05) to GFP-
HFBIV used as a positive control (Figure 3A and B). The recovery rate of Tf-HFBIV was
88.3+1.8%. Commercial recombinant human Tf (Optiferrin), in turn, remained mostly in the
aqueous phase and only 9.1+0.7% of the protein was detected in the surfactant phase. The
separation efficiencies correspond to our earlier experiments with HFBIV-GFP and HFBI-GFP °.
The difference in size of the fusion partner (GFP vs. Tf) does not appear to influence the
performance in ATPS. It is worth noting that we did not test the surface binding properties to the
fusion protein here, although HFBIV has been previously shown to adhere on glass and PET
surfaces 2°. A variety of HFB fusion tags can be expressed in plants ° and may provide different
affinity to surfaces. This valuable resource should be explored to identify the best suitable HFB-
fusion partner for coating purposes.
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HFBIV fused transferrin retains its capability to reversibly bind iron

To test whether HFBIV fused Tf would retain its ability to sequester iron, we subjected the
fusion protein to a series of treatments removing all bound iron and subsequently resaturating the
protein with iron. Binding and releasing iron resulted in conformational changes which were
distinguished on urea-PAGE (Figure 3C). Before treatment, Tf (Optiferrin) was in the holo form.
Removal of iron caused a reduction in mobility (apo form) while the treatment with excess ferric
iron returned the protein back into the holo form. Before the treatments the Tf-HFBIV fusion
protein was present in both holo and apo forms but removal of iron converted all the protein to
the apo form. In iron saturated conditions most of the apo Tf-HFBIV converted to the holo form.
Some Tf-HFBIV did, however, remain in the apo form. Nonetheless, this indicated that the BY -2
cell derived Tf-HFBIV did retain its capability to reversibly bind iron, although the used method
did not allow quantitative conclusion. The capability to adopt the iron saturated holo-form is
essential as it has 500-fold higher affinity to the Tf receptor in comparison to the iron depleted
apo-form 2,

Surface coating of PSi nanoparticles with Tf-HFBIV

Having independently confirmed that both partners of the TF-HFBIV fusion protein are
functional, we coated PSi nanoparticles with Tf-HFBIV, but also with Tf (Optiferrin) or HFBI
(as HFBIV was not available). The nanoparticles showed an increase in size upon adsorption of
HFBI, Tf or Tf-HFBIV molecules on their surface (Figure 4A). The polydispersity index (Pdl) of
all prepared nanoparticles was less than 0.3, indicating high monodispersity (Figure 4B). The
zeta-potential of the naked nanoparticles became more negative after adsorption of HFBI on the
surface due to high negative charge of the molecule (Figure 4C). In contrast, the conjugation of
Tf and Tf-HFBIV resulted in a gradual increase in the surface charge of the particles, owing to
the intrinsic positive charge of Tf. None of the coated nanoparticles showed toxic effects in
MDA-MB-231 breast cancer cells after exposure for 6 and 24 h at concentrations of 25, 50, 100
or 150 pg/mL (Figure 4D).
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Figure 4. Characterization of PSi nanoparticles coated with HFBI, Tf (Optiferrin) or Tf-HFBIV.
(A) Nanoparticle size, (B) Pdl and (C) zeta-potential changes after surface modifications. (D and
E) Coated and naked PSi nanoparticles showed no toxicity to MDA-MB-231 cells during 6 h and
24 h treatments at 37 °C. Culture medium (HBSS) and Triton X-100 were use as controls. Error
bars represent standard deviations (n>3). The letters indicate significant difference between
groups (p<0.05).

Cellular uptake of Tf-HFBIV coated nanoparticles

Next, we tested whether the fusion protein retained its capability to interact with the transferrin
receptor. A functional Tf domain was expected to facilitate the uptake of Tf-HFBIV-coated PSi
nanoparticles into human cancer cells. Transmission electron microscope (TEM) images and
confocal fluorescence microscopy confirmed a very limited interaction between naked PSi
nanoparticles and MDA-MB-231 cells (Figure 5). In agreement with an earlier report %, HFBI
coating highly increased the accumulation of the nanoparticles in the close vicinity of the cell
membrane, probably through hydrophobic interactions with the membrane phospholipids.
However, HFBI coating did not lead to internalization of the nanoparticles in the tested
conditions. Coating with Tf or Tf-HFBIV also resulted in accumulation of PSi nanoparticles
around the cells, but more importantly also led to effective up-take inside the cells. We did not
observe any apparent differences between behaviour of nanoparticles coated with Tf of Tf-
HFBIV. The most plausible explanation for the observation is interaction with Tf receptors on
the surface of the cells, mediating the cellular uptake %%,
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Figure 5. Interaction of the coated PSi nanoparticles with human MDA-MB-231 breast cancer
cells. Left panel shows representative TEM images and the right panel are confocal fluorescence
microscope images of non-coated and coated PSi nanoparticles with the cancer cells. Cell
membranes were stained with RED Cell Mask® and the nanoparticles with FITC-green. Arrows

indicate the respective PSi nanoparticles.
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CONCLUSIONS

This work provides a proof-of-principle on the suitability of a plant produced Tf-HFB fusion
protein for functional coating of nanoparticles. The results here indicate that fusing Tf to a HFB
did not abolish its ability to interact with the transferrin receptor. However, further research is
required to evaluate whether HFB-mediated adhesion to nanoparticle surface allows better
interaction with the receptor than direct chemical conjugation of Tf 2. Nevertheless, it could be
hypothesized that immobilization via HFB and a flexible linker would allow presentation of Tf in
a favorable position and would avoid conformational changes associated with chemical
conjugation. The bio-stability, drug release, distribution and capability of the fusion protein to
target nanoparticles in cells still needs to be tested in vivo and compared to other methods of Tf
conjugation.

SUPPORTING INFORMATION
SI1 Methods for preparation of alkyne THCPSi nanoparticles, cell lines and culture conditions
and cell viability studies (file type, PDF)

SI2 Sequence data for expression constructs (file type, PDF)
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