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Abstract 

Oral administration is the preferred route of drug delivery for any pharmaceutical due to 

its patient compliance. Oral vaccines have the added benefit of being able to induce mucosal 

immunity. Something that needle-injected vaccines cannot. Mucosal immunity is particularly 

important because mucosal layers commonly constitute the point of entry for pathogens. 

However, vaccines face major challenges during oral delivery. Oral vaccines need to survive 

degradation in the stomach, they need to penetrate the mucus, cross the epithelium and elicit 

an immune response. Encapsulation of vaccines into particles can help in regard to all of these 

aspects. One way to encapsulate vaccines is expression as a fusion protein with zein; the 

major storage protein of maize.  

The adjuvant effect of zein has been demonstrated before and one possible explanation 

for this effect is the increased cellular uptake facilitated by zein. This thesis aimed to investigate 

the uptake efficiency of zein protein bodies (PBs) into in vitro cells of the human intestine. 

Fluorescent zein PBs were recombinantly produced by transient expression in Nicotiana 

benthamiana. A new process was developed that enabled the scalable enrichment of PBs. 

They were analyzed for nicotine content and particles were quantified by flow cytometry. Upon 

administration, human intestinal cells endocytosed zein PBs at a higher amount and a higher 

rate compared to fluorescent polystyrene beads. Additionally, only PBs triggered those cells 

to release GM-CSF and IL-6. Two cytokines that are known to recruit antigen presenting cells 

and elicit a higher immune response overall. Consequently, the endocytosis of PBs was 

demonstrated in dendritic-like cells as well.  

Finally, the zein-mediated encapsulation tool itself was improved. So far, recombinant 

zein PBs that were intended as a drug delivery vehicle only encapsulated one single 

component. Through the coexpression of various zeins, it was possible to generate 

multicomponent PBs. Various combinations are now available that induce the formation of 

particles that consist of two to four components. The architecture of these PBs can either be a 

core-shell structure or homogenously mixed. In the future, this will enable modifications to the 

particle characteristics such as stability, mucus penetration, cellular uptake, and release of 

active compound.  

 

Keywords: Zein, encapsulation, oral vaccine, drug delivery, molecular farming 
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Kurzfassung 

Die orale Verabreichung ist aufgrund der Akzeptanz durch Patienten der bevorzugte 

Verabreichungsweg für jedes Arzneimittel. Orale Impfstoffe haben den zusätzlichen Vorteil, 

dass sie eine Schleimhautimmunität auslösen können. Etwas, das mittels Injektion 

verabreichte Impfstoffe nicht können. Schleimhautimmunität ist besonders wichtig, da 

Schleimhautschichten häufig die Eintrittsstelle für Krankheitserreger darstellen. Impfstoffe 

stehen jedoch vor großen Herausforderungen bei der oralen Verabreichung. Orale Impfstoffe 

müssen den Abbau im Magen überleben, die mukosale Schicht durchdringen, das Epithel 

überwinden und eine Immunantwort auslösen. Die Einkapselung von Impfstoffen in Partikel 

kann in Bezug auf all diese Aspekte hilfreich sein.  

Ein Weg, Impfstoffe einzukapseln, ist die Expression als Fusionsprotein mit Zein; das 

wichtigste Speicherprotein von Mais. Die adjuvante Wirkung von Zein wurde zuvor bereits 

gezeigt, und eine mögliche Erklärung für diesen Effekt ist die durch Zein unterstützte zelluläre 

Aufnahme. Ziel dieser Arbeit war es, die Aufnahmeeffizienz von Zein protein bodies (PBs) in 

Zellen des menschlichen Darms in vitro zu untersuchen. Fluoreszierende Zein-PBs wurden 

durch transiente Expression in Nicotiana benthamiana rekombinant hergestellt. Es wurde ein 

neues, skalierbares Verfahren entwickelt, das die Anreicherung von PBs ermöglicht. Diese 

wurden auf Nikotingehalt analysiert und die Partikel wurden durch Durchflusszytometrie 

quantifiziert. Bei der Verabreichung haben humane Darmzellen Zein-PBs in einer höheren 

Menge und in einer höheren Rate aufgenommen als fluoreszierende Polystyrolkügelchen. 

Zusätzlich wurde durch PBs die Freisetzung von GM-CSF und IL-6 ausgelöst. Diese zwei 

Zytokine können antigenpräsentierende Zellen rekrutieren und insgesamt eine höhere 

Immunantwort auslösen. Folglich wurde die Endozytose von PBs auch in dendritischen Zellen 

nachgewiesen. 

Schließlich wurde die Zein-vermittelte Einkapselung selbst verbessert. Bisher bestanden 

rekombinante Zein-PBs, die als Vehikel zur Arzneimittelaufnahme gedacht waren, nur aus 

einer einzigen Komponente. Durch die Koexpression verschiedener Zeine konnten PBs mit 

mehreren Komponenten erzeugt werden. Mittlerweile sind verschiedene Kombinationen 

verfügbar, die die Bildung von Partikeln aus zwei bis vier Komponenten induzieren. Die 

Architektur dieser PBs kann entweder eine Core-Shell-Struktur sein oder die Komponenten 

können homogen gemischt sein. Dies soll zukünftig Modifikationen der Partikeleigenschaften 

wie Stabilität, Schleimhautpenetration, zelluläre Aufnahme und Wirkstofffreisetzung 

ermöglichen.  
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1 Introduction  

Vaccines save an estimated 2-3 million lives every year through the prevention of 

infections and they are one of the most significant inventions in modern medicine. They are 

the second most important option to prevent infection-related mortality after clean drinking 

water (Baschieri, 2012; WHO, 2018a). Not only can vaccines target a multitude of pathogens 

but they are also a very cost-effective method to fight diseases because vaccination is a 

prophylactic health care measure with some vaccines providing life-long protection (Landsverk 

et al., 2017). On top of that, herd-immunity also protects the part of the population that did not 

receive vaccination. Through vaccines, incidences of devastating infections that once caused 

a great number of deaths like smallpox, diphtheria, pertussis, tetanus, poliomyelitis, measles, 

rubella, mumps, or Haemophilus influenzae, were all reduced by 98-100% (Rappuoli et al., 

2002). The benefits of vaccination reach far beyond avoidance of suffering and death into 

socio-economic aspects. Estimates are that every $1 spent on measles-mumps-rubella 

vaccine (MMR-V) saves $16.34 in direct costs of treatment (Centers for Disease Control and 

Prevention, 1999). Then again, on a global level, infectious and parasitic diseases still rank to 

be the third most common cause of death (14.9%) after cardiovascular diseases (31.4%) and 

malignant neoplasms (15.8%). In low-income countries however, infectious diseases are at 

37.2% still the most frequent cause of death (WHO, 2018b).  

1.1 An unmet need for oral vaccines 

Vaccines work most efficiently when they can block the entry of pathogens or eliminate 

them locally before they spread (Kozlowski, 2012). Most pathogens invade the host’s body 

through mucosal surfaces and the release of immune effectors to this point of entry is therefore 

crucial as a first line of defense. A key molecule that resides at mucosal barriers is secretory 

immunoglobulin A (sIgA). The immune system is triggered to release antigen-specific sIgA to 

mucosal surfaces when the initial immunization occurred at a mucosal site. This is in contrast 

to injected vaccines that usually are not able to stimulate sIgA secretion. Mucosal vaccines are 

therefore a particularly valuable tool because they are designed to target mucus layers such 

as gastrointestinal, respiratory, or urogenital epithelia. Immunization at these barriers generally 

causes a wider humoral as well as cellular immune response at mucosal and systemic sites 

(Vela Ramirez et al., 2017). Besides the immunological aspects, mucosal vaccines offer other 

benefits over injected vaccines as well. They are, for example, easier and safer to administer. 

Nasal, sublingual, oral, vaginal, or rectal administration does not necessitate syringe-mediated 

application and can therefore be carried out through self-administration. This omits the need 

for trained personnel which is sometimes a limiting factor for vaccination campaigns in low-

income countries. It also eliminates the risk of infections caused by improper injection or waste 
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disposal, a risk that concerns patients as well as healthcare workers. Not surprisingly, the 

patient compliance for oral drugs is much higher for being pain-free. A fact that should be 

considered in the overall acceptance of vaccines. Additionally, vaccine preparations for 

injection need to be in aqueous form whereas mucosal vaccines can be of the solid-dose 

format such as capsules or tablets. As a consequence, mucosal vaccines are better suited to 

withstand higher temperatures and do not require a cold-chain which is an important aspect to 

manage the logistics of the “last mile”; especially in low- to middle-income countries (New, 

2019). Oral drugs also do not require aseptic conditions. That makes the conditions of the 

production process less demanding and cheaper overall.  

Although there is a general agreement for the need of oral vaccines, their development 

has its own challenges that need to be overcome. Whatever form of vaccine is delivered orally, 

whether it is a live-attenuated, inactivated, or a subunit vaccine, they all need to face the harsh 

conditions of the gastrointestinal (GI) tract. Low pH and digestive enzymes are two factors that 

are difficult to overcome particularly for proteins and peptides. Even if degradation of the 

vaccine is prevented and it arrives at the immune inductive tissue, recognition of the vaccine 

is not guaranteed. Due to these facts, oral vaccines are usually administered at a higher dose 

than parenteral ones. However, if the immunogenicity is low and the dosage is too high, an 

antigen might cause oral tolerance instead of immunity (Mestecky et al., 2007). In his case, 

the immune system recognizes an antigen as non-pathogenic and does not react when 

challenged with the pathogen the vaccine was intended to protect from. Encapsulation of 

vaccines into micro- or nanocarriers is able to help overcome some of the challenges met by 

oral vaccines.  

1.2 Drug delivery by micro- and nanocarriers 

Encapsulation strategies can be based on natural polymeric material such as particle-

forming proteins and chitosan or synthetic such as poly(lactic-co-glycolic) acid (PLGA), but 

they can also be lipid-based vehicles such as liposomes, bilosomes, or ISCOMs (Immune-

stimulating complexes) (Vela Ramirez et al., 2017). All of these delivery strategies are 

increasingly investigated by academia and industry because they can be a solution to the 

challenges faced by orally administered vaccines. These challenges are mainly the resistance 

of the antigen against digestive enzymes and acidic pH in the GI tract, low uptake rates as well 

as low immunogenicity or induction of tolerance (Reinholz et al., 2018). Protein- and peptide-

therapeutics are particularly susceptible to the degradation machinery of the mammalian 

digestive tract. One aspect of the chemical barrier is the highly acidic environment of the 

stomach (pH 1-3). The low pH denatures the tertiary structure of many proteins and as a result 

the denatured protein is more accessible to hydrolytic exo- and endopeptidases such as 

pepsin, trypsin, or carboxypeptidase (Renukuntla et al., 2013; Van de Graaff, 1986). However, 
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the challenge is not only the very low pH of the stomach but the wide range of pH along the GI 

tract. Although it starts off low at pH 1-3 in the stomach, it increases to pH 6.0–6.5 in the 

duodenum and pH 5.5–7.0 in the colon (Pawar et al., 2014). Therefore, fortifying drugs against 

the acidic environment of the stomach might not be sufficient if the target tissue is located later 

in the gut. The synthetic polymer PLGA can already serve as an encapsulation vehicle on its 

own but one study developed the concept further. PLGA particles containing HIV Env protein 

were additionally coated with the methacrylate-based polymer Eudragit FS30D. This coating 

only dissolves at pH >7.0 which protected the vaccine from degradation in the stomach and 

from being released in the small intestine. Thereby it was successfully released in the large 

intestine. Delivery to this part of the GI tract was more capable of inducing a robust cellular 

and humoral immune response at vaginal and rectal mucosa than vaccines delivered to the 

small intestine (Zhu et al., 2012). Genitorectal immunity set aside, the small intestine is 

generally more relevant for the recognition of antigens from the intestinal lumen than the large 

intestine. Once the encapsulated vaccine exits the stomach, it needs to cross two barriers 

before it can reach the underlying immune effector cells. These barriers are the mucus and the 

epithelium. The mucus layer is an adhesive and viscoelastic gel comprised primarily of a mesh 

of mucins with a varying thickness of 123-480 µm (Ensign et al., 2012). Mucoadhesion and 

mucus-penetration are two engineering strategies that can be applied to increase the number 

of particles that overcome this first barrier. Mucoadhesion is generally achieved by a positively 

charged and hydrophobic surface; characteristics that are commonly provided by natural 

polymers such as chitosan (Wu et al., 2018). Although mucoadhesive particles have generated 

impressive results that even reached commercialization (Guada et al., 2016; Nagarwal et al., 

2011), the fast mucus turnover time of 50-270 minutes constitutes an additional challenge 

(Lehr et al., 1991). Mucus-penetration on the other hand, tries to avoid tight interaction of 

particles with the mucin matrix. The characteristics necessary for this are a hydrophilic and an 

overall neutral surface charge; two criteria that are commonly met by viruses (Wu et al., 2018). 

When the microcarriers have made it through the mucus and onto the layer of epithelial cells, 

they need to pass this final barrier by either para- or transcellular transport (Reinholz et al., 

2018). Microcarriers offer the added benefit that the uptake of antigens in particulate form is 

generally more efficient by up to 30-fold compared to soluble antigens (Gregory et al., 2013). 

This can be improved even further by functionalizing the particle’s surface such that it binds 

certain markers of cells in the intestinal wall. The two cell types that are most relevant for 

antigen uptake from the intestinal lumen are M cells and absorptive epithelial cells (or 

enterocytes). The main function of M cells is the non-degenerative transcytosis of antigens 

from the lumen towards dendritic cells and macrophages in the underlying tissue (Pridgen et 

al., 2015). Therefore, M cell-specific targeting is a particularly promising strategy to enhance 

the efficacy of mucosal vaccines. Additionally, these cells are covered by a much thinner 
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mucus layer than other cells of the intestine (Jang et al., 2004). Numerous M cell-ligands such

as Ulex europaeus 1, Galectin-9, or antibodies that target M cell-receptors resulted in

increased delivery of antigens (Clark et al., 2001; Foster et al., 1998; Hase et al., 2009; Kyd

and Cripps, 2008; Nochi et al., 2007). However, M cells can only be found in Peyer’s Patches;

a part of the gut-associated lymphoid tissue. As a result, M cells occur in amuch lower number

than enterocytes. Only 1 in 10 million epithelial cells is a M cell (Kim et al., 2012). Due to their

innate function, most work has focused on M cells to achieve enhanced uptake of particulate

vaccines. Enterocytes on the contrary are the most common cell type in the absorptive surface

area of the intestine. Studies have shown that enterocytes are also capable of transcytosing

macromolecules and bacteria across the epithelial barrier (Devriendt et al., 2012; Neal et al.,

2006). This transcytosis can further be improved by conjugating particles to lectins or bacterial

adhesins. For instance, nanoparticles modified with a tomato-lectin were endocytosed more

Figure 1: Schematic drawing of the four routes by which particle drugs, in this case protein
bodies (PB), can travel across the epithelium. (1) Particles can be transcytosed by M cells
(M) that reside in Payer’s patches. Reduced thickness of mucus and tight interaction of M
cells and dendritic cells (DC) make this route highly favorable. (2) Transcytosis of particles
through enterocytes (E) was also described. The benefit of this route is the abundance of
enterocytes in the intestine. (3) Particles can also travel across the epithelium through tight
junctions between epithelial cells. (4) DCs also use these tight junctions to reach their
dendrites into the lumen of the intestine to probe for antigens. On the basolateral side of the
epithelium, APCs such as DCs and macrophages (Ma) trigger the cascade that ultimately
results in the immune response.

1
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efficiently by rat enterocytes in vivo than unmodified ones (Carreno-Gómez et al., 1999; 

Hussain et al., 1997). Similarly, wheat germ agglutinin and concanavalin A led to more 

nanoparticles being transcytosed across monolayers of Caco-2 cells in vitro (Chen et al., 1996; 

Russell-Jones et al., 1999). Regarding bacterial adhesins, many studies focused on F4 

fimbriae originating from enterotoxigenic Escherichia coli. F4 fimbriae target aminopeptidase N 

on porcine enterocytes. Conjugation of antigens to F4 fimbriae resulted in a rapid and strong 

sIgA and IgG response in piglets (Melkebeek et al., 2012; Tiels et al., 2008). Microcarriers can 

not only travel across the epithelium by means of transcytosis through enterocytes or M cells, 

they can also find their way through tight junctions in between those cells (Sonaje et al., 2012). 

Regardless of the route, the ultimate goal for particle vaccines are antigen-presenting cells 

(APCs) on the basal side of epithelial cells. APCs such as macrophages and dendritic cells 

then trigger the cascade that finally results in the immune response against the encapsulated 

antigen. Additionally to the aforementioned routes, dendritic cells can extend their dendrites 

through the tight junctions between epithelial cells to probe for antigens and endocytose them 

directly from the intestinal lumen; a process also known as periscoping (Figure 1) (Gewirtz and 

Madara, 2001; Rescigno et al., 2001). Further down the immunological signaling cascade, B 

cells are activated and stimulated by the crosslinking of B cell-receptors and the antigen. This 

crosslinking is more efficiently achieved by antigens that are displayed on the surface of a 

particle – as opposed to soluble antigens – because there they are present at a higher density 

and in a structurally ordered fashion (López-Sagaseta et al., 2016). Although this principle is 

also utilized by attenuated or inactivated vaccines, the same was accomplished quite early by 

subunit vaccines as well. The hepatitis B virus antigen forms spherical particles when 

expressed recombinantly and in 1981 these particles became the first subunit vaccine, the first 

recombinantly produced vaccine, and the first to prevent cancer (Hilleman, 2000; Valenzuela 

et al., 1982). It is also a prominent example of a vaccine particle that is formed by protein self-

assembly.  

1.3 Zeins self-assemble into stable particles  

Many naturally occurring proteins self-assemble into large structures in the nm and µm 

size range. These proteins can arrange into specific shapes such as fibers, tubes, and hollow 

or solid spheres (Mandal et al., 2014). The formation of large protein structures is mostly driven 

by weak noncovalent interactions such as Van der Waals forces, electrostatic energy, and 

hydrophobic interaction (Domingo-Espín et al., 2011). Large proteins have evolved for several 

reasons. Either their morphological function demands a certain layout like is the case  
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for viral capsids or they have a cooperative function such as the structural protein collagen. 

The formation of large protein complexes is also a way to reduce their surface area. This 

means that less of the protein is exposed to the solvent which can be energetically favorable. 

The reduced surface area also results in increased stability against degradation and this 

stability is further supported by their extensive internal organization (Goodsell and Olson, 

2000). Preventing premature degradation is particularly important for seed storage proteins 

(SSPs). The purpose of SSPs is to provide nitrogen for the germinating seedling after extended 

times of storage. Some do that so efficiently that they are able to germinate after 2000 years 

in a non-frozen state (Sallon et al., 2008). Historically, SSPs are grouped into four classes that 

are distinguished by their solubility. Albumins are soluble in water, globulins in salt solutions, 

prolamins in alcohol dilutions, and glutelins in acidic or alkaline solutions. However, each class 

has subgroups that again have specific solubility characteristics. Cereals mainly store their 

proteins as prolamins and in maize these prolamins are called zeins (Krishnan and Coe, 2001). 

The zeins themselves are grouped into alpha, beta, gamma, and delta zeins based on 

differences in solubility. Individual members are then further specified by their molecular weight 

and some of them are present in multiple copies in the maize genome (Woo et al., 2001). An 

overview of this is provided in Table 1 and the phylogenic tree in Figure 2 shows their 

evolutionary distance. The deposition of zeins happens in a temporally coordinated fashion in 

the endoplasmic reticulum of developing endosperm cells. This deposition results in the 

formation of large spherical structures called protein bodies (PBs).  

Table 1: List of zeins in developing maize endosperm (adapted from Woo et al., 2001) 

Name (Abbreviation) Percent in Endosperm 
cDNA Library 

Amino Acids MW (calculated) MW (SDS-PAGE) 

27 kDa gamma zein (gz27) 5.4 204 21,822 27 kDa 

16 kDa gamma zein (gz16)  2.9 163 17,663 16 kDa 

50 kDa gamma zein (gz50) 1.5 278 32,882 50 kDa 

15 kDa beta zein (bz15) 4.7 160 17,458 15 kDa 

18 kDa delta zein (dz18) 1.0 190 21,220 18 kDa 

10 kDa delta zein (dz19) 0.5 129 14,431 10 kDa 

19 kDa alpha zein (az19D1) 1.2 222 24,818 19 kDa 

19 kDa alpha zein (az19D2)  1.0 220 24,706 19 kDa 

19 kDa alpha zein (az19B1) 15.9 213 23,359 19 kDa 

19 kDa alpha zein (az19B2) 0.1 246 27,128 22 kDa 

19 kDa alpha zein (az19B3) 5.7 219 24,087 19 kDa 

19 kDa alpha zein (az19B4) 0.06 In-frame stop NA NA 

19 kDa alpha zein (az19B5) 0.05 Truncated cDNA NA NA 

22 kDa alpha zein (az22z1) 4.9 242 26,359 22 kDa 

22 kDa alpha zein (az22z3) 0.5 245 26,751 22 kDa 

22 kDa alpha zein (az22z4) 0.5 246 26,923 22 kDa 

22 kDa alpha zein (az22z5) 0.1 245 26,701 22 kDa 
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Figure 2: Phylogenic structuring of zeins based on their amino acid sequence. Gamma zeins 
are highlighted in green, az19 in orange, and az22 in blue. The zeins used in this thesis are 
indicated by an asterisk (*). It should be noted that bz15 is closer related to gamma zeins 
whereas delta closer to alpha zeins.  

 

In fully developed PBs, the zeins are distinctly localized and their spatial organization 

manifests in a layered core-shell structure (Guo et al., 2013; Lending and Larkins, 1989). 

Gamma and beta zeins are the first to be expressed during seed maturation. Both are rich in 
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zeins are expressed and they then penetrate the PB matrix to accumulate in their core whereas 

gamma and beta zeins form the outer shell (Figure 3). This accumulation of alpha and delta 

zeins drives the expansion of PBs with fully developed PBs having diameters of 1 to 2 µm. The 

localization of alpha and delta zeins in the core of PBs seems a logical consequence due to 

their higher hydrophobicity compared to gamma and beta (Herman, 1999). However, 

hydrophobicity is not the only driver determining the structure of PBs. Interactions between 

zeins seem to be specific even though the exact mechanism has not yet been identified (Bagga 

et al., 1997; Coleman et al., 1996). Yeast two-hybrid experiments identified that gamma zeins 

strongly interact with each other and with beta zein while az19 and az22 only weakly interact 

with each other but prefer to do so with delta zein (Kim et al., 2002). This grouping of zeins is 

also seen by their evolutionary distance based on protein sequence homology (Figure 2). The 
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same yeast two-hybrid study also found that gz16 and bz15 are the only ones that are able to 

interact with the alpha/delta zein group. Besides protein interactions, asymmetric targeting of 

zein mRNAs to subdomains of the endoplasmic reticulum is essential for the correct 

arrangement of PBs (Washida et al., 2004, 2009).  

The self-assembling capability of zeins has attracted a lot of attention from researchers 

investigating the encapsulation and delivery of therapeutic agents. The number of articles 

published annually on zein has increased from an average 41 between 1990 and 2000 to north 

of 260 in 2019 (“zein” in title, abstract, and keywords on Scopus). Most of these studies use 

commercially available zein to encapsulate the therapeutic agents. Commercial zein is 

extracted from corn products or coproducts using aqueous alcohols. Classically, zein is 

extracted with 88% (w/w) 2-propanol with 0.25% NaOH from corn gluten meal; a protein-rich 

coproduct of the wet-milling process (Anderson and Lamsa, 2011). It was determined that the 

zein that is available on the market consists almost exclusively of alpha zein (Wilson, 1988). 

For the preparation of loaded microcarriers, zein and the active component can be linked by a 

multitude of in vitro methods. These include chemical crosslinking, emulsification/solvent 

evaporation, emulsification/precipitation/gelation, spray drying, supercritical anti-solvent 

technique and phase separation (Zhang et al., 2016). Many benefits have been demonstrated 

for such loaded zein microcarriers. They can be used to delay the release of the active 

compound (Hurtado-López and Murdan, 2006), to improve its stability (Lee et al., 2013), to 

target specific organs such as the liver (Lai and Guo, 2011), and to improve bioavailability after 

oral administration (Ahmed et al., 2015; Hashem et al., 2015; Luo et al., 2013). Besides these 

advantageous characteristics, another reason why zein has gained so much attention is 

because it was approved as “generally recognized as safe” by the U.S. Food and Drug 

 

Figure 3: Schematic drawing of the development of zein PBs in maize endosperm cells. At 
first, only gamma and beta zein are expressed. Gamma zein initiates the PB formation in the 
rough endoplasmic reticulum (rER) where it colocalizes with beta zein. The expression of 
alpha and delta zein starts later and they then enter the PB matrix and cause its expansion. 
In fully developed zein PBs, gamma and beta zein constitute the outer shell whereas alpha 
and delta zein are found in the core of PBs (adapted from Lending and Larkins, 1989).  
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Administration in 1985 (Zhang et al., 2015). Although extracted alpha zein has been used to 

encapsulate proteins in vitro (Lee et al., 2016), the majority of studies focused on other non-

proteinaceous products such as alpha-tocopherol (Luo et al., 2011), curcumin (Gomez-Estaca 

et al., 2012), ketoprofen (Jiang et al., 2012), and procyanidins (Zou et al., 2012) because of 

their hydrophobicity. Another way of encapsulating proteins into zein PBs is in vivo by 

heterologous expression of zein as a fusion with the protein of interest. As mentioned earlier, 

it was shown that amongst all zeins gz27 is the most relevant for the induction of PB formation. 

Its capability to do so derives from structural features within its amino acid sequence. gz27 is 

divided into three domains: the N-terminal part hosts eight repeats of the hexapeptide 

PPPVHL, a linker-region with alternating P-X, and a C-terminal region that is homologous to 

2S albumins and is rich in cysteines (Geli et al., 1994; Llop-Tous et al., 2010; Mainieri et al., 

2014; Prat et al., 1985). It was later determined that out of the 204 amino acids of gz27 (without 

the signal peptide) only the N-terminal 93 amino acids are required for the formation of PBs. 

These 93 amino acids of gz27 only include the (PPPVHL)8 and the P-X domain. This sequence 

will be called gz93 from here on. The (PPPVHL)8 domain forms a left-handed amphipathic 

polyproline II helix that facilitates the oligomerization by hydrophobic interactions that are then 

stabilized by intermolecular disulfide-bridges (Llop-Tous et al., 2010). In this regard, Cys7 and 

Cys9, that proceed the (PPPVHL)8 domain, are more important than Cys64, Cys82, Cys84, and 

Cys92 that follow. The capability to form PBs is therefore an intrinsic feature of gz93 and is not 

dependent on other factors provided by the maize endosperm, where gz93 derives from. gz93 

also induces PB formation when other proteins are fused to its C-terminus. This is very well 

documented for fluorescent marker proteins (Llop-Tous et al., 2010) but also for proteins of 

interest such as enzymes (Llop-Tous et al., 2011) or antigens (Hofbauer et al., 2016; van Zyl 

et al., 2017). gz93 fusion proteins have been recombinantly expressed in numerous eukaryotic 

hosts. PB formation of gz93 fusions has been demonstrated in human HEK293T cells, monkey 

kidney cells Cos1, Chinese hamster ovary cells, filamentous fungi Trichoderma reesei, Sf9 

insect cells, and plants such as Arabidopsis thaliana, Medicago sativa (alfalfa), or Nicotiana 

spp. (Alvarez et al., 2010; Torrent et al., 2009). Examples of therapeutic proteins that were 

fused to gz93 include antigens of viruses such as influenza (Hofbauer et al., 2016), bluetongue 

(van Zyl et al., 2017), Yersinia pestis (Alvarez et al., 2010), and human papillomavirus 

(Whitehead et al., 2014), or they were hormonal proteins such as calcitonin, epidermal growth 

factor, and human growth hormone (Torrent et al., 2009). Because of this versatility, gz93 was 

patented under the name Zera® by the Spanish company ERA Biotech SL., which is now 

called Zip Solutions SL (Ludevid et al., 2006). The expression of recombinant proteins as gz93-

induced PBs also helps to improve yields by proposedly preventing degradation of the protein 

of interest (Alvarez et al., 2010). For gz27, it has indeed been demonstrated that it can 

withstand digestion by pepsin in simulated gastric fluid (Krishnan et al., 2010). A feature that 
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is also true for rice prolamins and that is a crucial prerequisite for the oral administration of 

vaccines (Takaiwa et al., 2015). Administration of viral antigens encapsulated into PBs of gz93 

can also be immunogenically favorable. gz93 displayed adjuvant effects when the ectodomain 

of hemagglutinin subtype 5 of the influenza virus was fused to gz93 and injected 

subcutaneously into mice. gz93-H5 PBs were able to induce a similar immune response as 

soluble H5 administered alongside Freund’s adjuvant, whereas soluble H5 without an adjuvant 

failed to induce a response. It is important to note that in the same study it was not possible to 

detect a significant immunological reaction against gz93 (Hofbauer et al., 2016). The adjuvant 

effect might be explained by an increased cellular uptake rate of antigen. The (PPPVHL)8 

domain of gz93 closely resembles the sequence of a cell-penetrating peptide (PPPVRL)3 called 

sweet arrow peptide (Pujals and Giralt, 2008). The amphipathic nature of this domain may 

facilitate the interaction with membranes and therefore the endocytosis of gz93 PBs. As 

described earlier, efficient endocytosis of oral vaccines is crucial to ensure their transfer across 

the gut epithelium. The cellular uptake of gz93 PBs shall be investigated in this thesis. 

Additionally, the concept of encapsulation into zein PBs shall be developed further. Formation 

of multicomponent PBs promises to enable adjustments of particle stability, release of active 

compound, and cellular uptake.  
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2 Objectives  

One objective of this thesis is to further our knowledge about the applicability of zein 

particles as microcarriers for oral vaccines. The efficacy of oral vaccines strongly depends on 

the bioavailability of the antigen. The endocytosis of loaded particles by cells of the intestinal 

epithelium is therefore a crucial parameter. A high uptake rate means higher efficacy which 

translates to a lower dose that in turn leads to a wider therapeutic window and less side effects. 

The endocytosis of fluorescent gz93 PBs shall therefore be investigated in cultured human 

colonic epithelial cells. This shall be analyzed qualitatively by confocal imaging and 

quantitatively by comparing flow cytometry data of cells treated with PBs versus cells treated 

with synthetic beads. Furthermore, it shall be investigated whether the endocytosis of PBs is 

able to trigger epithelial cells to release cytokines that are involved in the recruitment of APCs. 

If so, uptake of PBs by APCs shall be investigated as well. Since these studies will require 

relatively large amounts of PBs, a scalable, filtration-based method for the enrichment of PBs 

shall be developed.  

Another objective is to further advance the zein-based encapsulation system. As of now, 

all biomedical applications of gz93 revolved around generating PBs that consisted of only one 

bioactive agent. By creating PBs with two or more components, it should be possible to add 

more functionality to the system. The presence of additional zeins in recombinant PBs might 

help to control their stability and the release kinetics of therapeutic proteins. If these multi-zein 

PBs arrange into a core-shell structure like they do in maize, the outer shell could be modified 

for enhanced endocytosis in the target organism. The second part of this thesis therefore aims 

to create recombinant PBs that consist of multiple components and the highly ordered structure 

of PBs in maize served as a model. As a prerequisite, it will be systematically analyzed whether 

zeins other than gz27/gz93 are able to form PB-like structures as fusion proteins in Nicotiana 

benthamiana. Zeins with different fluorescent markers shall then be coexpressed to investigate 

their capability to form multicomponent PBs. Since it has been demonstrated that mRNA-

targeting influences the structural organization of zein PBs, experiments shall elucidate 

whether the inclusion of mRNA zip codes has beneficial effects on the formation of multi-zein 

bodies.  

 

  



 18 

3 Material and Methods 

3.1 Molecular cloning  

Constructs were designed in silico with the software SnapGene and fully or partially 

synthesized by GeneCust Europe. Constructs az19-mCherry, gz27-EGFP, gz93-EGFP were 

delivered in a pBluescriptIISK+ background and transferred into the binary pTRA vector 

(Maclean et al., 2007) by SmiI/XbaI-mediated restriction cloning. For constructs az22-mCitrine-

FLAG, gz16-mKO2-cMyc, bz15-mTagBFP2-VSV, dz10-V5, and az19-mCherry-HA the pTRA 

backbone was provided to GeneCust Europe and final constructs were delivered in this 

destination vector. Recombination of BamHI/XbaI-digested DNA fragments generated 

constructs gz27-mCherry-HA, gz27-mTagBFP2-VSV, gz93-mCherry-HA, gz93-mTagBFP2-

VSV, az19-EGFP, az19-mKO2-cMyc, az22-EGFP, az22-mCherry-HA, az22-mTagBFP2-VSV, 

gz16-EGFP, gz16-mCherry-HA, gz16-mTagBFP2-VSV, bz15-EGFP, bz15-mCherry-HA, 

dz10-EGFP, dz10-mCherry-HA, and dz10-mKO2-cMyc. Native zein 5’- and/or 3’-UTRs were 

also synthesized by GeneCust Europe and inserted into az19-mCherry, gz27-EGFP, and 

gz93-EGFP by XhoI/Kpn2I and HindIII/SmaI-mediated restriction cloning, respectively, to 

produce constructs 53U-az19-mCherry, 53U-gz27-EGFP, 53U-gz93-EGFP, 5U-az19-

mCherry, 5U-gz27-EGFP, 5U-gz93-EGFP, 3U-az19-mCherry, 3U-gz27-EGFP, 3U-gz93-

EGFP. Primers 5’-GATACAGTCTCAGAAGACCAGAG-3’, 5’-

GGAACTACTCACACATTATTCTGGAG-3’, 5’-CCTTGCTCACCATCGCCGTAGCAGCACTT-

GCAG-3’, 5’-GTGCTGCTACGGCGATGGTGAGCAAGGGCGAGGAG-3’ were used in 

overlap-extension PCRs to combine fragments and introduce restriction sites XhoI and SmaI 

during the generation of constructs 53U-mCherry, 5U-mCherry, 3U-mCherry and mCherry (no 

zein, no zein UTR).  

All zeins include their native signal peptide and neither zeins nor fluorescent proteins 

were codon optimized for the expression in Nicotiana benthamiana. All constructs were 

designed with a (GGGGS)2 linker between zein and the fluorescent protein. Constructs that 

contain a C-terminal peptide tag have their tag attached by a G3 linker after the fluorescent 

protein. Constructs that do not contain native zein UTRs instead harbor a UTR from tobacco 

etch virus (TEV) for increased mRNA stability. The pTRA vector is a derivative of pPAM 

(GenBank accession number AY027531) and contains the 35S promoter with duplicated 

transcriptional enhancer and the 35S terminator both originating from Cauliflower mosaic virus 

(CaMV) as well as matrix attachment regions of tobacco Rb7 up- and downstream of the 

promoter and terminator, respectively (Halweg et al., 2005; Maclean et al., 2007; Rademacher 

et al., 2002; Sack et al., 2007).  
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GenBank accession numbers for each zein are az19 (AF371269), gz27 (AF371261), 

gz93 (N-terminal 93 amino acids of AF371261), gz16 (AF371262), bz15 (AF371264), dz10 

(AF371266), and az22 (AF371274). Amino acid sequences can also be found in the appendix.  

3.2 Phylogenic analysis  

15 zein amino acid sequences were aligned with ClustalW in MEGA X (Kumar et al., 

2018; Larkin et al., 2007). The evolutionary history was inferred using the Neighbor-Joining 

method (Saitou and Nei, 1987). The optimal tree with the sum of branch length = 5.31566557 

is shown. The tree is drawn to scale, with branch lengths in the same units as those of the 

evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were 

computed using the Poisson correction method (Zuckerkandl and Pauling, 1965) and are in 

the units of the number of amino acid substitutions per site. All ambiguous positions were 

removed for each sequence pair (pairwise deletion option). There was a total of 312 positions 

in the final dataset.  

3.3 Plants and Agrobacteria  

Nicotiana benthamiana plants grew on soil in a chamber with a 16 h photoperiod at 70% 

relative humidity and day/night temperatures of 26°C and 16°C, respectively. pTRA constructs 

were transferred into chemically competent Agrobacterium tumefaciens GV3101 containing 

the helper plasmid pMP90RK (Koncz and Schell, 1986). Cultures of Agrobacterium strains 

were inoculated from glycerol cryo-stocks and cultivated in YEB medium containing 25 mg/l 

kanamycin, 25 mg/l rifampicin, and 50 mg/l carbenicillin. Cultures were incubated at 28°C while 

shaking at 200 rpm. Prior to infiltration, the cultures were pelleted and washed twice with 

infiltration medium (10 mM MES pH 5.6, 10 mM MgCl2, 100 µM acetosyringone) and adjusted 

with infiltration medium to specific optical densities at 600 nm wavelength (OD600 of 0.2 if not 

stated otherwise). Infiltration of Nicotiana benthamiana leaves was performed manually with 1 

ml syringes. Leaves were harvested 8 days post infiltration (dpi) to produce PBs for uptake 

assays whereas smaller samples for size determination were harvested at 4 and 12 dpi as 

well. 

3.4 Protein body size determination  

The diameter of gz93-EGFP PBs was determined at 4, 8, and 12 dpi by analyzing 

maximum projected Z-stacks of CSLM pictures. For each sample, a 5 x 5 mm section was 

excised from agroinfiltrated leaves of Nicotiana benthamiana and mounted on a glass slide 

with tap water as immersion medium. The samples were observed under a Leica SP5 Confocal 

Laser Scanning Microscope (CLSM) using a 63x water immersion objective (NA 1.20). Argon 
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laser power was set to 16% and the 488 nm laser line was set to 2% output for the excitation 

of EGFP. Forty-eight pictures along the z-axes were recorded at a resolution of 1024 x 1024 

px for each picture with a step size of 1.1 µm (bidirectional scanning at 400 Hz, 2x line 

averaging). Maximum projections of z-stacks were exported from Leica Software and analyzed 

using Adobe Photoshop. 832, 986, and 821 individual protein bodies from at least three 

samples per time point were measured for 4, 8, and 12 dpi, respectively. Statistical significance 

between time points was determined by one-way ANOVA with post-hoc Tukey’s test. 

3.5 Processing of plant material for uptake studies  

Nicotiana benthamiana leaf material expressing gz93-EGFP or gz93-mTagBFP2 was 

harvested at 8 dpi and stored at -20°C until processing. Leaf material, 200 g, were 

homogenized in a Waring-type blender with the addition of 800 ml PBS extraction buffer (137 

mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.4) supplemented with 2% 

Triton X-100. The extract was further homogenized with a disperser (IKA ULTRA-TURRAX® 

S 25 N - 10 G) and then repeatedly pelleted by centrifugation at 15000 rcf for 30 min at 4°C. 

The supernatants were discarded, and the pellets were washed twice with PBS extraction 

buffer including 2% Triton X-100 and twice with PBS lacking Triton X-100. The resulting 

suspension was then filtered through a 180 µm nylon mesh filter utilizing a vacuum-assisted 

bottle-top filter holder. Small amounts of antifoam Y-30 were added when necessary. This was 

then subjected to the first tangential flow filtration (TFF) using a nylon filter cloth with a 10 µm 

cutoff. Since TFF systems with this pore rating were not available, we built a prototype TFF 

filter holder that can be equipped with any cloth or membrane. This filter holder provided a 

surface area of 96 cm2 and was operated by a peristaltic pump. gz93-EGFP PBs passed 

through the 10 µm filter and the permeate is washed and concentrated using a second TFF 

with a 0.65 µm cutoff (SpectrumLabs; C02-E65U-07-N). Once some of the permeate has 

passed the first filter, both systems can be operated simultaneously. The concentrated 

retentate is subjected to low speed density centrifugation over a cushion of 40% CsCl (1.4225 

g/cm3) at 4800 rcf for 30 min at 20°C. The top layer was collected and washed twice with five 

sample volumes PBS, in order to remove CsCl, by pelleting at 21000 rcf for 5 min at 20°C.  

3.6 Flow cytometry of protein bodies  

Processed samples of gz93-EGFP PBs were measured in a V-bottom 96-well plate and 

data was collected for 10000 events using a flow cytometer (CytoFlex S, Beckman Coulter). 

EGFP signal was excited at 488 nm and emission was measured at 525 nm. Forward scatter, 

side scatter, and EGFP gain were set to 40, 24 and 50, respectively. In order to show the 
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reproducibility of the method three independent measurements, each including 5 replicates, 

were performed. Flow cytometer data was analyzed with CytExpert 2.3 (Beckman Coulter). 

3.7 Mammalian cell culture  

Human colonic epithelial cells (HCEC-1CT, CkHT-039-0229, Evercyte GmbH, Vienna) 

were routinely grown at 37°C under a humidified atmosphere of 7% CO2 in DMEM:199 

(4:1/Biochrome, Germany) supplemented with 2% cosmic calf serum (HyClone, Logan, UT), 

EGF (25 ng/mL), hydrocortisone (1 g/mL), insulin (10 g/mL), transferrin (2 g/mL) and sodium 

selenite (5 nM) (all from Sigma Aldrich GmbH, St Louis, MO). Differentiation of cells towards 

colonic epithelial cells (Roig et al., 2010a) was induced by culturing cells for 48 hours in 

DMEM:199 (4:1) supplemented with 0.1% cosmic calf serum, EGF (1.25 ng/ml), 

hydrocortisone (1 µg/ml), insulin (10 µg/ml), transferrin (2 µg/ml), sodium selenite (5 nM) and 

GSK-2 inhibitor IX (5 µm, Merck, Germany).   

U937 cells (ATCC CRL 1593) were cultivated in RPMI 1640 (Biochrome, Germany) 

containing 10 % heat inactivated fetal calf serum and 4 mM L-Glutamine (Sigma Aldrich GmbH, 

St Louis, MO). Differentiation of cells towards macrophage-like cells was induced by culturing 

7 × 105 cells/ml cells in medium containing 100 nM phorbol 12-myristate 13-acetate (PMA) for 

24 hours (Mendoza-Coronel and Castañón-Arreola, 2016). Medium was changed to routine 

medium and cells were cultivated for further 48 hours until cells attached to the surface 

showing the development of dendritic-like morphology.  

3.8 PB uptake and flow cytometry of HCE cells  

For uptake studies, the medium was supplemented with 100 units/ml of penicillin, and 

100 μg/ml of streptomycin (Sigma Aldrich GmbH St Louis, MO) and 2 x 104 cells/cm² were 

seeded and differentiated for 48 hours until confluence was reached. Based on the results 

from the quantification of PBs using a flow cytometer, cells were incubated with 150 gz93-

EGFP PBs/cell at 37°C (n = 3) for 2, 6, 12, 18 and 24 hours. Prior to cell detachment using 

0.1%/0.02% Trypsin/EDTA for 5 minutes, cells were washed thoroughly with PBS to remove 

remaining particles. The uptake of fluorescent particles into the cells was analyzed in a flow 

cytometer (CytoFlex S, Beckman Coulter). Yellow-green labelled 1 µm polystyrene 

microspheres (F13081, Thermo Fisher Scientific, Waltham, MA) were used for comparison. As 

a negative control, cells were kept for 6 hours at 4°C to prevent active particle uptake. The 

negative control was carried out with 150 gz93-EGFP PBs or polystyrene microspheres (PS 

beads) per cell, respectively, and the signal obtained was subsequently subtracted from the 

fluorescent signal obtained from cells incubated at 37°C. 
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The supernatant of cells was collected after 24 hours of incubation either with or without 

gz93-EGFP PBs or PS beads, centrifuged for 15 minutes with 500 rcf at 4°C and stored 

at -80°C until analysis of cytokine content. Cytokines interleukin-6 and granulocyte 

macrophage colony stimulating factor (GM-CSF) secreted into the media by HCEC-1CT cells 

were measured using the MILLIPLEX® MAP Human Cytokine/Chemokine panel (Hcytomag-

60-K, Merck Millipore, Burlington, MA). As a positive control, cells were incubated for 24 hours 

with 200 ng/ml TNFα (Sigma Aldrich GmbH St Louis, MO) to induce cytokine secretion. 

Statistical significance was determined by ordinary one-way ANOVA with Sidak’s multiple 

comparisons test. 

3.9 Microscopy of mammalian cells  

HCE cells were seeded in 8-well micro-slides (Cat#80826, ibidi, Gräfelfing, Germany) 

and differentiated after a cell number of 3 x 104 cells/cm² was reached. After incubation with 

gz93-EGFP PBs for 4 hours, cells were washed 3 times with PBS. In order to visualize the cell 

nuclei, cells were stained for 5 minutes with 2 µg/ml Hoechst 33342 (H1399, Thermo Fisher 

Scientific). Additionally, cells were incubated for 5 minutes at 37°C with 5 µg/ml of the lipophilic 

cell membrane dye FM4-64 (T13320, Thermo Fisher Scientific). Cellular uptake of PBs into 

HCEC-1CT was confirmed by confocal light scanning microscopy (CLSM) using a Leica TCS 

SP8 with a 63x water immersion objective (NA 1.20) (Leica Microsystems, Wetzlar, Germany; 

lasers: diode 405 nm, white light laser 488 nm, 565 nm; detectors: HyD 432 – 472 nm, PMT 

503 – 515 nm). Z-stacks were generated with a step size of 0.7 µm.  

U937 cells were incubated for 2 hours with gz93-EGFP and gz93-mTagBFP2 PBs at 

37°C. Lysosomes of cells were loaded by pulsing cells with 0.1 mg/ml Alexa Fluor 647–dextran 

for 4.5 hours, and then cells were chased for 2 hours. Cellular uptake of PBs into U937 cells 

was confirmed by CLSM as described for HCE cells.  

3.10 Analysis of nicotine content in PB preparations  

Nicotine extraction was performed as described (Moghbel et al., 2015). PBs derived from 

50 mg of leaves (FW) were extracted for 2 h in 1 ml extraction solution (40% aqueous methanol 

containing 0.1% 1N hydrochloric acid). The supernatant was collected, and the pellet was re-

extracted twice. The supernatants were combined and evaporated to dryness (Savant Speed 

Vac SC-110 with cooling unit RVT-100, Savant instruments, Holbrook). For comparison, 50 

mg of leaves of Nicotiana benthamiana were ground and extracted according to the same 

protocol. A nicotine standard (Merck, N0267) was used for quantification. For HPLC-ESI-

MS/MS measurements, the sample was dissolved in 12 μL of 80 mM ammonium formate buffer 

(pH 3.0) and 5 μL were loaded on a BioBasic C18 column (BioBasic-18, 150 x 0.32 mm, 5 µm, 
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Thermo Scientific) using a Dionex Ultimate 3000 system directly linked to a QTOF instrument 

(maXis 4G ETD, Bruker). A gradient from 99.0% to 6.2% of solvent A and 1.0% to 93.8% of 

solvent B (solvent A: 80 mM ammonium formate buffer at pH 3.0, B: 80% acetonitrile and 20% 

A) was applied over a 10 min interval at a flow rate of 6 μL/min. The mass spectrometer was 

equipped with the standard ESI source and measurements were performed in positive ion, 

DDA mode (= switching to MSMS mode for eluting peaks). MS-scans were recorded (range: 

100-1500 m/z) and the 4 highest peaks were selected for fragmentation. Instrument calibration 

was performed using an ESI calibration mixture (Agilent). 

3.11 Microscopy of multicomponent PBs in leaves of Nicotiana benthamiana  

To investing the formation of multicomponent zein PBs in Nicotiana benthamiana, 

fluorescent zein proteins were expressed on their own or in combination. The generation of 

plasmids was described in section 3.1 and the infiltration process was described in section 3.3. 

Leaf sections with a size of 5 x 5 mm were excised from the plants and mounted on a glass 

slide with tap water as the immersion medium. The samples were analyzed with a Leica SP8 

confocal laser scanning microscope using a 63x objective with a numerical aperture of 1.2 and 

a refraction index of 1.33. The power of the white light laser was always set to 70% whereas 

the intensity of individual laser lines, gain, and digital magnification were changed according 

to necessity. Images were acquired at either 512 x 512 or 1024 x 1024 pixels with line 

averaging between 2 and 8 (no frame averaging).  

Sample preparation for transmission electron microscopy was performed as follows. 

Infiltrated leaves of Nicotiana benthamiana were cut into squares of 1 mm3 fixed overnight at 

4°C in 2% paraformaldehyde + 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4. The 

samples were washed with 0.1 M cacodylate buffer pH 7.4 and fixed again further fixed with 

1% OsO4 + 0.8% KFeCN for 3 h at room temperature. Samples were washed with ddH2O, and 

again transferred to 2% uranyl acetate in ddH2O for overnight incubation at 4°C. After another 

washing step with ddH2O, the samples were sequentially dehydrated with increasing 

concentrations of acetone at 4°C and later sequentially embedded into Spurr’s resin by 

immersions in increasing concentrations of resin (in acetone). Ultra-thin sections were viewed 

with a JEOL 200CX transmission electron microscope.  
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4 Results and Discussion  

4.1 Endocytosis of zein protein bodies into mammalian epithelial and immune 
cells 

It was reported previously that zein PBs can have an adjuvant effect when administered 

by injection. For example, fusion of a human papillomavirus (HPV) antigen to gz93 enhanced 

the immune responses in mice (Whitehead et al., 2014). Similarly, when the influenza antigen 

H5 was fused to gz93, the resulting PBs were able to elicit a strong immune response that was 

on par with soluble H5 plus Freund’s complete adjuvant, whereas soluble H5 without adjuvant 

failed to induce an immune response (Hofbauer et al., 2016). Particulate formulations of 

antigens generally show this immunostimulatory effect and one possible explanation is that 

upon internalization of a single particle many copies of the antigen enter the cell whereas a 

much higher dose must be administered to achieve comparable local concentrations 

surrounding the cell (Colino et al., 2009; Snapper, 2018). Alternatively, the enhanced immune 

response may also be due to superior antigen display and stability or other immunostimulatory 

signals (Smith et al., 2013). Additionally, gz93 harbors eight repeats of a proline-rich domain 

(VHLPPP)8 that closely resembles the sweet arrow peptide (VRLPPP)3 which is known to have 

cell penetrating capabilities (Sánchez-Navarro et al., 2017).  

The following part focuses on the potential of PBs for oral application. It investigates the 

internalization efficiency of zein PBs into cells of the mucosal lining, comparing the uptake of 

fluorescent gz93 PBs and fluorescent poly-styrene beads of similar size. This demonstrated 

efficient PB internalization into intestinal epithelial cells as well as APCs. Furthermore, it was 

analyzed whether the epithelial cells secrete cytokines that are known to recruit APCs. 

As a prerequisite, it was necessary to ensure sufficient production of gz93 PBs. Although 

transient expression in plants can be cost-effective, the industrial downstream processes for 

the purification of biopharmaceuticals may account for approximately 70-80% of the total 

manufacturing costs regardless of the expression host (Schillberg et al., 2019). In the case of 

gz93 for oral delivery, the complexity of the downstream process was therefore reduced by the 

development of a filtration-based enrichment strategy.  
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4.1.1 Optimized processing enables scalable enrichment of gz93-EGFP PBs  

 

Figure 4: Leaf cells of Nicotiana benthamiana are expressing (A) gz93-EGFP or (B) gz93-
mTagBFP2 PBs at 8 dpi. Z-stacks of 48 CSLM pictures were displayed as maximum 
projections and the median diameter of 986 individual PBs was determined to be 1.03 µm 
(SD±0.34). Scale bars represent 25 µm or 50 µm, respectively. 

To recombinantly produce fluorescent PBs, EGFP was fused to the C-terminal end of 

gz93 connected by a flexible (GGGGS)2-linker (gz93-EGFP). In another construct, EGFP was 

replaced by mTagBFP2; a fluorescent protein that is more stable in acidic conditions than 

EGFP. The gz93-EGFP plasmid was transferred to leaves of Nicotiana benthamiana by 

agroinfiltration and the formation of spherical PBs was confirmed by CLSM (Figure 4). The size 

distribution of PBs was analyzed at 4, 8, and 12 dpi and median diameters of 0.77 (SD±0.43), 

1.03 (SD±0.34), and 1.33 (SD±0.55) µm were determined, respectively (Figure 5). This 

indicates that gz93-EGFP particles keep increasing in size during accumulation of protein. PBs 

at 8 dpi with a median diameter of 1.03 µm were chosen for cellular uptake studies.  
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Particulate vaccine strategies have 

been reported to be effective at lower antigen 

doses compared to soluble formulations (De 

Smet et al., 2014). However, oral vaccines 

generally require a higher dose of antigen to 

induce an immune response when compared 

to traditional parenteral immunizations 

(Pavot et al., 2012). This presents a 

challenge in the development of oral vaccine 

applications and the corresponding 

production platforms need to be highly 

scalable. Even though plant-based 

production systems are very flexible with 

respect to upstream production, the 

downstream processing procedure often 

includes limiting bottlenecks. To obtain 

sufficient amounts of PBs, a new 

downstream procedure for the enrichment of 

zein protein bodies was developed. It is based on a combination of filtration steps (Figure 6) 

and is therefore more scalable than previously described processes based on 

ultracentrifugation (Hofbauer et al., 2016; Joseph et al., 2012; van Zyl et al., 2017; Whitehead 

et al., 2014). The procedure comprised initial washing steps with buffer containing Triton X-

100 to solubilize membranes and to remove soluble host proteins and other compounds from 

the insoluble fraction. This was followed by coarse straining through a 180 µm mesh and two 

subsequent tangential flow filtrations with pore sizes of 10 and 0.65 µm, respectively. The first 

TFF retained large cell debris whereas gz93-EGFP PBs pass through the filter. The second 

TFF step was carried out to remove additional soluble host proteins and particles that are 

smaller than gz93-EGFP PBs. Through this procedure, it was possible to reduce the sample 

volume and concentrate it by a factor of 100. As a result, much more of the sample could be 

subjected to centrifugation over a cushion of 40% CsCl (1.4225 g/cm3) that allowed to separate 

particles with a higher density than gz93-EGFP PBs (e.g. starch granules). In addition, this 

step was performed at only 4800 rcf, and this enabled more sample to be processed compared 

to procedures where centrifugation is done at ultrahigh speeds (> 50000 rcf). 

 

 

Figure 5: Size determination of gz93-EGFP 
PBs. Samples of Nicotiana benthamiana 
were analyzed by CLSM at 4, 8, and 12 dpi. 
The diameter of protein bodies increases 
significantly over time as determined by one-
way ANOVA with post-hoc Tukey’s test (**** 
p < 0.0001). 
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Figure 6: A scalable process for the enrichment of zein PBs, based on two consecutive 
tangential flow filtrations. At the first step, cell debris is retained by a 10 µm nylon filter 
whereas PBs are able to pass and the second step concentrates the PBs while allowing 
soluble contaminants to permeate. In this process flow chart, the path of PBs is highlighted 
in green. 

 

The resulting preparations of gz93-EGFP PBs were evaluated by flow cytometry. This 

method allowed to identify two populations of particles with distinct fluorescence properties 

(Figure 7). In agreement with inspection by confocal microscopy, we concluded that the 

population of fluorescent particles represents gz93-EGFP PBs. The mean concentration of 

fluorescent particles (n = 3) was 3.18E+06 events/µl (SD±13,2%) corresponding to 5.12E+07 

gz93-EGFP PBs/g fresh weight of leaves.  

 

For this study, the PBs were 

recovered by a newly established 

enrichment process based on two 

tangential flow filtration steps and low-

speed centrifugation. This procedure 

can easily be adapted to kg amounts of 

leaf material without the need to invest 

in expensive large equipment for 

continuous ultracentrifugation. It was 

also demonstrated that fluorescent 

zein PBs can be analyzed and 

quantified by flow cytometry. It is likely 

that the procedure can also be adapted 

for non-fluorescent particles by using 

antigen-specific antibodies with 

fluorescent labels, thereby providing a 

general procedure for quality control of 

particulate formulations. It is important 
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Figure 7: Example contour plot of a flow cytometry 
measurement of gz93-EGFP PBs. The fluorescence 
intensity is plotted against the forward scatter 
(height, FSC-H) and the gz93-EGFP PBs are gated 
in the upper-right quadrant (H1-UR). The relative 
amount in this example is 65.6% (SD±0.6) 
fluorescent events in H1-UR versus 34.4% (SD±0.6) 
non-fluorescent events in H1-UL.   
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to note that oral vaccine formulations do not require the extensive purification and sterile 

conditions necessary for injected formulations. The downstream processing reported for plant-

made oral vaccines ranges from simple homogenization to minimal processing and partial 

purification (Chan and Daniell, 2015; Loza-Rubio et al., 2012; Merlin et al., 2017; Pniewski et 

al., 2018). The presence of plant-derived contaminants such as cell wall debris or starch 

particles, which cannot be completely removed by filtration and density centrifugation steps 

are therefore unlikely to constitute a regulatory problem. On the contrary, biocompatible plant 

constituents such as starch microparticles have even been studied as vaccine adjuvants 

(Rydell and Sjöholm, 2004; Stertman et al., 2006).  

The nicotine levels of Nicotiana benthamiana leaves and of the gz93-EGFP PB 

preparation were determined by HPLC-ESI-MS/MS. The nicotine content from 1 g of leaf 

material was 47501 ng (SD±20258), whereas the residual nicotine content in a PB sample 

derived from 1 g of leaves was 3.89 ng (SD±0.2). This demonstrates that during the 

downstream procedure, nicotine was depleted by a factor of 1.22E+04. The residual amount 

of nicotine is comparable to the nicotine content found in some vegetables. For example, levels 

of nicotine in edible parts of tomato and eggplant are 3–7 ng/g (Moldoveanu et al., 2016), and 

average nicotine exposure from consumption of vegetables is approximately 1000 ng/day 

(Andersson et al., 2003). 
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4.1.2 gz93-EGFP PBs are endocytosed by human colon epithelial cells and stimulate 
cytokine release  

The human colon epithelial cell line HCEC-1CT (immortalized by hTERT and CDK4) was 

used to demonstrate endocytosis of zein PBs into cells of the intestinal barrier. This cell line 

maintains expression of cell type specific markers and functions of colon epithelial cells (Roig 

et al., 2010b). The uptake of gz93-EGFP PBs into HCEC-1CT cells was demonstrated by 

CLSM and quantified by flow cytometry. CLSM images showed that cells are able to internalize 

gz93-EGFP PBs within 4 hours of incubation (Figure 8 A-D). The cellular internalization was 

confirmed by providing optical sections (xy-) with xz- and yz-projections (Figure 8 E), which 

allowed a clear differentiation between extra- and intracellular PBs. Furthermore, the 

internalization is proven by the overlay of the green signal, originating from the gz93-EGFP 

PB, and the red signal emitted by FM4-64, reported to stain endocytic membranes (Hansen et 

al., 2009).  

A second experiment was carried out to quantitatively assess the uptake of PBs by flow 

cytometry and to compare the uptake efficiencies of PBs versus PS beads. Based on the 

quantification of fluorescent events per µl, 150 gz93-EGFP PBs or PS beads per cell were 

added to in vitro cultures of HCEC-1CT cells and incubated for 2, 6, 12, 18, and 24 hours. 

Endocytosis of gz93-EGFP PBs occurred faster than that of PS beads as indicated by a 

sharper increasing curve for the PBs, reaching a plateau after 12 hours (Figure 9).  Mean 

values after 12 hours reached 66.5% (SD±6.2) and 43.5% (SD±4.9) for gz93-EGFP PBs and  

 

Figure 8: HCEC-1CT cells have internalized gz93-EGFP PBs after 4 hours of incubation. The 
cell nucleus was stained with Hoechst 33342, displayed in blue (A), gz93-EGFP PBs emit 
green fluorescence (B) and the cell membrane and intracellular structures were stained in 
red with FM4-64 (C). When all channels are merged (D) an orange signal results from the 
overlay of the green and red fluorescence that indicates the internalization of gz93-EGFP PB 
into HCEC-1CT cells. The cell was imaged in 32 sections (with a step size of 0.7 µm), and the 
cell is shown in the XY-axis at z = 11. YZ- (E, green panel) and XZ-projections (E, red panel) 
clearly confirm the internalization of the analyzed PB (arrow). The bar represents 25 µm. 
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PS beads, respectively. The 

difference of 22.9% (SD± 4.6) was 

significant in the Student’s t-test (p 

< 0.01). Also, after exposure for 18 

h and 24 h, the overall number of 

fluorescent cells incubated with PS 

beads remained below the levels 

obtained with gz93-EGFP PBs (t-

test; p < 0.05).  

Having confirmed that human 

colon epithelial cells are able to 

endocytose gz93-EGFP PBs, we 

investigated whether endocytosis 

might lead to the secretion of 

cytokines that can activate the 

immune system. Amongst others, the cytokine GM-CSF is known to have an activating effect 

on APCs such as macrophages and dendritic cells (Hamilton, 2002). We thus collected the 

culture medium supernatants from the uptake assays (n = 3) and subjected them to Luminex 

assays. Secretion of GM-CSF was only elevated upon administration of 150 gz93-EGFP PBs 

per cell, but not after treatment with the same amount of PS beads (Figure 10 A). IL-6 levels 

 

Figure 9: Uptake of gz93-EGFP PBs by HCEC-1CT 
cells in comparison to fluorescent polystyrene beads. 
The relative number of fluorescent HCEC-1CT cells 
was determined by flow cytometry at the indicated 
time points. Values are shown as medians with their 
95% confidence interval. 

 

Figure 10: Cytokine secretion of HCEC-1CT cells after 24 hours of incubation with gz93-
EGFP PBs and PS beads. Cells incubated with gz93-EGFP PBs showed a significant 
increase in GM-CSF and IL-6 secretion compared to cells treated with polystyrene beads. 
Untreated cells (cells only) were used as a negative control and TNF-α treated cells as a 
positive control. Values for three independent experiments are shown and the median 
values are indicated. Statistical significance was determined by ordinary one-way ANOVA 
with Sidak’s multiple comparisons test (p > 0.05 [ns], P ≤ 0.0001 [****]). 
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were also significantly increased upon incubation with gz93-EGFP PBs as compared to the 

same dose of PS beads (Figure 10 B).  

These results indicate that the PBs are internalized more efficiently into intestinal 

epithelial cells than synthetic polystyrene beads. After 12 hours of incubation, the proportion 

of cells that had taken up fluorescent PBs reached 66.5% (SD±6.2). In contrast, after 12 hours 

of incubation with PS beads, only 43.5% (± 4.9) of cells had internalized PS particles, and the 

number of fluorescent cells only reached 56.1% (± 5.3) after 24 hours. This enhanced uptake 

efficiency of PBs might be due to the amphipathic proline-rich repeat found in the N-terminal 

sequence of gamma zein. It favors interaction with membranes (Kogan et al., 2004) and is 

assumed to have cell-penetrating effects that could promote the cellular uptake (Fernández-

Carneado et al., 2004).  

In addition to the uptake of fluorescent PBs, the data demonstrates an immuno-

stimulatory effect on the cells resulting in an increased secretion of chemoattractant molecules 

such as GM-CSF. GM-CSF is involved in the differentiation of granulocytes and macrophages 

as well as in the activation and proliferation of neutrophils, macrophages, and dendritic cells 

(Hamilton, 2002). With respect to mucosal immunization, the presence of GM-CSF was shown 

to increase antigen-specific antibody production (Okada et al., 1997). GM-CSF also promotes 

IL-6 secretion (Evans et al., 1998) and accordingly IL-6 levels were also elevated when cells 

were subjected to PBs. Both chemokines play a pivotal role in the initiation of a humoral 

response to antigenic proteins (Tada et al., 2018), and IL-6 has been explored as a molecular 

adjuvant for mucosal vaccines (Rath et al., 2013; Su et al., 2008; Thompson and Staats, 2011). 

The observed cytokine release indicates the PB formulation’s potential to enhance immunity 

and to exert an adjuvant effect which supports the findings of Whitehead et al. (2014) and 

Hofbauer et al. (2016). 
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4.1.3 PBs are taken up by immune cells  

The uptake of fluorescent PBs was also investigated in human immune cells using the 

myelomonocytic cell line U937. Cells were first matured and differentiated as indicated by 

decreased cell proliferation and attachment to the well surface. Two hours after gz93-EGFP 

PBs were added, most of the cells had taken up multiple particles (Figure 11 A+B). In order to 

obtain information about the localization of the internalized PBs, the endosomal compartments 

of those cells were visualized with Dextran Alexa Fluor 647 which is known to be localize in 

late endosomes after endocytosis (Johnson et al., 2016). Since EGFP fluorescence is not 

stable in the acidic environment of late endosomes, EGFP was replaced by mTagBFP2 on 

gz93. mTagBFP2 is a blue fluorescent protein variant with a pKa of 2.7 ± 0.2 and therefore 

much more stable under acidic conditions (Subach et al., 2011). gz93-mTagBFP2 PBs were 

produced and recovered in the exact same manner as described for the gz93-EGFP PBs and 

had a similar appearance and size (Figure 4 B). The gz93-mTagBFP2 PBs colocalized with 

compartments stained with Dextran Alexa Fluor 647 (Figure 11 C). It is therefore likely that the 

PBs are transported to the late endosomes, where usually antigen processing takes place.  

Besides antigen uptake via intestinal epithelial cells, dendritic cells can capture antigens 

directly from the intestinal lumen by extending dendrites through the epithelium (Rescigno et 

 

Figure 11: The uptake of gz93-EGFP and gz93-mTagBFP2 PBs into U937 cells was confirmed 
by CLSM. Upon PMA treatment, cells attached to the vessel surface and exhibited 
morphological changes such as the growth of dendrite-like structures (A). Endosomal 
compartments were loaded and visualized with Alexa Fluor 647-dextran (red, B). 
Colocalization of blue fluorescent gz93-mTagBFP2 PBs with endosomal compartments (red) 
results in a purple signal (C, merge). 
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al., 2001). Since GM-CSF is known to recruit dendritic cells to the subepithelial layer (Egea et 

al., 2010), it is feasible that its secretion would lead to an increased number of dendrites 

reaching through tight junctions. Therefore, the uptake of PBs into APCs was investigated 

using the monocytic model cell line U937 (Altaf and Revell, 2013). APCs have the ability to 

internalize particles of various sizes with high efficiency. CLSM images confirmed the uptake 

of multiple PBs per cell. By using blue fluorescent PBs and visualizing the endosomal 

compartments with Dextran Alexa Fluor 647 it was possible to obtain information about the 

subcellular localization of the internalized particles. Indeed, several particles colocalized with 

fluorescently labelled endosomal organelles, indicating that PBs might be processed within the 

endolysosomal system. From there, peptides can be loaded onto Major Histocompatibility 

Complex (MHC) class II molecules, which is the prerequisite for a successful immune response 

(Blum et al., 2013; Roche and Furuta, 2015).  

The presented results demonstrate the feasibility of orally administering gz93-

encapsulated vaccines. The enhanced endocytosis of gz93 PBs seen in cells in vitro is likely 

to occur in vivo as well. The increased bioavailability might also explain the elevated immune 

response reported in other studies (Hofbauer et al., 2016; Whitehead et al., 2014). Additional 

aspects need to be investigated in order to further advance the zein PB system. These aspects 

include the specific resistance to degradation of processed PBs and their interaction with the 

mucus layer. We chose to improve the encapsulation tool by generating multicomponent PBs. 

This promises to enable controlling key parameters of particle vaccines.  
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4.2 Generation of recombinant multicomponent zein PBs  

So far, the encapsulation of therapeutic proteins by zeins was only mediated by gz93 

(Hofbauer et al., 2016; Torrent et al., 2009; van Zyl et al., 2017; Whitehead et al., 2014). This 

generated PBs that consisted exclusively of the single component that is the fusion between 

gz93 and the therapeutic protein. Inspired by the core-shell structure of zein PBs found in 

maize, the following part aims to create a system that allows the recombinant production of 

multicomponent particles. By including more than one component, it might be possible to 

control particle parameters like resistance to degradation, mucus penetration, cellular uptake, 

and release of active compound. In order to develop this next generation of PBs, specific 

interactions between zeins are considered, as well as targeting of mRNA to subdomains of the 

endoplasmic reticulum.  

4.2.1 Coexpression of gamma zein and alpha zein  

Initial coexpression experiments were carried out with az19 in combination with either 

gz27 or gz93. These zeins were chosen as potential interaction partners because gz93 is a 

well characterized tool for recombinant PB generation and az19 the most abundant zein the 

core of native zein PBs in maize. As described in the introduction, gz93 comprises the N-

terminal part of gz27. Although gz93 can fulfill key functions of gz27 such as induction of PB 

formation and provision of stability, gz27 was included in this study as well, due to the 

hypothesis that the C-terminal part of gz27 might be required for protein-protein interactions 

with az19. This part is missing from gz93. az19 was chosen as a candidate because the 

localization pattern of zeins in maize PBs shows that the majority of their core comprises alpha 

zein (Lending and Larkins, 1989). Alpha zein az19B1 in particular, has by far the highest 

transcript level in maize endosperm (Woo et al., 2001). Therefore, this specific zein was 

chosen as a candidate to test whether coexpression alongside PB-inducing gz27 or gz93 

would yield core-shell structured PBs.  

Individual transient expression of gz27 in Nicotiana benthamiana induced the formation 

of spherical PBs with an average diameter of 1 µm. Individually expressed, az19 on the other 

hand formed much smaller PBs that clustered together and appeared as a granular mass. 

When the two were expressed together, az19 surrounded gz27 PBs and it even seemed that 

they tightly interacted in areas where az19 formed cap-like structures on the surface of gz27 

PBs, but it did not integrate into its core (Figure 12 A). Even though it appeared as if these 

az19 cap-like structures were in direct contact with gz27 PBs, they still might have been 

separated by a membrane due to differential localization. This question was answered by 

subjecting the sample to transmission electron microscopy. In Figure 13, gz27 again appeared 

as large spherical PBs as was previously seen in confocal images. When az19 was separated 
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from gz27 by an ER-membrane, it also formed round PBs; although much smaller than gz27. 

In contrast to that, when az19 formed cap-like structures on gz27 PBs, these cap-structures 

were slightly larger than spherical az19 PBs and no membrane separated the two zeins. 

Therefore, other factors must have prevented az19 from entering the core of gz27 PBs.  

When gz93 was expressed with az19, gz93 also formed spherical PBs that were 

surrounded by az19 but some gz93 PBs had a hollow core. In the overlay of both pictures it 

can clearly be seen that these cores were filled with az19. Nevertheless, a large portion of 

gz93 PBs did not integrate az19 and the majority of az19 remained on the outside of gz93 

(Figure 12 B). Overall, the incorporation rate of az19 into gz93 was very heterogeneous 

throughout the sample, such that in some cells no az19 was found inside gz93 although the 

cell was expressing both zeins.  

Short name 
gamma zein 

EGFP 

alpha zein 

mCherry 
merge 

A 

gz27 

az19 

 

B 

gz93 

az19 

 

Figure 12: Coexpression of az19 alongside gz27 (A) or gz93 (B). Gamma zein variants were 
fused to EGFP and are displayed in green in the left column whereas az19 was fused to 
mCherry and is displayed in red in the center column. Both channels are merged in the 
column on the right. In (A) gz27 and az19 seem to be tightly interacting where az19 formed 
some sorts of caps on the gz27 PBs but they did not enter the gz27 PB’s core. In the green 
channel of row (B), hollow gz93 can be seen and the merged picture clearly indicates that 
these were filled with az19. However, the majority of az19 remained on the outside of gz93 
PBs. The confocal micrographs in the bottom row (B) are maximum projections of a Z-stack. 
These samples were analyzed at 10 dpi. Scale bars are only displayed in merged pictures but 
apply to all pictures of the same row. 
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In an attempt to improve the rate of incorporation of az19 into gz93 (or gz27), 

coexpression experiments were conducted where the Agrobacteria for alpha and gamma zeins 

were infiltrated sequentially, several days apart. It can be argued that the expression of various 

zeins in maize might be temporally 

orchestrated and that one is expressed 

before the other. However, neither the 

prior infiltration of alpha zein, nor of 

gamma zein, made a difference regarding 

the number of gz93 PBs that carried az19. 

In the case of gz27, still no incorporation 

of az19 was detected (not shown).  

An important factor for correct zein 

PB assembly in maize is mRNA-targeting 

which is often mediated by untranslated 

regions (UTRs). Although the formation of 

core-shell structured PBs was successful 

without this tool, in order to further 

improve the incorporation efficiency of 

az19 into gz27, their native zein UTRs 

were included in the following 

experiments.  

4.2.2 Native UTRs do not improve the incorporation of alpha into gamma zein PBs in 
N. benthamiana 

Members of the zein family as well as other prolamins in rice (Oryza sativa) contain 

mRNA-targeting signals that are also known as zip codes (Tian and Okita, 2014). mRNA-

targeting is a conserved phenomenon that is able to increase the local concentration of specific 

proteins in certain regions of the cell (Buxbaum et al., 2015). This can facilitate the interaction 

of proteins that are supposed to do so or it can prevent undesirable protein-protein interactions 

by spatial separation (Weatheritt et al., 2014). Zip codes are commonly found in the 3’-UTR of 

mRNAs but in some cases they are located in the 5’-UTRs or in the coding region (Herve et 

al., 2004). Specific RNA-binding proteins recognize these elements based on their sequence 

and/or structural motif and they form a complex with motor proteins that are able to transport 

the mRNA along microtubules or actin filaments towards their destination (Buxbaum et al., 

2015; Yang et al., 2014).  

Although one study claimed that protein interactions are the sole driver of PB formation (Kim 

et al., 2002), others demonstrated that zein mRNAs are asymmetrically localized at a specific 

 

Figure 13: Transmission electron micrograph of 
cap-like az19 structures on gz27 PBs. The larger 
gz27 PB appears darker due to its higher 
density and can be recognized as almost 
perfectly round. Some of az19 was found as 
much smaller, also spherical PBs or as cap-like 
structures on gz27. Although an ER-membrane 
surrounded az19 PBs that were separated from 
gz27, no ER-membrane was detected between 
az19 cap-like structures and gz27. Membranes 
were visualized by uranyl acetate staining. A 
scale bar is located in the bottom right corner. 
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subdomain of the ER called the PB-ER (Washida et al., 2004) and that deleting the zip code 

from delta zein mistargets its mRNA to the cisternal ER instead (Washida et al., 2009). The 

latter study has narrowed down the positions of four zip codes in delta zein; three being in the 

coding sequence and one in the 3’-UTR. Two of those four zip codes are required and sufficient 

to correctly target the delta zein’s mRNA to the PB-ER. Although Washida et al. (2004) 

demonstrated the involvement of mRNA-targeting for gz27, az22, dz10 and bz15, so far delta 

zein is the only one for which the approximate position of its zip codes was determined.  

Nevertheless, in order to rule out that inefficient integration of az19 into gamma zein PBs 

is caused by the absence of mRNA localization signals, native 5’- and/or 3’-UTRs of az19 and 

 

Figure 14: Schematic representation of constructs that combine az19, gz27, gz93 and 
soluble mCherry with their native 5’- and/or 3’-UTRs. az19 UTRs are used in the case of 
soluble mCherry. UTRs are displayed in blue as small boxes flanking the proteins on the left 
and right for 5’ and 3’-UTRs, respectively. Zeins az19, gz27, and gz93 are always located at 
the N-terminus (left side of fusion protein in this representation) while the fluorescent 
proteins EGFP and mCherry are located at the C-terminus (right side of fusion protein in this 
representation). The full name of each construct is displayed for reference as well. In 
constructs were no zein 5’-UTR is indicated, an arbitrary 5’-UTR of tobacco etch virus was 
used as a control. 
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gz27 were added to their transcript sequences and tested in coexpression experiments that 

analyzed combinations thereof. Furthermore, 5’- and/or 3’-UTRs of az19 were added to the 

coding sequence of mCherry to determine whether they are sufficient to change the destination 

of a soluble protein. A schematic representation of all constructs created for this set of 

experiments is displayed in Figure 14.  

Since the positions of mRNA zip codes on az19 and gz27 are so far unknown and in 

order to assure that any potential mRNA zip code would be present, the plasmid constructs of 

az19, gz27, and gz93 were extended to include their native 5’- and 3’-UTR. However, the 

coexpression of construct 53U-az19 with either 53U-gz27 or 53U-gz93 did not yield any 

incorporations (Figure 15 A+B). Therefore, including native 5’- and 3’-UTRs in the respective 

plasmids did not improve the incorporation rate of az19 into gamma zein PBs in Nicotiana 

benthamiana. To assess their individual effects, constructs were generated where the 

aforementioned zein transcripts include only their native 3’-UTR. In this setting, again, no 

incorporations were observed (Figure 15 C+D). In contrast, when only native 5’-UTRs were 

used, construct 5U-az19 was able to generate inclusions in PBs from 5U-gz93 to a similar 

extent as constructs without the native zein UTR (Figure 15 F), but not more than that (Chapter 

4.2.1). Also comparable to earlier experiments without native zein UTRs, PBs of the 5U-gz27 

construct failed to incorporate alpha zein from 5U-az19 plasmids (Figure 15 E). When 

expressed in Nicotiana benthamiana, the presence of native zein UTRs had no positive effect 

on the incorporation of az19 into gamma zein variants. The UTRs did not alter the localization 

of soluble mCherry when coexpressed with gz93 (Figure 15 G+H). Regardless of the presence 

or absence of UTRs, some mCherry signal was emitted from areas where gz93 PBs are 

located. It is likely that the high abundance of mCherry molecules due to overexpression might 

lead to unspecific entrapment into the PB matrix.  
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5U-gz93 
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G 
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Figure 15: Evaluation of localization effects of native zein UTRs on incorporation efficiency of 
az19 into gamma zein PBs. Constructs of az19, gz27, and gz93 were extended to include their 
native 5’- and/or 3’-UTRs (UTRs of az19 were used on soluble mCherry) and tested in 
coexpression experiments. Gamma zein variants (gz27 and gz93) were fused to EGFP and are 
displayed in green in the left column. az19 were fused to mCherry and are displayed in red in 
the center column whereas the merge of both channels can be found in the column on the 
right side. Scale bars are only displayed in merged pictures but apply to all pictures of the 
same row. 

 

Possible reasons why including native zein UTRs had little to no effect on az19 

encapsulation into gamma zein PBs are, for one, that asymmetric mRNA localization has not 

been demonstrated for az19 in maize, and secondly it is likely that the specific RNA-binding 

proteins that recognize zip codes of zeins in maize are not present in leafy tissue of Nicotiana 

benthamiana. An interesting question that is outside the scope of this thesis is whether az19 

UTRs would be able to change the destination of a soluble protein in maize endosperm cells. 

This was observed in maize with gz27. In this case, mRNA-targeting was used successfully as 

a tool to change the default secretory pathway of a recombinant protein. When expression of 

α-L-iduronidase in maize endosperm was regulated by the gamma zein-derived promoter, 5’-
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UTR, signal peptide and the 3’-UTR terminator, these elements were sufficient to integrate the 

enzyme into the matrix of the PBs and hence it was retained in the ER (He et al., 2012). This 

is therefore another tool to yield proteins with oligomannosidic glycosylation which does not 

require alterations to the amino acid sequence such as the addition of a KDEL-tag. 

Coexpression of gz93 and az19, regardless of the presence of UTRs, was able to create 

PBs with a core-shell structure in Nicotiana benthamiana. However, throughout multiple 

experiments it became apparent that whenever az19 formed inclusions in gz93 PBs, the total 

amount of az19 within that particular cell was very low. Therefore, it can be speculated that the 

efficiency of az19 incorporation into gz93 is 

based on a certain stoichiometric ratio. Since the 

goal of this study is to generate multicomponent 

PBs where the protein in the inner core carries an 

antigen for vaccination, producing less of it would 

ultimately lead to major drawbacks during 

manufacturing. Yield is a key parameter in 

recombinant protein production. Plus, the idea of 

PBs with more than two layers seemed 

appealing. Through the inclusion of multiple 

components, it might be able to control and fine-

tune particle characteristics relevant for oral 

delivery. Therefore, further zeins were evaluated 

for their behavior in the formation of recombinant 

PBs.  

4.2.3 Other zeins form protein bodies as 
well  

Attempted mRNA targeting did not enhance 

the incorporation rate of alpha into recombinant 

gamma zein PBs in Nicotiana benthamiana. In a heterologous expression setting, however, 

protein-protein interaction between different classes of zeins might be sufficient to generate 

layered multicomponent PBs. Selected zeins were therefore evaluated as interaction partners. 

Besides the zeins gz27, gz93, and az19 that were introduced earlier, 16 kDa gamma zein 

(gz16), 15 kDa beta zein (bz15), 10 kDa delta zein (dz10), and 22 kDa alpha zein (az22) were 

used as candidates for these studies. Each zein was fused to a different fluorescent protein 

but in order to obtain a more versatile toolbox, each zein was combined with at least three 

fluorescent proteins (Table 2). Each zein was first tested individually for its ability to form PB-

like aggregates.  

Table 2: List of fluorescent zein variants 

Zeins 

GeneBank 
Accession Number 

Fluorescent protein 

gz27 mTagBFP2 
AF371261 EGFP 
 mCherry 

gz93 mTagBFP2 
AF371261 EGFP 
 mCherry 

az19 EGFP 
AF371269 mKO2 
 mCherry 

gz16 mTagBFP2 
AF371262 EGFP 
 mKO2 
 mCherry 

bz15 mTagBFP2 
AF371264 EGFP 
 mCherry 

dz10 EGFP 
AF371266 mKO2 
 mCherry 

az22 mTagBFP2 
AF371274 EGFP 
 mCitrine 
 mCherry 
  
Amino acid sequences for each part can be 

found in the appendix 
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As has been described 

earlier (Chapter 4.2.1), gz27 

induces the formation of PBs in 

maize and was also able to do 

so in Nicotiana benthamiana 

when fused to EGFP. gz27 

PBs can be as big as 1-2 µm in 

diameter but they often stayed 

relatively small in the 200 nm 

range (Figure 16). gz93 on the 

other hand formed large PBs in 

the 1-2 µm range much more consistently (Figure 17). Since gz93 comprises the N-terminal 

93 amino acids of gz27 and these seem to be more relevant for PB formation than the C-

terminal part of gz27 (Llop-Tous et al., 2010), it can be argued 

that extending the N-terminal 93 amino acids of gamma zein by 

either EGFP or its native C-terminus still allows large PBs to 

form, whereas the presence of the full 27 kDa gamma zein plus 

EGFP is too much. Diametric PB growth might be sterically 

hindered in this case. Another possibility is that the C-terminus 

is relevant for the packing of gamma zein and its absence 

causes gz93 PBs to have a reduced density and therefore they 

appear larger. Altered PB densities can also affect the ability to 

interact with other zeins and ultimately determine whether other 

zeins are able to form inclusions in gamma zein PBs. The 

specific densities of gz27 and gz93 were not determined in this study. Lastly, different amounts 

of expressed protein might cause the PB sizes of gz27 and gz93 to deviate. However, 

determining the expression level of zeins for leaf sections did 

not seem useful in this case. This is because there seemed 

to be a relatively high heterogeneity in expression levels 

between cells of the same leaf section. Since the protein 

amount of a leaf section is an average between cells, 

analyzing this average would not help to explain the different 

appearance of PBs between neighboring cells.  

As seen in coexpression experiments with gz27 and 

gz93, az19 formed very small PBs in the range of 100 nm. 

They clustered together and appeared as large granular 

structures (Figure 18). Other zeins such as gz16, bz15, 

 

Figure 16: gz27 PBs have a wider size distribution in 
Nicotiana benthamiana with larger ones being 
approximately 1-2 µm or smaller ones at 200 nm. 

 

Figure 17: gz93 formed 
large PBs > 1 µm much 
more consistently than 
gz27. 

 

Figure 18: az19 always 
appears as clusters of small 
(~100 nm) PBs. 
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dz10, and az22 often displayed the same behavior but each of these other zeins also 

occasionally occurred as larger aggregates above 1 µm in diameter, whereas az19 only formed 

small PBs below 300 nm. gz16 mostly formed small PBs that closely resembled az19 but within 

these clusters also larger aggregates developed with a size of approximately 2 µm (Figure 19). 

Surprisingly, gz16 also localized in what appeared to be the nucleus but it is more likely that 

these gz16 PBs resided in the nuclear envelope reflecting the connection between the ER and 

the nuclear envelope. At this site, only larger variants of gz16 PBs were seen. In rare cases, 

gz16 massively dilated the ER by assembling into loosely packed aggregates of 10 µm 

diameter on average, similar to those described in transgenic Arabidopsis thaliana (Mainieri et 

al., 2018). The behavior of individually expressed gz16 is particularly interesting because gz16 

is a derivative of gz27 where deletion events eliminated the N-terminal Pro-rich repeats and 

some Cys-residues. Both elements are key factors for the formation of PBs. Therefore, gz16 

can be seen as the C-terminal counterpart of gz93, both derived from gz27. It has been 

speculated that gz16 acts as a bridge that mediates the interaction of gz27, which is located 

on the outside of PBs, with other zeins located towards the inside of PBs in maize (Mainieri et 

al., 2018). If so, gz16 should be relevant for the recombinant generation of multicomponent 

PBs.  

 

bz15 is another zein that is expected to play a pivotal role in the interaction of various 

zeins. Early localization studies in maize endosperm showed that bz15 and gz27 are the zeins 

that are expressed first during the temporal development of PBs. They colocalize early on and 

comprise the nascent PBs. After alpha zein has entered the PB matrix to fill a large portion of 

the PB’s core, bz15 and gz27 are still colocalized at the periphery of the PBs (Lending and 

Larkins, 1989). The individual expression of bz15 in Nicotiana benthamiana yielded PBs that 

similar in appearance to az19; large clusters of small PBs in the 100 nm range. However, 

sometimes larger, irregularly shaped aggregates were intermixed in those clusters (Figure 20). 

dz10 produced PBs that were either small such as az19 or in the gamma zein range of 1-2 µm 

 

Figure 19: gz16 either forms small PBs in the 100 nm range or large, loosely packed 
aggregates that can be around 10 µm in diameter. 
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(Figure 21). Interestingly, it has 

been demonstrated that dz10 

is able to interact with bz15 

(Bagga et al., 1997) even 

though these two zeins are not 

localized together in maize 

PBs. There, dz10 enters the 

core of PBs while bz15 

remains in the periphery 

(Lending and Larkins, 1989). 

dz10 also seems to be relevant for the interactions of zeins with the binding luminal protein 

BiP (Randall et al., 2005). BiP is a chaperone believed to play a role in the PB assembly in the 

ER (Vitale and Ceriotti, 2004). dz10 is therefore a promising candidate for the generation of 

multicomponent PBs as well.  

Of all the zeins chosen for this study, az22 displayed the widest variability in terms of PB 

shape and size besides gz16. In some instances, az22 made small PBs like az19 but more 

often it created larger structures (Figure 22). In the size range of 2-10 µm they displayed an 

irregular shape but beyond 10 µm they were smooth and mostly oval. In theory, az22 also 

seems like a promising candidate for multicomponent PBs because in native zein PBs az22 is 

found at the interface between the outer gz27/bz15 shell and the core comprised by az19 

(Holding et al., 2007). 

All zeins selected for this study were successfully expressed and visualized in Nicotiana 

benthamiana. All zeins formed some sort of recombinant PB, particle, aggregate or granular 

structure. Individual expression of zeins provides an insight into their intrinsic capability to form 

polymeric structures. This will act as the basis in detecting aberrant behavior during 

coexpression with other zeins. Additionally, since it has been established that not only gz27-

based sequences form PBs, other zeins might be utilized to encapsulate therapeutic proteins 

as well. Certain zeins might have beneficial characteristics in terms of stability, size, 

mucoadhesion, or induction of immune response. Determining these characteristics for each 

zein was beyond the scope of this thesis but might be the focus of future studies.  

 

 

Figure 20: bz15 sometimes aggregates into larger particles 
above 1 µm but mostly it behaves like az19. 
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Figure 22: az22 often crates irregularly shaped aggregates 
well above 2 µm but it can also appear as small granular 
structures.   

 

4.2.4 Multicomponent PBs by coexpression of zeins 

Initially, gz27 and az19 were chosen as candidates to test their ability to assemble into 

particles in a layered fashion. The choice of these zeins was based on the assumption that 

gz27 is the key player for the induction of PB formation and that az19 constitutes the major 

part of a PB’s core (Lending and Larkins, 1989; Woo et al., 2001). As has been described in 

an earlier chapter (4.2.1), az19 never incorporated into gz27 PBs under any circumstances. 

Sequentially infiltrating gamma zein first and alpha zein later or in reverse order did not cause 

any improvement and neither did the inclusion of native UTRs for potential mRNA-targeting. 

As a consequence, all zeins selected for this project were expressed on their own and in 

combinations of two, plus almost all possible combinations of three that involve gz27 or gz93 

were carried out as well. An overview of this is given in Table 3 and Table 4.  

 

 

 

 

Figure 21: dz10 PBs tend to be variable in size as well. 
Frequently, they are below 1 µm but can also be above. 
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Table 3: List of combinations of two zeins coexpressed 

 

        

  az19 az22 dz10 bz15 gz16  

 gz27 Figure 12 A Figure 23 A + B Figure 32 A Figure 25 A Figure 26 A + B  

 gz93 Figure 12 B Figure 23 C + D Figure 32 B Figure 25 B Figure 26 C + D  

 gz16 Figure 28 C Figure 28 A + B Figure 29 A + B Figure 28 D   

 bz15 Figure 25 C x x    

 dz10 Figure 29 C Figure 29 D     

 az22 Figure 34 B      

        

 

az22 for example was described to be sequestered by gz27 when coexpressed in 

Nicotiana tabacum seeds (Coleman et al., 1996). The authors of this study found az22 inside 

of gz27 PBs as less-electron-dense locules. Since they could not detect az22 in the absence 

of gz27, they speculated that gz27 protects az22 form proteolytic degradation. In this thesis 

however, az22 was detectable when expressed on its own in leaves of Nicotiana benthamiana. 

When az22 was coexpressed with gz27, small aggregates of az22 seemed intermixed into or 

onto gz27 PBs on some occasions (Figure 23 A). These confocal images might reflect what 

Coleman et al. (1996) observed with transmission electron microscopy but this type of 

incorporation is far from the distinct core-shell structure that zein PBs exhibit natively in maize 

or what can be achieved by coexpressing other zeins (see below). In most cases, gz27 and 

az22 were located separately and displayed a similar behavior as with individual expression. 

gz27 formed perfectly round PBs with a smooth internal matrix whereas az22 aggregated 

irregularly and appeared granular. These az22 aggregates sometimes surrounded gz27 PBs 

and seemed closely attached but did not penetrate the matrix of gz27 (Figure 23 B). 

Interestingly, the coexpression of az22 with gz93 however did yield big inclusions of az22 in 

gz93 PBs in some cases (Figure 23 C+D). The same discrepancy between gz27 and gz93 

was observed when they were expressed alongside az19. az19 also only formed inclusions in 

 

Table 4: List of combinations of three zeins coexpressed  

        

  az19 az22 dz10 bz15   

 gz27 + gz16 Figure 27 C Figure 27 B Figure 32 C Figure 31 C   

 gz27 + bz15 Figure 24 C x Figure 31 A    

 gz27 + dz10 Figure 30 A Figure 30 B     

 gz27 + az22 x      

        

  az19 az22 dz10 bz15   

 gz93 + gz16 Figure 27 D Figure 27 A Figure 32 D Figure 31 D   

 gz93 + bz15 Figure 24 B Figure 24 A Figure 31 B    

 gz93 + dz10 Figure 30 D Figure 30 C     

 gz93 + az22 Figure 34 A      
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gz93 but not in gz27. As has been discussed in the case of az19, gz93 and gz27 might have 

different densities that allow or restrict interactions with other zeins. Extending the complete 

sequence of gz27 with EGFP might cause steric hindrance and therefore block off elements 

that are important in the interaction with az22.  

Coleman et al. (1996) argued that bz15 might be a necessary partner in the interaction 

of gz27 with az22. In the developing endosperm of maize, gz27 and bz15 are the first zeins to 

be expressed. bz15 gets linked to gz27 by disulfide bridges during these early stages of PB 

formation and the two make up the PB shell later when alpha and delta zeins have entered the 

PB’s core. The authors therefore state that the hydrophobic characteristics of bz15 may be a 

bridging element between gamma and alpha zein and that az22 assembly occurs on the 

surface of the gz27/bz15 complex. Coexpression experiments of gz93, bz15, and az22 indeed 

revealed that in this combination many PBs displayed a distinct core-shell structure (Figure 

24 A). Although gz93 made up the outer shell and az22 the inner core of the PBs as expected, 

bz15 surprisingly colocalized with az22 on the inside. Based on the knowledge about the 

structure of PBs in maize, bz15 was expected to localize with gz93 in the outer shell (Lending 

and Larkins, 1989). At this point, the only apparent explanation for this differential localization 

of bz15 is time-coordinated expression. If bz15 really is a bridging element between gamma 

and alpha zein that is able to interact with both, the fact that in maize gz27 and bz15 are 

expressed before az22 is likely to place them together whereas the interaction of az22 with 

bz15 at later time points may allow az22 to enter the PB’s matrix. During transient expression 

in Nicotiana benthamiana, however, the expression of all three zeins is initiated at the same 

time. This seems to enable different localization patterns because the time factor is eliminated 

and effects are mostly based on variations in interaction strength. However, bz15 also did not 

colocalize with gamma zein when expressed in dual combinations with either gz27 or gz93 

(Figure 25 A+B). Regardless of the exact mechanism, the simultaneous expression of gz93, 

bz15, and az22 allows the generation of PBs with a distinct core-shell structure in the leafy 

tissue of a plant that is very well adopted by the biotech industry. This combination of zeins a 

promising candidate for the oral codelivery of multiple active compounds. Whether the 

individual zeins have effects on particle attributes such as stability, mucoadhesion, or release, 

will be determined in a later project.  

The quest for further core-shell-inducing combinations was continued because various 

zeins might provide different effects to the final multicomponent PB. Next, it was also tested 

whether bz15 can facilitate the incorporation of az19 into gamma zein PBs. In gz93 PBs, bz15 

and az19 did colocalize in the core of gz93 but these inclusions were much smaller than bz15 

plus az22 and the main portion of the two proteins was located outside of the gz93 PBs (Figure 

24 B). The localization pattern was somewhat surprising when gz27 was used instead of gz93. 

bz15 remained outside, but closely attached to the gz27 PB and the az19 signal homogenously 
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coincided with bz15 and all of the gz27 matrix (Figure 24 C). In no other combination of zeins 

was az19 homogenously mixed into the matrix of gamma zein PBs. The interaction of az19 

with bz15, however, was also detected when the two were coexpressed in the absence of a 

third zein (Figure 25 C).  

Delta zeins are interesting candidates for the generation of layered PBs as well because 

they colocalize in the core of maize PBs alongside alpha zeins (Esen and Stetler, 1992). Delta 

zeins are methionine-rich proteins that received some attention for improving the sulfur amino 

acid content of transgenic animal feed (Bagga et al., 1997; Kim and Krishnan, 2019). 

Coexpression of dz10 together with gz27 yielded PBs that had the shape and size of gz27 but 

were homogenously emitting signal from both gz27 and dz10 (Figure 32 A). The two proteins 

were therefore evenly intermixed and did not display any form of layering. Nevertheless, this 

form of multicomponent PB can be just as useful as layered core-shell PBs, depending on the 

features provided by dz10. The coexpression of dz10 with gz93, however, did cause dz10 to 

localize on the inside of gz93 PBs as a distinct core (Figure 32 B). The absence of gz27’s C-

terminal part on gz93 therefore seems to influence the internal organization of zein PBs. 

Whether homogenously mixed or core-shell zein PBs are more useful for drug delivery 

purposes is a question that needs to be answered in the future.  

In native zein PBs from maize, gz16 is located at the interface between the outer 

gamma/beta-shell and the inner alpha/delta-core (Yao et al., 2016). It is hypothesized that 

gz16 has some involvement in the expansion of PBs during their development when the core 

is filled with alpha zeins (Guo et al., 2013). Data from yeast two-hybrid experiments suggest 

that gz16 interacts with all other members of the zein family (Kim et al., 2002, 2006). This 

makes gz16 a promising candidate for the recombinant production of layered PBs. Similar to 

dz10, the coexpression of gz16 with gz27 generated PBs in which both zeins homogenously 

mixed. The fluorescent signal emitted from these PBs originated from gz27 and gz16 with no 

detectable structural features. When gz16 was expressed on its own, the resulting PBs were 

often smaller than the typical gz27 size of 1 µm. The amount of gz16 seemed to affect the size 

of PBs when it colocalized with gz27. When neighboring cells expressed different ratios of 

gz27 to gz16 – as apparent by differential fluorescent intensity – the PBs that had a higher 

content of gz16 appeared smaller, whereas lower amounts of gz16 generated PBs that were 

more similar in size to gz27 (Figure 26 A). Occasionally, gz16 also assembled into very large 

aggregates (above 10 µm) that are loosely packed as was seen with single expression of gz16 

but in the case of coexpression these large aggregates emitted signal for both gz16 and gz27 

(Figure 26 B). As with other coexpression partners, gz93 again yielded a very different picture 

than gz27. gz16 was able to create cavities in gz93 PBs and the nature of these cavities varied. 

In some instances, it was only one center cavity that resembled a core-shell structure (Figure 

26 C) whereas in other cases gz93 PBs had many holes of various sizes throughout the entire 
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PB (Figure 26 D). The distribution of gz16 within these PBs also varied to a certain extent. 

Some gz16 always colocalized with gz93, but the core would only be filled by gz16 if no other 

zein was present. When gz93 and gz16 were the only interactions partners, the fluorescent 

signal from gz16 was stronger in the core and weaker in the gz93 shell. However, when a third 

zein integrated into the PB, gz16 was only detectable in the shell alongside gz93 while leaving 

the core to be filled by the third zein.  

When az22 was coexpressed with gz93 and gz16, the cavity created by gz16 were filled 

with az22 (Figure 27 A). In those instances, some gz16 signal came from the outer gz93 layer 

whereas it seemed that most of it located at the interface between gz93 and az22. This is in 

accordance with observations from wild-type PBs in maize (Guo et al., 2013; Yao et al., 2016). 

Not only does this corroborate the crucial role of gz16 in the structural assembly of zein PBs, 

but it also enables the generation of ectopically engineered PBs with distinct layering. The 

combination of gz16 and az22 with full size gz27 was also able to produce PBs with cavities 

filled by az22, although this was a rare event (Figure 27 B). Here, gz16 did not accumulate at 

the interface but colocalized in a more homogenous manner with gz27. When az22 was 

substituted by az19, gz16 could not facilitate the incorporation of az19 neither when combined 

with gz27 nor with gz93 (Figure 27 C+D). It can thus be hypothesized that az19 is lacking 

certain features that allow reliable protein interactions with gamma zeins. It will be evaluated 

later in this thesis whether az22 is able to mediate between gamma zeins and az19. 

Experiments with az19 again confirmed that gz16 causes cavities exclusively in gz93 but not 

in gz27. If gz27 and gz93 were left aside and only gz16 was expressed with alpha zeins, the 

preference for interaction was not that clear. gz16 and az22 formed individual PBs that were 

relatively small (bellow 0.5 µm) and these intermixed but did not localize in the same PBs 

(Figure 28 A). gz16 and az22 solely appeared together when they formed large (above 3 µm) 

aggregates (Figure 28 B). In the case of az19 however, it was very difficult to distinguish 

whether its signal originates from PBs that harbor both az19 and gz16, or if PBs containing 

only one of the components each were mixed and in close proximity (Figure 28 C). The 

situation was much clearer when bz15 was expressed alongside gz16. Even though the PBs 

had a submicron size, it was evident that the PBs emitted signal for both zeins (Figure 28 D). 

Colocalization of dz10 and gz16 had an interesting effect. Individually, they formed rather small 

PBs, but when colocalized, the resulting PBs had a larger diameter than their individual 

components (Figure 29 A). This might indicate at an involvement of dz10 in the gz16-driven 

expansion of zein PBs. In some cases, dz10 and gz16 formed very large (above 10 µm) 

aggregates of irregular and somewhat loose structure (Figure 29 B). The capability of dz10 to 

interact with alpha zein might be relevant for such a role. When dz10 was coexpressed with 

either az19 or az22, the resulting PBs remained small and seemed to contain both zeins, 

respectively (Figure 29 C+D). When dz10 was combined with these alpha zeins in the 
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presence of gamma zein, neither az19 nor az22 integrated into gz27 PBs (Figure 30 A+B) 

although they did so when coexpressed with gz93 (Figure 30 C+D). In all these incorporation 

events dz10, colocalized with the alpha zeins in the core of the PBs. This is in accordance with 

maize-derived PBs where dz10 is found in the core along with alpha zeins and it again supports 

the idea that dz10 plays a role in the structuring of zein PBs besides gz16. Consequently, it 

was tested how gamma zein PBs would behave in the presence of both dz10 and gz16. In the 

case of gz27, all three zeins again homogenously colocalized in PBs without any detectable 

layered structure (Figure 32 C). This was not the case when gz93 was used instead of gz27. 

The gz93 PBs were generally larger and gz16 colocalized with gz93 which created many small 

holes that were filled with dz10 (Figure 32 D). Again, the generation of structured PBs was 

more successful with gz93 than with gz27. The distinct localization of each zein also resembled 

the situation in native maize PBs where gz16 is more closely associated with gz27, whereas 

dz10 can be found in the core.  

It was demonstrated earlier that bz15 had a substantial impact on the integration of alpha 

zeins into gz93 PBs (Figure 24 A+B). Therefore, its effect on gamma zein PBs in the presence 

of dz10 or gz16 was evaluated as well. Combining gz27, bz15, and dz10 led to the formation 

of PBs with a core-shell structure in which the bz15 signal was stronger in the gz27 shell 

whereas the dz10 signal was stronger inside the core (Figure 31 A). This pattern again 

coincides with what would be expected from maize PBs. The situation was opposite when gz93 

was substituted for gz27. In this case, bz15 did not colocalize with gz93 in the shell of the PB 

but it was found in the core together with dz10 (Figure 31 B). This seemed to influence the size 

of the inclusion since it was bigger than in gz27. Combining bz15 with gz16 and gz27 gave 

raise to small PBs that emitted signal for all three zeins with no evident internal structure 

(Figure 31 C). bz15, gz16, and gz93 however, produced large PBs with large and small 

inclusions (Figure 31 D). These zeins organized into structured PBs most consistently among 

all combinations. gz93 provided the outer framework whereas the signal from gz16 came from 

this outer layer as well as from the core (with the signal from the core being slightly stronger). 

bz15 however, exclusively resided in the internal part of the PB. In native maize PBs, bz15 

localizes with gz27 in the shell and gz16 is found at the interface towards the core. Due to the 

lack of temporally coordinated expression in this recombinant setup, bz15 and gz16 might be 

competing for the interaction with gamma zein solely based on their affinity towards it.  
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Figure 23: Coexpression of az22 with either gz27 or gz93. The coexpression of gz27 and az22 
caused small granules of az22 to intermix into or onto gz27 PBs (A). In other instances, az22 
organized into larger structures that were able to surround gz27 PBs (B). In combination 
with gz93, az22 also sometimes appeared as large granular structures outside of gz93 (C), 
but in other cases az22 was found inside of gz93 PBs as large cores (D). 

 
  



 52 

 

Figure 24: Coexpression of gamma zeins along bz15 and alpha zeins. bz15 reliably 
colocalized with az22 in gz93 PBs and the incorporations were relatively big (A). When az22 
was substituted by az19, fewer and smaller incorporations occurred (B). bz15 also remained 
on the outside when express along with gz27. az19 was also found together with bz15 on the 
outside but surprisingly, az19 was also found homogenously mixed with gz27 (C). 
Something that has not been seen in other coexpression experiments so far. Overall, this set 
of experiments showed that bz15 prefers to colocalize with alpha zein over gamma zeins. 
This is in contrast to what would be expected from what is observed in maize.  

 
  



 53 

 

Figure 25: Coexpression of gamma zeins with bz15 and az19 with bz15. Unexpectedly, 
neither gz27 (A) nor gz93 (B) colocalized with bz15 even though gz27 and bz15 together form 
the shell in maize PBs. az19 and bz15 however, colocalized (C) as they did when expressed 
in combinations of three with either gz27 or gz93 (Figure 24 B+C). 
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Figure 26: Coexpression of gz27 or gz93 together with gz16. gz16 homogenously colocalized 
into PBs of varying size (A). When neighboring cells expressed different ratios of gz27 and 
gz16, the diameter was affected. More gz16 meant smaller PBs and less led them to be 
bigger. Sometimes these two zeins would generate very large aggregates which resembled 
the ones seen with individual expression of gz16 (B). gz16 also interacted with gz93 where it 
was able to create various kinds of holes. In some cases, there would be only one center 
core made up by gz16 (C) but in other instances multiple holes occurred in the same PB (D).  
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Figure 27: Coexpression of gamma and alpha zeins. As previously seen, gz16 created holes 
in gz93 PBs. In the presence of az22, these holes were filled by az22 whereas the 
concentrations of gz16 seemed to be higher in the interface between gz93 and az22 (A). In 
very rare cases, these gz16-induced holes also occurred in gz27 PBs where they were filled 
by az22 as well (B). When az19 was substituted for az22, az19 always remained outside of 
the PBs (C + D). These two combinations again confirmed that the hole-generating effect of 
gz16 works mainly on gz93 (D) but not gz27 (C). 
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Figure 28: Coexpression of gz16 with other zeins. When gz16 and az22 formed small PBs 
(< 0.5 µm), the PBs intermixed but the two zeins did not localize in the same PBs (A). 
Colocalization of gz16 and az22 only occurred when they created large (> 1 µm) aggregates 
(B). In the case of az19, both zeins remained small and it is therefore difficult to assess 
whether individual PBs intermixed or if they colocalized (C). For the combination of bz15 
with gz16 however, it was clear that these small PBs contained both zeins (D).  
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Figure 29: Coexpression of dz10 together with other zeins. In panel (A) it can be seen that 
the cell in the top left corner only expressed dz10 whereas the cell at the bottom only 
expressed gz16. In both cases the PBs were rather small. However, in the cell that expressed 
both zeins, the PBs are larger than when they are individually expressed. In some cases, the 
generated larger aggregates that emitted signal for both zeins (B). When dz10 was 
coexpressed with az22 (C) or az19 (D), the PBs remained small but seemed to localize 
together (technical imperfection due to moving sample in row D).  
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Figure 30: The effect of dz10 on the incorporation of alpha zeins into gamma zeins. dz10 was 
not able to facilitate the incorporation of az19 (A) or az22 (B) into PBs of gz27. However, both 
az22 (C) and az19 (D) integrated into PBs of gz93. These inclusions contained dz10 
alongside the respective alpha zein. Unfortunately, large proportions of alpha zein remained 
on the outside surrounding the gz93 PBs.  
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Figure 31: Coexpressions investigating the effects of bz15 and on gamma zein PBs in the 
presence of a third zein. Combining gz27 with bz15 and dz10 yields structured PBs with an 
organization similar to native PBs. gz27 and bz15 colocalized in the shell whereas dz10 
mostly resided in the core (A). This organization was turned around in the case of gz93. bz15 
was found in the core along with dz10 and only gz93 comprised the shell (B). bz15 and gz16 
together with gz27 created PBs that homogenously emitted signal for all three zeins (C). 
Coexpression of bz16 and gz16 with gz93, however, produced layered PBs very reliably (D). 
A similar effect of gz16 was seen in other combinations as well. In this case, gz16 again 
caused small and big holes in gz93 PBs that where filled by both gz16 and bz15. Some of the 
gz16 signal, however, also came from the gz93 shell.  
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Figure 32: Coexpression of gamma zeins and dz10. gz27 and dz10 homogenously 
colocalized in PBs without visible structuring (A). Together with gz93, however, dz10 entered 
the PBs and was found as small cores inside of gz93 (B). The addition of gz16 to those 
combinations painted as very similar picture. gz27 + dz10 + gz16 formed PBs with all 
components homogenously mixed (C) whereas dz10 appeared as core-structures in a matrix 
provided by colocalized gz93 and gz16 (D).   
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Figure 33: Coexpression of four zeins. When gz93 and gz16 are expressed alongside bz15 
and az22, gz93 provides the shell of the PBs, gz16 is mostly found in the shell as well 
although some gz16 signal is also emitted from the core, but bz15 and az22 are the main 
constituents of the core in this combination (A). The PBs had a similar appearance when 
dz10 was used instead of az22. Again, gz93 provided the shell, the signal from gz16 was a bit 
more diffuse in this case, but bz15 and dz10 were mainly found in the core of the PBs (B).  
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Figure 34: Coexpression of az19 and az22. Both alpha zeins colocalized into small PBs but 
failed to integrate into gz93 PBs (A). This colocalization of alpha zeins was also reproduced 
in the absence of gz93 (B).  
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Finally, two promising combinations of four zeins were selected for coexpression 

experiments as well. gz93 + gz16 + bz15 with either az22 or dz10 (Figure 33 A+B). In both 

cases gz93 provided the outer framework of the PBs and gz16 would colocalize with the outer 

layer whereas some of it was found in the inner core as well. bz15 on the other hand exclusively 

resided in the core along with az22 in the former and with dz10 in the latter combination. This 

again highlights the crucial role of gz16 or bz15 in addition to gz93 in the generation of 

recombinant PBs with multiple layers and components.  

Throughout all these coexpression experiments it became apparent that at least one of 

either gz16, bz15, or dz10 is required to achieve a reliable incorporation of alpha zein in 

transiently produced gamma zein bodies. While the coexpression of az22 did not mediate the 

incorporation of az19 into gz93 PBs (Figure 34 A) this setup showed that az19 and az22 

interacted and formed PBs that contained both alpha zeins. The same could also be 

reproduced in the absence of gz93 (Figure 34 B). This possibly means that az22 is indeed 

required to mediate the integration of az19 but that at least one of the other zeins mentioned 

above is required as well. This is also in accordance to more recent findings in zein PBs from 

maize. While Lending and Larkins (1989) initially published a model that placed all alpha zeins 

in the core and all gamma zeins in the shell (Figure 35 A), Yao et al. (2016) later updated that 

model and described that gz16 and az22 are localized at an interface layer between the shell 

and the core (Figure 35 B). Relative to each other, gz16 is facing outwards and az22 is facing 

inwards. Therefore, a bridging function of gz16 and az22 is very conceivable. In recombinant 

PBs, a similarly crucial role was observed for gz16 but not for az22. gz16 was most successful 

in integrating into gz93 PBs and caused cavities in them. In the presence of other zeins, gz16 

colocalized with gz93 in the shell and the other zeins occupied the core while in the absence 

of other zeins, gz16 filled the cavities in gz93 PBs. In general, recombinant PBs displayed a 

slightly different layout than what would be expected from maize PBs. The central core was 

frequently smaller than in maize PBs and very often multiple cavities occurred in a single PB 

(Figure 35 C).  
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Figure 35: Spacial arrangement of zeins in native maize PBs and recombinant PBs from
Nicotiana benthamiana. Lending and Larkins (1989) were one of the first ones to describe
the distribution of different zeins in the PBs of maize. According to their findings, gamma
and beta zeins together form the outer shell of the PB while alpha and delta zeins make up
the inner core (A). More recent discoveries from Yao et al. (2016) updated the initial model by
adding a distinct interface layer between the core and the shell. Within this interface layer,
gz16 is located on the outside towards the gamma zein-rich shell and az22 is located on the
inside towards the alpha zein-rich core (B). However, throughout many coexpression
combinations in Nicotiana benthamiana, it became apparent that that the localization pattern
is different in recombinant zein PBs (C). These differences are: whenever bz15 was found
inside of PBs, it localized in the core instead of the shell; az22 did not form an interface layer
but localized in the core as well; in some combinations gz16 (*) was found in the shell and in
others in the core, only in the combination with gz93 and az22 did gz16 seem to form a layer
separating the other two (Figure 27 A).

Overall, it was possible to recombinantly produce multicomponent PBs by transient

coexpression of zeins in Nicotiana benthamiana. The design was based on the model of

naturally occurring zein PBs in maize. However, the mechanism of PB formation in maize is

not fully understood yet. It was therefore not clear whether the expression of two or more zeins

is sufficient to induce their colocalization into the same particles. Protein-protein interactions

are an important factor for the structural organization of PBs in maize (Kim et al., 2002), but

other mechanisms are essential as well. Altered mRNA-targeting, for example, can disrupt the

localization pattern of zeins in maize PBs (Washida et al., 2009). In Nicotiana benthamiana,

however, including UTRs that commonly harbor mRNA-targeting zip codes did not affect the

colocalization of az19 with gz27 or gz93. It had already been demonstrated that the formation

of PBs triggered by gz93 is independent of host factors (Torrent et al., 2009), but the potential

to organize into layered PBs in a heterologous expression system was not investigated in

detail. The ability to produce recombinant multicomponent PBs opens the possibility to
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functionalize and fine-tune characteristics of particle therapeutics. Additional components may 

be used to influence the stability of PBs and the release kinetics of active compound. In this 

study, all zeins were used as fusion proteins where the zein sequences were extended by 

fluorescent proteins. Since the presence of a fusion partner did not prevent the formation of 

multicomponent PBs, this enables further functionalization. The fusion partners can be chosen 

based on their effect on aspects such as stability or they can help to increase the affinity 

towards cells of the target organism in order to aid in endocytosis. However, it might very well 

be that certain fusion proteins have deleterious effects on PB formation. Therefore, specific 

fusion candidates need to be evaluated on a case-by-case basis. A more general challenge is 

heterogeneity. The coexpression experiments in this study were carried out as coinfiltrations 

of different Agrobacteria clones. As a consequence, the PB populations were sometimes 

heterogenous between cells of an infiltrated leaf. A setup that successfully generated layered 

PBs in one cell did not necessarily work in all neighboring cells. Therefore, the colocalization 

results presented here need to be understood as the most common appearance based on 

observation. The non-uniform behavior also prevented reliable characterization of PBs. Any 

analytical data from a mix of PBs is not representative of either state (i.e. different expression 

levels between different cells). The reason for the heterogeneity of the multicomponent PBs 

may result from a difference in protein ratio or from slight temporal differences in the onset of 

expression. A possible solution is to include the necessary expression cassettes on a single 

plasmid which allows the infiltration of a single Agrobacterium clone and thereby omit the 

uncertainty of uneven distribution of different bacteria in the leaf. For this study, however, the 

versatility of individual plasmids was crucial because of the large combinatorial approach (36 

plasmids) that also tested sequential infiltration. Alternatively, if the imbalanced ratio is caused 

by gene-silencing effects, the choice of promoters and/or inclusion of gene-silencing 

suppressors might eliminate heterogeneity. The present work helps to identify the most 

promising combinations of zeins that can be further characterized and fine-tuned.  

For the PB-based vaccine system, there are no conceivable limitations on the choice of 

target since oral vaccines are not only able to induce mucosal but also systemic immunity. 

Regarding the administration, oral delivery is undoubtedly the preferred method for reasons 

that were elaborated in the introduction (1.1). Industrial production of PB-vaccines can be 

realized by processes similar to the one presented in this study. Follow-up results, which are 

not included in this thesis, indicate that processing of multicomponent PBs did not cause 

disruption of their internal structure and that they can withstand harsh treatments such as high-

speed homogenization. This is a crucial prerequisite for the applicability of such a product. 

Manufacturing of pharmaceutical proteins in Nicotiana benthamiana is the best established 

recombinant production system in plant biotechnology with some facilities being able to 

produce 0.5 kg of antibody on a weekly basis (Holtz et al., 2015). The processing of PBs from 
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Nicotiana benthamiana leaves presented here is scalable and cheaper than chromatography-

based workflows. Albeit PB-preparations are not pure, removal of nicotine was demonstrated 

and should therefore be of no concern for oral application. Since, the formation of PBs is host 

independent, PBs might as well be produced in other plants such as stable transgenic 

soybeans. The processing from edible plants could be reduced even further. For example, 

milled flour could be used to determine batch-to-batch variation of vaccine content and diluted 

according to the desired dosage which is then fed to animals directly.  

Regardless whether vaccines are intended for veterinary use or application in humans, 

they should be cheap to produce, easy to store and transport, safe to administer, and 

effectively induce their intended immune response. Zein PBs seem to have a positive effect 

on these aspects and by advancing the PB system, this thesis contributed to a strategy that 

may help overcome some of the challenges faced by oral vaccines.   
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5 Summary and Conclusion 

In this study, fluorescent PBs were recombinantly produced by transient expression in 

Nicotiana benthamiana. Their size was evaluated at various time points and a filtration-based 

process was developed to enable scalable enrichment of PBs. These PBs were analyzed for 

nicotine content to ensure the removal of toxic compounds from the formulation. The PBs were 

further analyzed and quantified by flow cytometry and then used to investigate their endocytotic 

uptake in cultures of human intestinal cells. When compared to fluorescent polystyrene beads, 

zein PBs were taken up in a higher amount and at a faster rate. Furthermore, only the 

endocytosis of PBs triggered the cells to release GM-CSF and IL-6. Two cytokines that are 

known to recruit APCs such as dendritic cells and that are known to promote a higher immune 

response overall. Consequently, the endocytosis of zein PBs by dendritic-like cells was shown 

as well. The results that were presented here offer an explanation for understanding how PBs 

elicit the adjuvant effect reported by earlier studies. Development of a scalable downstream 

process and employing flow cytometry for characterization and quantification may facilitate 

implementation of PB production on a larger scale.  

Having established some aspects of PB bioavailability, the next goal was to advance the 

encapsulation system by finding means to create multicomponent PBs. For initial coexpression 

experiments, gz27/gz93 and az19 were selected due to their localization in the shell and core 

of native PBs, respectively. Since the incorporation of az19 into gamma zein PBs was 

inefficient, mRNA-targeting was evaluated by including their native UTRs. This again did not 

result in the reliable formation of multicomponent PBs and therefore other zeins were added 

in subsequent experiments. Through the systematic combination of zeins, it was possible to 

identify multiple combinations that resulted in either homogenously colocalized zein PBs or in 

PBs that had a distinct core-shell structure. Being able to produce PBs that consist of more 

than one component promises to enable fine-tuning of particle characteristics such as stability, 

mucus penetration, release of active compound, and cellular uptake.  
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6 Outlook 

The generation of multicomponent PBs was successful with more than one combination 

of zeins. The appearance of the resulting PBs was therefore diverse. Some colocalized 

homogenously whereas others displayed a core-shell structure with either one large core or 

multiple smaller inclusions. It remains to be seen which sort of multicomponent PBs offer more 

benefits for drug delivery purposes. Particle stability, for example, is a key feature for oral drug 

delivery. In future studies, the stability of each individual zein needs to be determined and 

consequently it shall be analyzed how they influence each other when combined 

homogenously or in a core-shell structure. Additional aspects such as release of therapeutic 

protein and mucus penetration can be investigated. Even though the results of this thesis 

demonstrated the efficient uptake of zein PBs by mammalian cells, the uptake may be further 

enhanced by modifications of the particles’ surface. The processing of PBs might be further 

optimized as well. Optimization can aim in two different directions. The aim can either be to 

improve the purity of the resulting formulation or to further simplify the process to make it even 

more cost-effective. Purity will be a necessity for the reliable characterization of particle 

attributes whereas cost reduction is desired for the commercial application. The least amount 

of processing will be required when the PB-encapsulated vaccine is produced in edible parts 

of plants. It is conceivable that from such a source, milling or homogenization are sufficient. 

These steps can’t be omitted though because concentration and dosage of active compound 

need to be controlled. If the source is fresh plant tissue, some sort of drying process will be 

necessary to extend the shelf-life of the product. However, this step is not needed when the 

PBs are expressed in seeds that dry on the plant. Therefore, the generation of PBs in seeds 

of stable transgenic plants could be pursued or different drying techniques could be evaluated 

for their effect on PBs. Ultimately, the efficacy of PB-encapsulated vaccines needs to be tested 

in vivo by oral administration. A prerequisite will be that the antigen does not have deleterious 

effects on PB formation. Veterinary vaccines may benefit a lot from the zein PB system 

because they need to be even more economically competitive than human vaccines.  
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7 Zusammenfassung und Schlussfolgerung 

In dieser Studie wurden fluoreszierende PBs durch transiente Expression in Nicotiana 

benthamiana rekombinant hergestellt. Ihre Größe wurde zu verschiedenen Zeitpunkten 

ermittelt und ein auf Filtration basierendes Verfahren wurde entwickelt, um eine skalierbare 

Anreicherung von PBs zu ermöglichen. Diese PBs wurden auf ihren Nikotingehalt analysiert, 

um die genügende Reduktion toxischer Verbindungen aus dem Produkt sicherzustellen. Die 

PBs wurden mittels Durchflusszytometrie quantifiziert und dann verwendet, um die Effizienz 

ihrer endozytotischen Aufnahme in Kulturen menschlicher Darmzellen zu untersuchen. Im 

Vergleich zu fluoreszierenden Polystyrolkügelchen wurden Zein-PBs in einer höheren Menge 

und mit einer schnelleren Rate aufgenommen. Darüber hinaus löste nur die Aufnahme von 

PBs die Freisetzung von GM-CSF und IL-6 durch die Zellen aus. Zwei Zytokine, von denen 

bekannt ist, dass sie APCs wie dendritische Zellen rekrutieren und insgesamt zu einer höheren 

Immunantwort führen. Folglich wurde auch die Endozytose von Zein-PBs durch dendritische 

Zellen gezeigt. Die hier vorgestellten Ergebnisse bieten eine mögliche Erklärung dafür wie PBs 

den in früheren Studien berichteten Adjuvans-Effekt hervorrufen. Die Entwicklung eines 

skalierbaren Downstream-Prozesses und die Verwendung der Durchflusszytometrie zur 

Charakterisierung und Quantifizierung können die Umsetzung der PB-Produktion in größerem 

Maßstab erleichtern. 

Nachdem einige Aspekte der Bioverfügbarkeit von PB ermittelt worden waren, bestand 

das nächste Ziel darin, das Einkapselungssystem zu verbessern, indem Mehrkomponenten-

PBs erzeugt werden sollten. Für anfängliche Koexpressionsexperimente wurden gz27/gz93 

und az19 aufgrund ihrer Lokalisierung in der Hülle bzw. im Kern nativer PBs ausgewählt. Da 

der Einbau von az19 in gamma-Zein-PBs ineffizient war, wurde potenzielles mRNA-Targeting 

unter Einbeziehung ihrer nativen UTRs eingesetzt. Dies führte wiederum nicht zu einer 

zuverlässigen Bildung von Mehrkomponenten-PBs, weshalb in nachfolgenden Experimenten 

zusätzliche Zeine verwendet wurden. Durch die systematische Kombination von Zeinen 

konnten mehrere Kombinationen identifiziert werden, bei denen die Komponenten entweder 

homogen gemischt vorlagen oder eine Core-Shell-Struktur ergaben. Die Herstellung von PBs, 

die aus mehr als einer Komponente bestehen, verspricht die Möglichkeit einer 

Feinabstimmung der Partikeleigenschaften wie Stabilität, Schleimpenetration, 

Wirkstofffreisetzung und Zellaufnahme zu ermöglichen.  
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11 Abbreviations  

ANOVA Analysis of variance  

APC Antigen-presenting cell 

BiP Binding immunoglobulin protein 

CaMV Cauliflower mosaic virus 

CLSM Confocal light scanning microscope 

DC Dendritic cell 

dpi Days post infiltration 

EGF Epidermal growth factor 

EGFP Enhanced green fluorescent protein 

ER Endoplasmic reticulum 

FW Fresh weight 

GI gastro-intestinal 

GM-CSF Granulocyte and macrophage colony stimulating factor 

HCEC Human colonic epithelial cells 

HIV Human immunodeficiency virus 

HPV Human papillomavirus 

IgG Immunoglobulin G 

IL-6 Interleukin 6 

ISCOMs Immune-stimulating complexes 

MES 2-(N-morpholino)ethanesulfonic acid 

MHC Major Histocompatibility Complex 

mKO2 Monomeric Kusabira Orange 2 

MMR-V measles-mumps-rubella vaccine 

NA Numerical aperture 

OD Optical density 

PB Protein body 

PBs Protein bodies 
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PLGA Poly(lactic-co-glycolic)acid 

PMA Phorbol 12-myristate 13-acetate 

PMT Photomultiplier tube 

PS Polystyrene 

rpm rotations per minute 

SD Standard deviation  

sIgA Secretory immunoglobulin A 

spp species pluralis 

SSPs Seed storage proteins 

TEV Tobacco etch virus 

TFF Tangential flow filtration 

TNF-α Tumor necrosis factor alpha 

UTR Untranslated region 

WHO World Health Organization  

YEB Yeast extract broth 
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12 Appendix 

Amino acid sequnces  

 

az19 

MAAKIFCLLMLLGLSASAATATIFPQCSQAPIASLLPPYLSPAVSSVCENPILQPYRIQQAIAAG
ILPLSPLFLQQSSALLQQLPLVHLLAQNIRAQQLQQLVLANLAAYSQQQQFLPFNQLAALNSA
SYLQQQQLPFSQLSAAYPQQFLPFNQLTALNSPAYLQQQQLLPFSQLAGVSPATFLTQPQL
LPFYQHAAPNAGTLLQLQQLLPFNQLALTNPTAFYQQPIIGGALF 

 

gz27 

MRVLLVALALLALAASATSTHTSGGCGCQPPPPVHLPPPVHLPPPVHLPPPVHLPPPVHLPP
PVHLPPPVHVPPPVHLPPPPCHYPTQPPRPQPHPQPHPCPCQQPHPSPCQLQGTCGVGS
TPILGQCVEFLRHQCSPTATPYCSPQCQSLRQQCCQQLRQVEPQHRYQAIFGLVLQSILQQ
QPQSGQVAGLLAAQIAQQLTAMCGLQQPTPCPYAAAGGVPH 

 

gz93 

MRVLLVALALLALAASATSTHTSGGCGCQPPPPVHLPPPVHLPPPVHLPPPVHLPPPVHLPP
PVHLPPPVHVPPPVHLPPPPCHYPTQPPRPQPHPQPHPCPCQQPHPSPCQ 

 

az22 

MATKILALLALLALLVSATNAFIIPQCSLAPSASIPQFLPPVTSMGFEHPAVQAYRLQLALAAS
ALQQPIAQLQQQSLAHLTLQTIATQQQQQQFLPSLSHLAVVNPVTYLQQQLLASNPLALANV
AAYQQQQQLQQFMPVLSQLAMVNPAVYLQLLSSSPLAVGNAPTYLQQQLLQQIVPALTQLA
VANPAAYLQQLLPFNQLAVSNSAAYLQQRQQLLNPLAVANPLVATFLQQQQQLLPYNQFSL
MNPALQQPIVGGAIF 

 

gz16 

MKVLIVALALLALAASAASSTSGGCGCQTPPFHLPPPFYMPPPFYLPPQQQPQPWQYPTQP
PQLSPCQQFGSCGVGSVGSPFLGQCVEFLRHQCSPAATPYGSPQCQALQQQCCHQIRQV
EPLHRYQATYGVVLQSFLQQQPQGELAALMAAQVAQQLTAMCGLQLQQPGPCPCNAAAG
GVYY 

 

bz15 

MKMVIVLVVCLALSAASASAMQMPCPCAGLQGLYGAGAGLTTMMGAGGLYPYAEYLRQPQ
CSPLAAAPYYAGCGQPSAMFQPLRQQCCQQQMRMMDVQSVAQQLQMMMQLERAAAAS
SSLYEPALMQQQQQLLAAQGLNPMAMMMAQNMPAMGGLYQYQLPSYRTNPCGVSAAIPP
YY 

 

dz10 

MAAKMLALFALLALCASATSATHIPGHLPPVMPLGTMNPCMQYCMMQQGLASLMACPSLM
LQQLLALPLQTMPVMMPQMMTPNMMSPLMMPSMMSPMVLPSMMSQMMMPQCHCDAVS
QIMLQQQLPFMFNPMAMTIPPMFLQQPFVGAAF 
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EGFP 

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV
TTLTYGVQCFSRYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQ
NTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 

 

mCherry 

MVSKGEEDNMAIIKEFMRFKVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPF
AWDILSPQFMYGSKAYVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDG
EFIYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAE
VKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK 

 

mCitrine 

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLV
TTFGYGLMCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVN
RIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQ
NTPIGDGPVLLPDNHYLSYQSKLSKDPNEKRDHMVLLEFVTAAGITLGMDELYK 

 

mKO2 

MVSVIKPEMKMRYYMDGSVNGHEFTIEGEGTGRPYEGHQEMTLRVTMAEGGPMPFAFDL
VSHVFCYGHRVFTKYPEEIPDYFKQAFPEGLSWERSLEFEDGGSASVSAHISLRGNTFYHK
SKFTGVNFPADGPIMQNQSVDWEPSTEKITASDGVLKGDVTMYLKLEGGGNHKCQMKTTY
KAAKEILEMPGDHYIGHRLVRKTEGNITEQVEDAVAHS 

 

mTagBFP2 

MVSKGEELIKENMHMKLYMEGTVDNHHFKCTSEGEGKPYEGTQTMRIKVVEGGPLPFAFDI
LATSFLYGSKTFINHTQGIPDFFKQSFPEGFTWERVTTYEDGGVLTATQDTSLQDGCLIYNV
KIRGVNFTSNGPVMQKKTLGWEAFTETLYPADGGLEGRNDMALKLVGGSHLIANAKTTYRS
KKPAKNLKMPGVYYVDYRLERIKEANNETYVEQHEVAVARYCDLPSKLGHKLN 
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Abstract

The encapsulation of biopharmaceuticals into micro‐ or nanoparticles is a strategy

frequently used to prevent degradation or to achieve the slow release of therapeutics

and vaccines. Protein bodies (PBs), which occur naturally as storage organelles in

seeds, can be used as such carrier vehicles. The fusion of the N‐terminal sequence of

the maize storage protein, γ‐zein, to other proteins is sufficient to induce the

formation of PBs, which can be used to bioencapsulate recombinant proteins directly

in the plant production host. In addition, the immunostimulatory effects of zein have

been reported, which are advantageous for vaccine delivery. However, little is known

about the interaction between zein PBs and mammalian cells. To better understand

this interaction, fluorescent PBs, resulting from the fusion of the N‐terminal portion

of zein to a green fluorescent protein, was produced in Nicotiana benthamiana leaves,

recovered by a filtration‐based downstream procedure, and used to investigate their

internalization efficiency into mammalian cells. We show that fluorescent PBs were

efficiently internalized into intestinal epithelial cells and antigen‐presenting cells

(APCs) at a higher rate than polystyrene beads of comparable size. Furthermore, we

observed that PBs stimulated cytokine secretion by epithelial cells, a characteristic

that may confer vaccine adjuvant activities through the recruitment of APCs. Taken

together, these results support the use of zein fusion proteins in developing novel

approaches for drug delivery based on controlled protein packaging into plant PBs.

K E YWORD S

bioencapsulation, molecular farming, plant‐made pharmaceuticals, protein bodies, recombinant

proteins.

1 | INTRODUCTION

Oral administration of pharmaceuticals is often the desired drug

delivery route for reasons such as safety, patient compliance, and

socioeconomic advantages (De Smet, Allais, & Cuvelier, 2014;

Sastry, Nyshadham, & Fix, 2000). Oral vaccines, for instance,

have the additional benefit of being able to elicit not only

immunoglobulin G‐mediated serum immunity but also immunoglo-

bulin A (IgA)‐mediated mucosal immunity, thus providing an

advantage since many pathogens enter the host through mucosal

surfaces (Breedveld & van Egmond, 2019). However, a major

challenge for oral therapeutics is the need for them to withstand
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the harsh conditions of the gastric system, such as low pH and

digestive enzymes. To ensure that the active components remain

intact upon arrival at their effector site, they need to be fortified

to prevent degradation. One way to achieve such robustness is by

encapsulating therapeutics into micro‐ or nanoparticles.

Zein, a prolamin‐type storage protein from maize seeds, is

extensively used for encapsulation purposes because it is biocompatible

and biodegradable (Luo &Wang, 2014) and was generally recognized as

safe for oral use by the US Food and Drug Administration in 1985

(Zhang et al., 2015). There are several ways in which zein can be used

for encapsulation purposes. Most studies have used in vitro methods

such as phase separation, spray drying, supercritical antisolvent

technique, emulsification/solvent evaporation, or chemical crosslinking

techniques (Zhang et al., 2016). Most in vitro encapsulation studies

using zein have focused on the incorporation of poorly water‐soluble,
nonproteinaceous compounds like curcumin (Patel, Hu, Tiwari, &

Velikov, 2010), aceclofenac (Karthikeyan, Vijayalakshmi, & Korrapati,

2014), quercetin (Penalva, González‐Navarro, Gamazo, Esparza, &

Irache, 2017), or alpha‐tocopherol (Luo, Zhang, Whent, Yu, & Wang,

2011), but these methods have also been used to encapsulate lysozyme

(Zhong & Jin, 2009) and the antioxidant proteins catalase and

superoxide dismutase (S. Lee, Alwahab, & Moazzam, 2013; S. Lee,

Kim, & Park, 2016).

Alternatively, zein‐containing protein storage organelles, so‐
called zein protein bodies (PBs), found in maize endosperm cells

(Lending & Larkins, 1989), may offer natural bioencapsulation

strategies for recombinant oral pharmaceuticals. This assumption

has been substantiated by experiments with rice seeds showing that

the sequestration of recombinant proteins in endogenous storage

organelles containing rice prolamins confers protection from diges-

tive proteolysis after oral administration in an animal model (Nochi

et al., 2007). A faster and more versatile method for encapsulating

proteins into the protective environment of zein micro/nanocarriers

is to create a fusion protein in which the protein of interest is fused

to a partial sequence of zein. Expression of such fusion protein

results in in vivo bioencapsulation in various production hosts, within

newly induced storage organelles. Amongst the various classes of

zeins: α (19 and 22 kDa), β (15 kDa), γ (16, 27, and 50 kDa), δ (10 kDa;

Woo, Hu, Larkins, & Jung, 2001)—the 27 kDa γ‐zein was identified as

the key element that induces the formation of endogenous as well as

recombinant PBs. Furthermore, it was discovered that the N‐terminal

93 amino acids of 27 kDa γ‐zein (abbreviated gz93 from here on) are

sufficient to produce PBs in other plants, and even in heterologous

expression systems such as fungal, insect, and mammalian cells (Llop‐
Tous et al., 2010; Torrent et al., 2009). Various proteins with

different properties in terms of molecular mass and function,

including growth factors (Torrent et al., 2009), viral vaccine

candidate proteins (Hofbauer et al., 2016; Mbewana, Mortimer,

Pêra, Hitzeroth, & Rybicki, 2015; Whitehead et al., 2014), and

enzymes (Llop‐Tous, Ortiz, Torrent, & Ludevid, 2011), have been

successfully incorporated into newly induced PBs in plants like

Nicotiana benthamiana when fused to gz93. N. benthamiana is

frequently used for the production of biopharmaceuticals because

it is well suited for the transient expression of recombinant proteins,

and this method offers advantages over other expression systems in

terms of speed, safety, scalability, and reduced upstream production

costs. However, the cost savings in the upstream process are

sometimes offset by industrial downstream processes for the

purification of biopharmaceuticals, which are often quite laborious

and may account for approximately 70–80% of the total manufactur-

ing costs regardless of the expression host (Schillberg, Raven, Spiegel,

Rasche, & Buntru, 2019). In the case of orally delivered plant‐made

products, the complexity of the downstream process could be

reduced and plant tissues could be administered after minimal

processing, allowing to take maximum benefit of the competitive

upstream production costs offered by plants.

Previously, it was reported that zein PBs can have an adjuvant

effect when administered by injection. For example, the fusion of a

therapeutic HPV vaccine candidate to the Zera® peptide, a self‐
assembly domain very similar to gz93, enhanced the immune

responses in mice (Whitehead et al., 2014). Similarly, when we fused

hemagglutinin‐5 (H5) to gz93, the resulting PBs were able to elicit a

strong immune response that was on par with soluble H5 plus

Freund's complete adjuvant, while soluble H5 without adjuvant failed

to induce an immune response (Hofbauer et al., 2016). Particulate

formulations of antigens generally show this immunostimulatory

effect and one possible explanation is that upon internalization of a

single particle, many copies of the antigen enter the cell, whereas a

much higher dose must be administered to achieve comparable local

concentrations surrounding the cell (Colino et al., 2009; Snapper,

2018). Alternatively, the enhanced immune response may also be due

to superior antigen display and stability or other immunostimulatory

signals (Smith, Simon, & Baker, 2013). In addition, gz93 harbors eight

repeats of a proline‐rich domain (VHLPPP)8 that closely resembles

the sweet arrow peptide (VRLPPP)3, which is known for having cell‐
penetrating properties (Sánchez‐Navarro, Teixidó, & Giralt, 2017).

In the present study, we focus on the potential of PBs for oral

application. We explore a downstream procedure based on two

consecutive tangential flow filtrations (TFFs) as a means to enrich the

zein PBs from larger amounts of leaf tissue, and we investigate the

internalization efficiency of zein PBs into cells of the mucosal lining

by comparing the uptake of fluorescent gz93 PBs and polystyrene

beads of comparable size. We demonstrate efficient PB internaliza-

tion into intestinal epithelial cells as well as antigen‐presenting cells

(APCs). Finally, we analyze whether the epithelial cells secrete

cytokines, which are known to recruit APCs.

2 | MATERIALS AND METHODS

2.1 | Molecular cloning

The coding sequences of gz93‐enhanced green fluorescent protein

(eGFP) and gz93‐mTagBFP2 were designed in silico and synthesized by

GeneCust, Europe. The sequences were then cloned into the pTRA

vector, a derivative of pPAM (GenBank AY027531), by restriction
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cloning using SmiI and XbaI cut sites. The translated sequence starts

with the N‐terminus of 27 kDa γ‐zein (GenBank accession number:

AF371261) including its native signal peptide and the first 93 amino

acids of the mature protein (hence gz93), followed by a short flexible

(GGGGS)2 linker, which finally connects to the eGFP or the monomeric

blue fluorescent protein (mTagBFP2; Subach, Cranfill, Davidson, &

Verkhusha, 2011). gz93‐eGFP is expressed under control of a 35S

promoter with a duplicated transcriptional enhancer and a 35S

terminator, both originating from Cauliflower mosaic virus. In addition,

the transcribed region contains a 5′‐untranslated region from Tobacco

etch virus, which confers the increased stability of the messenger RNA.

Two matrix attachment regions of tobacco Rb7 (Halweg, Thompson, &

Spiker, 2005) flank the promoter and terminator up‐ and downstream,

respectively, to suppress transgene silencing.

2.2 | Plant material and agroinfiltration

N. benthamiana plants were cultivated in the soil in a growth chamber

with a 16hr photoperiod at 70% relative humidity and day/night

temperatures of 26°C and 16°C, respectively. The gz93‐eGFP and gz93‐
mTagBFP2 plasmids were transferred into chemically competent

Agrobacterium tumefaciens GV3101‐pMP90RK. Cultures of this Agrobac-

terium strain were inoculated from glycerol cryo‐stocks and cultivated in

YEB medium containing 25mg/L kanamycin, 25mg/L rifampicin, and

50mg/L carbenicillin. Cultures were incubated at 28°C while shaking at

200 rpm. Before infiltration, the cultures were pelleted and washed twice

with infiltration medium (10mM MES pH 5.6, 10mM MgCl2, 100 µM

acetosyringone) and adjusted to OD600 0.2 with infiltration medium. The

infiltration of N. benthamiana leaves was performed manually with 1ml

syringes. Leaves were harvested 8 days postinfiltration (dpi) for the

production of PBs for uptake assays, while smaller samples for size

determination were harvested at 4 and 12 dpi as well.

2.3 | PB size determination

The diameter of gz93‐eGFP PBs was determined at 4, 8, and 12 dpi

by analyzing the maximum projected z‐stacks of confocal laser

scanning microscopy (CLSM) pictures. For each sample, a 5 × 5mm

section was excised from the agroinfiltrated leaves of N. benthamiana

and mounted on a glass slide with tap water as the immersion

medium. The samples were observed under a Leica SP5 Confocal

Laser Scanning Microscope using a ×63 water immersion objective

(NA 1.20). The Argon laser power was set to 16% and the 488 nm

laser line was set to 2% output for the excitation of eGFP. Forty‐eight
pictures along the z‐axes were recorded at a resolution of

1,024 × 1,024 pixels for each picture with a step size of 1.1 µm

(bidirectional scanning at 400 Hz, 2x line averaging). Maximum

projections of z‐stacks were exported from Leica Software and

analyzed using Adobe Photoshop. In total, 832, 986, and 821

individual PBs from at least three samples per time point were

measured for 4, 8, and 12 dpi, respectively.

2.4 | Processing of plant material

N. benthamiana leaf material expressing gz93‐eGFP or gz93‐mTagBFP2

was harvested at 8 dpi and stored at −20°C until processing. Leaf

material, 200 g, was homogenized in a Waring‐type blender with the

addition of 800ml phosphate‐buffered saline (PBS) extraction buffer

(137mMNaCl, 2.7mM KCl, 10mMNa2HPO4, 1.8mM KH2PO4, pH 7.4)

supplemented with 2% Triton X‐100. The extract was further homo-

genized with a disperser (IKA ULTRA‐TURRAX® S 25N‐10G) and then

repeatedly pelleted by centrifugation at 15,000 rcf for 30min at 4°C.

The supernatants were discarded, and the pellets were washed twice

with PBS extraction buffer including 2% Triton X‐100 and twice with

PBS lacking Triton X‐100. The resulting suspension was then filtered

through a 180 µm nylon mesh filter utilizing a vacuum‐assisted bottle‐
top filter holder. Small amounts of antifoam Y‐30 were added when

necessary. This was then subjected to the first TFF using a nylon filter

cloth with a 10 µm cut‐off. Since TFF systems with this pore rating were

not available, we built a prototype TFF filter holder that can be equipped

with any cloth or membrane. This filter holder provided a surface area of

96 cm2 and was operated by a peristaltic pump. gz93‐eGFP PBs passed

through the 10 µm filter and the permeate was washed and

concentrated using a second TFF with a 0.65 µm cut‐off (C02‐E65U‐
07‐N; Spectrum Labs). Once some of the permeate had passed the first

filter, both systems could be operated simultaneously. The concentrated

retentate was subjected to low‐speed density centrifugation over a

cushion of 40% CsCl (1.4225 g/cm3) at 4,800 rcf for 30min at 20°C. The

top layer was collected and washed twice with five sample volumes PBS,

to remove CsCl, by pelleting at 21,000 rcf for 5min at 20°C.

2.5 | Flow cytometry of PBs

Processed samples of gz93‐eGFP PBs were measured in a V‐bottom
96‐well plate and data were collected for 10,000 events using a flow

cytometer (CytoFlex S; Beckman Coulter). eGFP signal was excited at

488 nm and emission was measured at 525 nm. Forward, side scatter,

and eGFP gain was set to 40, 24, and 50, respectively. To show the

reproducibility of the method, three independent measurements,

each including five replicates, were performed. Flow cytometry data

were analyzed with CytExpert 2.3 (Beckman Coulter).

2.6 | Determination of nicotine content

Nicotine extraction was performed as described (Moghbel, Ryu, &

Steadman, 2015). PBs derived from 50mg of leaves (FW) were

extracted for 2 hr in a 1‐ml extraction solution (40% aqueous

methanol containing 0.1% 1N hydrochloric acid). The supernatant

was collected and the pellet was re‐extracted twice. The super-

natants were combined and evaporated to dryness (Savant Speed

Vac SC‐110 with cooling unit RVT‐100; Savant instruments,

Holbrook). For comparison, 50mg of leaves of N. benthamiana were

ground and extracted according to the same protocol. A nicotine
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standard (N0267; Merck, Germany) was used for quantification. For

high performance liquid chromatography‐electrospray ionization‐
tandem mass spectrometry (HPLC‐ESI‐MS/MS) measurements, the

sample was dissolved in 12 μl of 80mM ammonium formate buffer

(pH 3.0) and 5 μl was loaded on a BioBasic C18 column (BioBasic 18,

150 × 0.32mm, 5 µm; Thermo Fisher Scientific, Waltham, MA) using a

Dionex UltiMate 3000 system directly linked to a QTOF instrument

(maXis 4G ETD; Bruker). A gradient from 99.0% to 6.2% of solvent A

and 1.0–93.8% of solvent B (solvent A: 80mM ammonium formate

buffer at pH 3.0, B: 80% acetonitrile and 20% A) was applied over a

10min interval at a flow rate of 6 μl/min. The mass spectrometer was

equipped with the standard ESI source and measurements were

performed in positive ion, DDA mode (= switching to MSMS mode for

eluting peaks). MS scans were recorded (range, 100–1,500m/z) and

the four highest peaks were selected for fragmentation. Instrument

calibration was performed using an ESI calibration mixture (Agilent).

2.7 | Mammalian cell culture

Human colonic epithelial cells (HCEC‐1CT, CkHT‐039‐0229; Evercyte
GmbH, Vienna) were routinely grown at 37°C under a humidified

atmosphere of 7% CO2 in DMEM:199 (4:1/Biochrome, Germany)

supplemented with 2% cosmic calf serum (HyClone, Logan, UT), EGF

(25 ng/ml), hydrocortisone (1 g/ml), insulin (10 g/ml), transferrin (2 g/ml),

and sodium selenite (5 nM; all from Sigma‐Aldrich, St. Louis, MO).

Differentiation of cells toward colonic epithelial cells (described by Roig

et al., 2010) was induced by culturing cells for 48 hr in DMEM:199 (4:1)

supplemented with 0.1% cosmic calf serum, EGF (1.25 ng/ml), hydro-

cortisone (1 µg/ml), insulin (10 µg/ml), transferrin (2 µg/ml), sodium

selenite (5 nM), and GSK‐2 inhibitor IX (5 µm; Merck).

U937 cells (ATCC CRL 1593) were cultivated in Roswell Park

Memorial Institute 1640 media (Biochrom, Germany) containing 10%

heat‐inactivated fetal calf serum and 4mM L‐glutamine (Sigma‐
Aldrich). Differentiation of cells toward macrophage‐like cells was

induced by culturing 7 × 105 cells/ml in medium containing 100 nM

phorbol 12‐myristate 13‐acetate for 24 hr. The medium was changed

to routine medium and cells were cultivated for further 48 hr until

the cells attached to the surface showing the development of a

dendritic‐like morphology.

2.8 | PB uptake and flow cytometry of HCEC cells

For uptake studies, the medium was supplemented with 100 units/ml

of penicillin, and 100 μg/ml of streptomycin (Sigma‐Aldrich) and

2 × 104 cells/cm2 were seeded and differentiated for 48 hr until

confluence was reached. On the basis of the results from the

quantification of PBs using a flow cytometer, cells were incubated

with 150 gz93‐eGFP PBs/cell at 37°C (n = 3) for 2, 6, 12, 18, and

24 hr. Before cell detachment using 0.1%/0.02% Trypsin/EDTA for

5min, the cells were washed thoroughly with PBS to remove the

remaining particles. The uptake of fluorescent particles into the cells

was analyzed in a flow cytometer (CytoFlex S; Beckman Coulter).

Yellow–green‐labeled 1‐µm polystyrene microspheres (F13081;

Thermo Fisher Scientific) were used for comparison. As a negative

control, cells were kept for 6 hr at 4°C to prevent active particle

uptake. The negative control was carried out with 150 gz93‐eGFP
PBs or polystyrene microspheres (PS beads) per cell, respectively,

and the signal obtained was subsequently subtracted from the

fluorescent signal obtained from cells incubated at 37°C.

The supernatant of cells was collected after 24 hr of incubation

either with or without gz93‐eGFP PBs or PS beads, centrifuged for

15min with 500 rcf at 4°C, and stored at −80°C until analysis of the

cytokine content. Cytokines (interleukin‐6 [IL‐6], granulocyte‐
macrophage colony‐stimulating factor [GM‐CSF]) secreted into the

media by HCEC‐1CT cells, were measured using the MILLIPLEX®

MAP Human Cytokine/Chemokine panel (HCYTOMAG‐60K; Merck

Millipore, Burlington, MA). As a positive control, cells were incubated

for 24 hr with 200 ng/ml tumor necrosis factor‐α (Sigma‐Aldrich) to
induce cytokine secretion.

2.9 | Microscopy of mammalian cells

HCEC cells were seeded in eight‐well microslides (Cat #80826; ibidi,

Gräfelfing, Germany) and differentiated after a cell number of

3 × 104 cells/cm2 was reached. After incubation with gz93‐eGFP PBs

for 4 hr, cells were washed three times with PBS. To visualize the cell

nuclei, cells were stained for 5 min with 2 µg/ml Hoechst 33342

(H1399; Thermo Fisher Scientific). In addition, cells were incubated

for 5 min at 37°C with 5 µg/ml of the lipophilic cell membrane dye

FM4‐64 (T13320; Thermo Fisher Scientific). The cellular uptake of

PBs into HCEC‐1CT was confirmed by CLSM using a Leica TCS SP8

with a ×63 water immersion objective (NA 1.20; Leica Microsystems,

Wetzlar, Germany; lasers: diode 405 nm, white light laser 488 nm,

565 nm; detectors: HyD 432–472 nm, PMT 503–515 nm). Z‐stacks
were generated with a step size of 0.7 µm.

U937 cells were incubated for 2 hr with gz93‐eGFP and gz93‐
mTagBFP2 PBs at 37°C. Lysosomes of cells were loaded by pulsing

cells with 0.1 mg/ml Alexa Fluor 647 Dextran for 4.5 hr, and then

cells were studied for 2 hr. Cellular uptake of PBs into U937 cells was

confirmed by CLSM as described above.

3 | RESULTS

3.1 | Gz93‐eGFP PBs produced in N. benthamiana
leaves are enriched by a filtration‐based process

For the production of fluorescent recombinant PBs, eGFP was

genetically fused to the C‐terminus of gz93 connected by a flexible

(GGGGS)2 linker. The resulting construct (gz93‐eGFP) was

transferred to leaves of N. benthamiana by agroinfiltration and

the formation of spherical PBs was confirmed by CLSM (Figure

S1A). The size distribution of PBs was analyzed at 4, 8, and 12 dpi,
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and median diameters of 0.77 (SD ± 0.43), 1.03 (SD ± 0.34), and

1.33 (SD ± 0.55) µm were determined, respectively (Figure 1),

indicating that gz93‐eGFP particles keep increasing in size. We

chose to harvest PBs at 8 dpi with a median diameter of 1.03 µm

for cellular uptake studies.

To obtain sufficient amounts of PBs, we developed a new

downstream procedure for the enrichment of zein PBs that is based

on a combination of filtration steps (Figure 2) and therefore more

easily scalable than previously described processes based on

ultracentrifugation (Hofbauer et al., 2016; Whitehead et al., 2014).

Our procedure comprises initial washing steps with buffer containing

Triton X‐100 to solubilize membranes and to remove soluble host

proteins and other compounds from the insoluble fraction. This was

followed by coarse straining through a 180 µm mesh and two

subsequent TFFs with pore sizes of 10 and 0.65 µm, respectively. The

first TFF removes large cell debris while gz93‐eGFP PBs pass through

the filter. The second TFF step was carried out to remove additional

soluble host proteins and particles that are smaller than gz93‐eGFP
PBs. Through this procedure, it was possible to reduce the sample

volume and concentrate it by a factor of 100. As a result, much more

of the sample could be subjected to centrifugation over a cushion of

40% CsCl (1.4225 g/cm3) that allows separating particles with a

higher density than gz93‐eGFP PBs (e.g., starch granules). In addition,

this step is performed at 4,800 rcf, and this enables more of the

sample to be processed compared with procedures where centrifu-

gation is done at ultrahigh speeds (>50,000 rcf).

The resulting preparations of gz93‐eGFP PBs were evaluated by

flow cytometry. This method allowed us to identify two populations of

particles with distinct fluorescence properties (Figure S2). In agree-

ment with visual inspection by confocal microscopy, we concluded that

the population of fluorescent particles represents gz93‐eGFP PBs

while the rest is probably cell debris. The mean concentration of

fluorescent particles (n = 3) was 3.18E+06 events/µl (SD ± 13.2%)

corresponding to 5.12E+07 gz93‐eGFP PBs/g fresh weight of leaves.

The nicotine levels of N. benthamiana leaves and of the gz93‐
eGFP PB preparation were determined using HPLC‐ESI‐MS/MS

(Table S1). The nicotine content in N. benthamiana leaves was around

47,500 ng/g, whereas the residual nicotine content in a PB sample

derived from 1 g of leaves was 3.89 ng (SD ± 0.2), demonstrating that

during the downstream procedure, nicotine was depleted by a factor

of 1.22E+04. The residual amount of nicotine is comparable with the

nicotine content found in some vegetables. For example, the levels of

nicotine in the edible parts of tomato and eggplant are 3–7 ng/g

(Moldoveanu, Scott, & Lawson, 2016), and according to Andersson,

Wennström, and Gry (2003), the average nicotine exposure from

consumption of vegetables is approximately 1,000 ng/day.

3.2 | Gz93‐eGFP PBs are endocytosed by human
colon epithelial cells and stimulate cytokine release

To demonstrate the endocytosis of zein PBs into cells of the human

intestinal barrier, we used the human colon epithelial cell line HCEC‐
1CT (immortalized by hTERT and CDK4), which maintains expression

F IGURE 1 Size determination of gz93‐eGFP PBs. Samples of
Nicotiana benthamiana were analyzed by CLSM at 4, 8, and 12 dpi.
The diameter of PBs increases significantly over time as determined

by one‐way ANOVA with post hoc Tukey's test (****p < .0001).
ANOVA, analysis of variance; CLSM, confocal laser scanning
microscope; dpi, days post infiltration; eGFP, enhanced green

fluorescent protein; PBs, protein bodies [Color figure can be viewed
at wileyonlinelibrary.com]

F IGURE 2 A scalable process for the enrichment of zein PBs, based on two consecutive tangential flow filtrations. At the first step, cell

debris is retained by a 10‐µm nylon filter while PBs are able to pass and the second step concentrates the PBs while allowing soluble
contaminants to permeate. In this process flow chart, the path of PBs is highlighted in green. PBs, protein bodies [Color figure can be viewed at
wileyonlinelibrary.com]
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of cell‐type‐specific markers and functions of colon epithelial cells

(Roig et al., 2010). The uptake of gz93‐eGFP PBs into HCEC‐1CT
cells was demonstrated by CLSM and quantified by flow cytometry.

CLSM images showed that cells are able to take up gz93‐eGFP PBs

within 4 hr of incubation (Figure 3a–d). The cellular internalization of

a gz93‐eGFP PB was confirmed by providing optical sections (xy‐)
with xz‐ and yz‐projections (shown in Figure 3e), which allowed a

clear differentiation between extracellular and internalized PBs.

Furthermore, the internalization is proven by the overlay of the

green signal, originating from the gz93‐eGFP PB, and the red signal

emitted by FM4‐64 reported to stain endocytic membranes (Hansen,

Rasmussen, Niels‐Christiansen, & Danielsen, 2009).

A second experiment was carried out to quantitatively assess the

uptake of PBs by flow cytometry and to compare the uptake efficiencies

of PBs and PS beads. On the basis of the quantification of fluorescent

events per µl, 150 gz93‐eGFP PBs or PS beads per cell were added to in

vitro cultures of HCEC‐1CT cells and incubated for 2, 6, 12, 18, and

24 hr. Endocytosis of gz93‐eGFP PBs occurred faster than that of PS

beads, as indicated by a sharper increasing curve for the PBs, reaching a

plateau after 12 hr (Figure 4). Mean values after 12 hr reached 66.5%

(SD ± 6.2) and 43.5% (SD ± 4.9) for gz93‐eGFP PBs and PS beads,

respectively. The difference of 22.9% (SD ± 4.6) was significant in

Student's t test (p < .01). Also, after exposure for 18 and 24 hr, the

overall number of fluorescent cells incubated with PS beads remained

below the levels obtained with gz93‐eGFP PBs (t test; p < .05).

Having confirmed that human colon epithelial cells are able to

endocytose gz93‐eGFP PBs, we investigated whether endocytosis

might lead to the secretion of cytokines that can activate the immune

system. Amongst others, the cytokine GM‐CSF is known to have an

activating effect on APCs, like macrophages and dendritic cells

(Hamilton, 2002). We thus collected the culture medium super-

natants from the uptake assays (n = 3) and subjected them to

Luminex assays. The secretion of GM‐CSF was only elevated upon

administration of 150 gz93‐eGFP PBs per cell but not after

treatment with the same amount of PS beads (Figure 5a). IL‐6 levels

were also significantly increased upon incubation with gz93‐eGFP
PBs as compared with the same dose of PS beads (Figure 5b).

F IGURE 3 HCEC‐1CT cells have internalized gz93‐eGFP PBs after 4 hr of incubation. The cell nucleus was stained with Hoechst 33342,
displayed in blue (a), gz93‐eGFP PBs emit green fluorescence (b), and the cell membrane and intracellular structures were stained in red with

FM4‐64 (c). When all channels are merged (d) an orange signal results from the overlay of the green and red fluorescence that indicates the
internalization of gz93‐eGFP PB into HCEC‐1CT cells. The cell was imaged in 32 sections (with a step size of 0.7 µm), and the cell is shown in the
xy‐axis at z = 11. yz‐ (e, green panel) and xz‐projections (e, red panel) clearly confirm the internalization of the analyzed PB (arrow). The bar

represents 20 µm. eGFP, enhanced green fluorescent protein; PBs, protein bodies [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Uptake of gz93‐eGFP PBs by HCEC‐1CT cells in
comparison to fluorescent polystyrene beads. The relative number of
fluorescent HCEC‐1CT cells was determined by flow cytometry at the

indicated time points. Values are shown as medians with their 95%
confidence interval. eGFP, enhanced green fluorescent protein; PBs,
protein bodies [Color figure can be viewed at wileyonlinelibrary.com]
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3.3 | PBs are taken up by immune cells

We then investigated the uptake of fluorescent PBs into immune

cells using the human myelomonocytic cell line U937. Cells were first

matured and differentiated as could be seen by decreased cell

proliferation and attachment to the surface. After 2 hr, most of the

cells had taken up multiple gz93‐eGFP PBs (Figure 6a,b). To obtain

information about the localization of the internalized particles, we

visualized the endosomal compartments of those cells with Dextran

Alexa Fluor 647, which is known to be internalized in late endosomes

(a) (b)

F IGURE 5 Cytokine secretion of HCEC‐1CT cells after 24 hr of incubation with gz93‐eGFP PBs and PS beads. Cells incubated with gz93‐eGFP
PBs showed a significant increase in GM‐CSF and IL‐6 secretion compared with cells treated with polystyrene beads. Untreated cells (cells only)

were used as a negative control and TNF‐α treated cells as a positive control. Values for three independent experiments are shown and the median
values are indicated. nsp > .05, ****p ≤ .0001. eGFP, enhanced green fluorescent protein; GM‐CSF, granulocyte‐macrophage colony‐stimulating
factor; IL‐6, interleukin‐6; PBs, protein bodies; TNF‐α, tumor necrosis factor‐α [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 The uptake of gz93‐eGFP and gz93‐mTagBFP2 PBs into U937 cells was confirmed by CLSM. Upon PMA treatment, cells attached
to the vessel surface and exhibited morphological changes such as the growth of dendrite‐like structures (a). Endosomal compartments were
loaded and visualized with Alexa Fluor 647 Dextran (red, b). Colocalization of blue fluorescent gz93‐mTagBFP2 PBs with endosomal
compartments (red) results in a purple signal (c, merge). The bar represents 10 µm. CLSM, confocal laser scanning microscope; eGFP, enhanced

green fluorescent protein; PBs, protein bodies; PMA, phorbol 12‐myristat‐13‐acetat [Color figure can be viewed at wileyonlinelibrary.com]
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after endocytosis (Johnson, Ostrowski, Jaumouillé, & Grinstein,

2016). Since eGFP fluorescence is not stable in the acidic environ-

ment of late endosomes, we also used for this experiment PBs

containing mTagBFP2, a blue fluorescent protein variant with a pKa

of 2.7 ± 0.2 (Subach et al., 2011). In the gz93‐mTagBFP2 PBs, GFP

was replaced with mTagBFP2, but otherwise, they were produced

and recovered in the same manner as described for the gz93‐eGFP
PBs and had a similar appearance and size (Figure S1B). We were

able to observe the colocalization of gz93‐mTagBFP2 PBs in

compartments stained with Dextran Alexa Fluor 647 (Figure 6c). It

is, therefore, likely that the PBs are transported to the late

endosomes, where usually antigen processing takes place.

4 | DISCUSSION

The induction of mucosal immunity by subunit vaccines is a promising

prophylactic strategy, which is especially effective against enteric

infections (Ghaffari Marandi, Zolfaghari, Kazemi, Motamedi, & Amani,

2019; Qadri, Svennerholm, Faruque, & Sack, 2005; Shojaei Jeshvaghani

et al., 2019). However, protein‐based oral vaccines require the protection

of the antigen to ensure sufficient stability and transport to the intestine

and the underlying immune system (Davitt & Lavelle, 2015; Kour, Rath,

Sharma, & Goyal, 2018). Encapsulation of antigenic payload in

nanoparticles made of chitosan or synthetic polymers like poly(DL‐lactic‐
co‐glycolic acid) (PLGA) provides such protection and has been used as a

successful strategy to induce sIgA antibodies upon oral administration

(Edelman et al., 1993; Fattal, Pecquet, Couvreur, & Andremont, 2002).

In this study, we focused on using zein PBs as alternative oral drug

delivery vehicles since they combine several beneficial properties: Zein

PBs have been shown to be recalcitrant against digestion by various

proteases (S. H. Lee & Hamaker, 2006), have an adjuvant effect

(Hofbauer et al., 2016; Whitehead et al., 2014), and they can mediate

the sustained release of in vitro encapsulated small molecule drugs and

even DNA (Acevedo et al., 2018; Farris, Brown, Ramer‐Tait, & Pannier,

2017; Regier, Taylor, Borcyk, Yang, & Pannier, 2012; Zhang et al., 2015).

In addition, the encapsulation in zein PBs can be achieved directly in the

plant production host as an integral part of the upstream process.

For the induction of a mucosal immune response, uptake of an

antigen at the intestinal surface is crucial. However, little is known

about the ability of zein PBs to interact with mammalian cells. We

have, therefore, investigated the uptake of fluorescent zein PBs

into human intestinal epithelial and APCs. We could show that the

PBs are internalized into intestinal epithelial cells at a higher rate

than synthetic polystyrene beads. After 12 hr of incubation, the

proportion of cells that had taken up fluorescent PBs reached

66.5% (SD ± 6.2). In contrast, after 12 hr of incubation with PS

beads, only 43.5% (±4.9) of cells had internalized PS particles, and

the number of fluorescent cells reached only 56.1% (±5.3) after

24 hr. This enhanced uptake efficiency of PBs might be due to the

amphipathic proline‐rich repeat found in the N‐terminal sequence

of γ‐zein, which favors interaction with membranes (Kogan et al.,

2004) and is assumed to have cell‐penetrating effects that could

promote cellular uptake (Fernández‐Carneado, Kogan, Castel, &
Giralt, 2004).

In addition to the uptake of fluorescent PBs, we also showed an

immunostimulatory effect on the cells, resulting in an increased

secretion of chemoattractant molecules such as GM‐CSF. GM‐CSF is

involved in the differentiation of granulocytes and macrophages and

in the activation and proliferation of neutrophils, macrophages, and

dendritic cells (Hamilton, 2002). With respect to mucosal immuniza-

tion, the presence of GM‐CSF was shown to increase antigen‐specific
antibody production (Okada et al., 1997). GM‐CSF also promotes IL‐6
secretion (Evans, Shultz, Dranoff, Fuller, & Kamdar, 1998), and

accordingly IL‐6 levels were also elevated when cells were subjected

to PBs. Both chemokines play a pivotal role in the initiation of a

humoral response to antigenic proteins (Tada, Hidaka, Kiyono,

Kunisawa, & Aramaki, 2018), and IL‐6 has been explored as a

molecular adjuvant for mucosal vaccines (Rath et al., 2013; Su et al.,

2008; Thompson & Staats, 2011). The observed cytokine release

indicates the PB formulation's potential to enhance immunity and to

exert an adjuvant effect, which is in agreement with the findings of

Whitehead et al. (2014) and Hofbauer et al. (2016).

In addition to antigen uptake via intestinal epithelial cells,

dendritic cells can capture antigens directly from the intestinal

lumen by extending dendrites through the epithelium (Rescigno et al.,

2001). Since GM‐CSF is known to recruit dendritic cells to the

subepithelial layer (Egea, Hirata, & Kagnoff, 2010), it is feasible that

its secretion would lead to an increased number of dendrites

reaching through tight junctions. Therefore, we investigated the

uptake of PBs into APCs using the monocytic model cell line U937

(Altaf & Revell, 2013). APCs have the ability to internalize particles of

various sizes with high efficiency. CLSM images confirmed the uptake

of multiple PBs per cell. To obtain information about the subcellular

localization of the internalized particles, we visualized the endosomal

compartments with Dextran Alexa Fluor 647 and we used PBs

containing a blue fluorescent protein that remains stable in the acidic

environment found in late endosomes and lysosomes. Indeed, several

particles colocalized with fluorescently labeled endosomal organelles,

indicating that PBs might be processed within the endolysosomal

system. From there, peptides can be loaded onto major histocompat-

ibility complex class II molecules, which is the prerequisite for a

successful immune response (Blum, Wearsch, & Cresswell, 2013;

Roche & Furuta, 2015).

Particulate vaccine strategies have been reported to be effective at

lower antigen doses compared to soluble formulations (De Smet et al.,

2014), but oral vaccines generally require a higher dose of antigen to

induce an immune response when compared to traditional parenteral

immunizations (Pavot, Rochereau, Genin, Verrier, & Paul, 2012). This

presents a challenge in the development of oral vaccine applications,

and the corresponding production platforms need to be highly scalable.

Even though plant‐based production systems are very flexible with

respect to upstream production, the downstream processing procedure

often includes rate‐limiting bottlenecks. For example, in most previous

reports, the isolation of PBs from leaf material involved a density

gradient ultracentrifugation step (Hofbauer et al., 2016; Joseph et al.,
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2012; van Zyl, Meyers, & Rybicki, 2017). In the present study, the PBs

were recovered by a newly established enrichment process based on

several low‐speed centrifugations and TFF steps, which can be easily

adapted to kg amounts of leaf material without the need to invest in

expensive large equipment for continuous ultracentrifugation. The

removal of nicotine during the process was demonstrated, and the

residual amount of nicotine in the sample was comparable to the

nicotine content found in widely consumed vegetables (Moldoveanu

et al., 2016). We have also demonstrated that fluorescent zein PBs can

be analyzed and quantified by flow cytometry. It is likely that the

procedure can also be adapted for nonfluorescent particles by using

antigen‐specific antibodies with fluorescent labels, thereby providing a

general procedure for quality control of particulate formulations. It is

important to note that oral vaccine formulations do not require the

extensive purification and sterile conditions necessary for injected

formulations, and downstream processing procedures reported for

plant‐made oral vaccine candidates range from simple homogenization

or minimal processing of plant material to partial purification (Chan &

Daniell, 2015; Loza‐Rubio et al., 2012; Merlin, Pezzotti, & Avesani,

2017; Pniewski et al., 2018). The presence of plant‐derived contami-

nants such as cell wall debris or starch particles, which cannot be

completely removed by filtration and density centrifugation steps, are

therefore unlikely to constitute a regulatory problem. On the contrary,

biocompatible plant constituents, such as starch microparticles, have

even been studied as vaccine adjuvants (Rydell & Sjöholm, 2004;

Stertman, Lundgren, & Sjöholm, 2006).

In conclusion, we have shown that zein PBs produced in

N. benthamiana leaves can be recovered by a newly developed

filtration‐based downstream procedure and we observed their

efficient internalization into cultured cells of the intestinal epithelium

as well as APCs. These results support the further development of

novel approaches for in planta protein drug encapsulation and

delivery, including the design of functionalized multicomponent PBs

with defined structures and uptake kinetics for the bioencapsulation

of pharmaceutical proteins.
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Abstract

In the lumen of the endoplasmic reticulum (ER), prolamin storage proteins of cereal seeds form very large, ordered 
heteropolymers termed protein bodies (PBs), which are insoluble unless treated with alcohol or reducing agents. In 
maize PBs, 16-kD γ-zein locates at the interface between a core of alcohol-soluble α-zeins and the outermost layer 
mainly composed of the reduced-soluble 27-kD γ-zein. 16-kD γ-zein originates from 27-kD γ-zein upon whole-genome 
duplication and is mainly characterized by deletions in the N-terminal domain that eliminate most Pro-rich repeats 
and part of the Cys residues involved in inter-chain bonds. 27-kD γ-zein also forms insoluble PBs when expressed 
in transgenic vegetative tissues. We show that in Arabidopsis leaves, 16-kD γ-zein assembles into disulfide-linked 
polymers that fail to efficiently become insoluble. Instead of forming PBs, these polymers accumulate as very unu-
sual threads that markedly enlarge the ER lumen, resembling amyloid-like fibers. Domain-swapping between the two 
γ-zeins indicates that the N-terminal region of 16-kD γ-zein has a dominant effect in preventing full insolubilization. 
Therefore, a newly evolved prolamin has lost the ability to form homotypic PBs, and has acquired a new function in 
the assembly of natural, heteropolymeric PBs.

Keywords:  Cereal seeds, disulfide bonds, endoplasmic reticulum, genome-wide duplication, neofunctionalization, prolamins, 
protein bodies, protein evolution.

Introduction

Prolamins are present only in the seeds of grasses, where they are 
usually the main proteins, and thus constitute the major global 
source of food protein (Shewry and Halford, 2002). Their most 
striking and unique cell biology feature is their accumulation 
within the lumen of the endoplasmic reticulum (ER) as very 
large heteropolymers, termed protein bodies (PBs; Shewry and 
Halford, 2002; Pedrazzini et al., 2016). Most proteins that enter 

the ER are destined to be secreted or sorted to distal locations 
of the endomembrane system, whereas ER residents, which 
are mainly folding helpers, have specific amino acid signals that 
allow their retention/retrieval in the ER (Gomez-Navarro and 
Miller, 2016). Since these signals are not present in prolamins, 
the question arises as to what are the molecular features that 
determine prolamin ER residence and ordered PB formation.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),  
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Maize (Zea mays) prolamins are divided into four classes: 
α-zeins (>30 genes), γ-zeins (three genes), and δ-zeins and 
β-zeins (both single genes; Woo et al., 2001; Xu and Messing, 
2008). 27-kD γ-zein and β-zein are the oldest maize prolamins 
(Xu and Messing, 2008). Whole-genome duplications (WGD), 
particularly common in plants (Jiao et al., 2011), are followed 
by rearrangements that can lead to gene loss or retention. In 
the latter case, functional buffering or neofunctionalization 
can occur, and play important roles in evolution (Chapman 
et  al., 2006; Kassahn et  al., 2009). About 5–12 million years 
ago, maize underwent WGD followed by allotetraploidization 
(Swigoňová et al., 2004). As a result, γ-zein, originally a single 
gene encoding a polypeptide of 27-kD and one of the most 
ancient maize prolamins, now has representatives in homolo-
gous regions of chromosome 7 (27- and 50-kD γ-zein; here-
after referred to as 27γz and 50γz) and chromosome 2 (16-kD 
γ-zein; 16γz). 16γz most probably originates from duplication 
of the 27γz gene followed by deletion events (Xu and Messing, 
2008).

During endosperm development, γ- and β-zeins are syn-
thesized first, forming a PB where α- and δ-zeins will later 
accumulate (Lending and Larkins, 1989). In the mature 
PB, β-zein, 27γz, and 50γz form the outer layer in contact 
with the luminal face of the ER membrane, whereas α- and 
δ-zeins form the inner core, with 16γz located at the interface 
between the core and the outer layer (Lending and Larkins, 
1989; Yao et  al., 2016). Yeast two-hybrid data suggest that 
16γz can interact with zeins of all classes (Kim et  al., 2002, 
2006). 27γz expressed in vegetative tissues of transgenic plants 
forms homotypic PBs, indicating that no specific features of 
the maize endosperm ER are necessary to form a PB (Geli 
et al., 1994). The primary sequence of 27γz (Fig. 1) consists 
of the transient signal peptide for translocation into the ER 
(co-translationally removed), followed by a region containing 
eight or seven (depending on the maize variety) repeats of 
the hexapeptide PPPVHL and seven Cys residues involved 
in inter-chain bonds that make the protein insoluble in non-
reducing conditions, and finally a second region homologous 
to 2S albumins, which are vacuolar storage proteins present 
in various amounts in all land plants (Vitale et al., 1982; Prat 
et  al., 1985; Mainieri et  al., 2014). 2S albumins belong to a 
larger class characterized by the eight-cysteine motif, consist-
ing of four intra-chain disulfide bonds between three helical 
domains (Pedrazzini et al., 2016; Fig. 1). This motif is also con-
served in 27γz (Ems-McClung et al., 2002). Progressive Cys-
to-Ser mutation of the seven Cys residues of the N-terminal 
region lead to increased solubility and a parallel increase in the 
ability to leave the ER along the secretory pathway (Mainieri 
et al., 2014). When the N-terminal region including the first 
six Cys residues is fused at the C-terminus of phaseolin, the 
vacuolar 7S storage globulin of common bean, the chimeric 
protein zeolin formed homotypic PBs in the ER (Mainieri 
et  al., 2004). Zeolin was instead efficiently secreted upon in 
vivo treatment with a reducing agent, or when its six Cys resi-
dues were mutated to Ser (Pompa and Vitale, 2006). Overall, 
these studies indicate that the N-terminal region of 27γz con-
tains key information for PB assembly and that its Cys resi-
dues are necessary for this process.

16γz is mainly characterized by the loss of large part of 
the N-terminal, Pro-rich domain and three of its seven Cys 
residues (Prat et al., 1987; Fig. 1). Additionally, its C-terminal 
region has lost one Cys residue of the eight-cysteine motif and 
has acquired a new one near the C-terminus, resulting in a 
new CysProCys sequence. This tripeptide could form an intra-
chain disulfide bond (Yu et al., 2012); however, it is not known 
whether this occurs in 16γz. The changes that have gener-
ated 16γz are noteworthy, since Cys residues are rarely lost 
once acquired during evolution (Wong et al., 2011; Feyertag 
and Alvarez-Ponce, 2017). 16γz can thus provide information 
on the minimal requirements for PB biogenesis and the fea-
tures that allow the formation of heteropolymeric maize PBs. 
Here, we show that, unlike 27γz, ectopically expressed 16γz 
remains in part soluble, mainly because of the mutations in the 
N-terminal region. 16γz is unable to form PBs, but it stably 
accumulates as polymers that markedly enlarge the ER lumen, 
giving rise to very unusual filamentous structures. These char-
acteristics indicate neofunctionalization after WGD and cast 
light on the molecular basis for the specific organization of 
maize PBs.

Materials and methods

Analysis of maize PBs
Seeds from Zea mays inbred line W64A, collected at 25 d post-pollination 
and stored at –80  °C, were homogenized in a mortar using 5 ml g−1 
ice-cold 100 mM Tris-Cl, pH 7.4, 1.0 mM EDTA (buffer H), 7% (w/w) 
sucrose, and cOmplete™ Protease Inhibitor Cocktail (Roche). After fil-
tration through cheesecloth, the homogenate was loaded on two layers of 
35% and 60% (w/w) sucrose in buffer H and centrifuged in a swinging 
rotor for 90 min at 4 °C, 78 900 gav (i.e. the average g calculated at the 
middle length of the tube). The 7% sucrose supernatant, the interface 
between 7% and 35% sucrose, and the interface between 35%, and 60% 
sucrose were collected. After denaturation in the presence of 1% SDS 
and 4% 2-mercaptoethanol (2-ME), proteins were analysed using 15% 
SDS-PAGE. As expected (Vitale et al., 1982), zeins were at the interface 
between 35% and 60% sucrose, and hence this is termed the PB frac-
tion. To treat PBs with different solvents, immediately after collection 
the PB fraction was first diluted with the same volume of buffer H and 
centrifuged for 10 min at 4 °C, 1500 gav. The PB pellet was then resus-
pended in one of the following solvents: (i) buffer H, 1% Triton X-100, 
20 min, 4 °C; (ii) buffer H, 2 mM dithiothreitol (DTT), 20 min, 4 °C; 
(iii) buffer H, 4% 2-ME, 20 min, 4  °C; and (iv) 70% ethanol in H2O, 
90 min, 25 °C. After each treatment, samples were centrifuged for 10 min 
at 4 °C, 1500 g, the pellet and supernatant were then denatured and ana-
lysed using 15% SDS-PAGE and staining with Coomassie Brilliant Blue. 
Protein Molecular Weight Markers (Fermentas, Vilnius, Lithuania) were 
used as molecular mass markers.

Plasmid constructions
The pDHA vector containing the coding sequence of 27-kD γ-zein 
followed by the FLAG epitope DYKDDDDK (hereafter termed 
27γzf) has been described previously (Mainieri et  al., 2014). To con-
struct a similarly tagged 16-kD γ-zein (16γzf), a genomic fragment 
of Z.  mays W64A comprising the coding and untranslated flanking 
sequences of 16-kD γ-zein (a kind gift from Angelo Viotti, CNR), 
identical to GenBank sequence EU953296.1, was amplified by PCR 
using the following oligonucleotides: 5’- ACTCAGGTCGACATGAA 
GGTGCTGATCGTTGCCCTTG -3’ (where the SalI restriction site 
is in italics and the 16-kD γ-zein ATG start codon is in bold) and 5´- 
TCGATGGCATGCTCACTTGTCGTCGTCGTCCTTGTAGTCG 
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TAGTAGACACCGCCGGCAGC -3´, (where the SphI restriction site is 
in italics and the reverse complement of the codons encoding the FLAG 
epitope is underlined). The sequence was restricted with SalI and SphI 
and reinserted into the similarly restricted pDHA vector for transient 
expression.

To produce transgenic Arabidopsis, the EcoRI fragments containing 
the 16γzf or 27γzf expression cassettes were excised from pDHA and 
subcloned into EcoRI-linearized pGreenII0179 (John Innes Centre, 
Norwich, UK). The Agrobacterium tumefaciens strain GV3101 containing 
the pSoup helper plasmid was transformed with the resulting constructs.

To prepare the chimeric construct 16/27, which is formed by the 
N-terminal primary sequence of 16γzf until Cys73 followed by the 
C-terminal sequence of 27γzf starting from Gly118 (see Fig. 1), DNA was 

synthesized (Integrated DNA Technologies, Leuven, Belgium) based on 
the two sequences and inserted into SalI/SphI restricted pDHA. To pre-
pare the exactly reciprocal construct 27/16, the following DNA sequence 
was synthesized: from the Bpu10I restriction site of the sequence encod-
ing 27γzf until its Gly118 codon (which corresponds to Gly74 of 16γzf), 
continuing with the 16γzf sequence from Val75 until its stop codon, and 
ending with a SphI restriction site. This sequence was used to substitute 
the Bpu10I/Sph1 fragment in pDHA encoding 27γzf.

Transient expression in tobacco protoplasts
Transient expression was performed in protoplasts prepared from young 
(4–7  cm) leaves of tobacco (Nicotiana tabacum SR1) grown in axenic 

Fig. 1. Schematic diagram and amino acid sequence of the 27-kD and 16-kD γ-zein primary translation products. The question mark indicates that the 
linkage status of the two Cys residues towards the C-terminus of the 16-kD γ-zein is not known. The green arrowheads indicate the points at which the 
N- and C-terminal regions of the two polypeptides were exchanged, to produce constructs 27/16 and 16/27. In the amino acid sequences, Cys residues 
are highlighted in red.
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conditions, as described previously (Mainieri et al., 2014). Resuspensions 
of 106 protoplasts were transfected using 40 μg per million protoplasts of 
plasmid or, for co-transfections, 60 μg (25 μg of each plasmid plus empty 
pDHA to a final amount of 60  μg). After transfection and incubation 
for 20 h at 25 °C, protoplasts were either homogenized for protein blot 
analysis or subjected to pulse-chase labelling. Extraction of intracellular 
and secreted proteins in reducing or oxidizing conditions and protein 
blot analysis with rabbit anti-FLAG antibody (1:2000 dilution, Sigma-
Aldrich) and the Super-Signal West Pico Chemiluminescent Substrate 
(Pierce Chemical, Rockford, IL) were performed as described previously 
(Mainieri et  al., 2014). Protein Molecular Weight Markers (Fermentas, 
Vilnius, Lithuania) were used as molecular mass markers.

Pulse-chase labelling was performed with 100 μCi ml−1 Easytag mix-
ture of 35S-labelled Met and Cys (PerkinElmer) for 1 h at 25 °C. Chase 
was initiated by adding unlabelled Met and Cys to 10 mM and 5 mM, 
respectively. After incubation at 25  °C for the desired chase time, two 
volumes of ice-cold W5 buffer (Mainieri et al., 2014) were added to each 
sample, which were then centrifuged at 60 gav for 10  min. Collected 
protoplasts and supernatant (containing secreted proteins) were homog-
enized with two volumes of ice-cold 150 mM NaCl, 1.5 mM EDTA, 
1.5% Triton X-100, 150 mM Tris-Cl pH 7.5, supplemented with cOm-
plete™ Protease Inhibitor Cocktail. After centrifugation at 10 000 gav, 
the pellet was resuspended in the same buffer supplemented with 4% 
2-ME and centrifuged again. The soluble fractions of the first and second 
centrifugation were immunoselected using the anti-FLAG antibody and 
protein A Sepharose (GE Healthcare) and analysed using SDS-PAGE and 
radiography, using 14C-methylated proteins (Sigma-Aldrich) as molecular 
mass markers. Radioactive proteins were detected using the Starion FLA-
9000 Phosphoimage System (Fujifilm) and quantified using TotalLab 
Quant (TotalLab, Newcastle upon Tyne, UK).

Expression in transgenic Arabidopsis
Transgenic Arabidopsis thaliana (ecotype Columbia) plants expressing 
16γzf or 27γzf were produced by the floral dip method (Clough and Bent, 
1998) with the transformed A. tumefaciens described above. Hygromycin-
resistant T0 plants were identified and the homozygous progenies were 
selected. Experiments were then conducted using T2 or T3 plants. Plants 
were grown in soil at 23 °C under a 16/8 h light/dark cycle or in sterile 
conditions on half-concentrated Murashige and Skoog media (Duchefa 
Biochemie) supplemented with 10 g L–1 Sucrose and 0.8% (w/v) phyto 
agar (Duchefa Biochemie).

Leaves at 4–6 weeks old were homogenized in leaf homogenization 
buffer (150 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1.5 mM EDTA, 1.5% 
Triton X-100, cOmplete™ Protease Inhibitor Cocktail), supplemented 
(reducing conditions) or not (oxidizing conditions) with 4% (v/v) 2-ME. 
Soluble and insoluble proteins were separated by centrifugation at 1500 
gav for 10 min at 4 °C. Samples were adjusted to 1.0% SDS, 4% 2-ME and 
analysed using SDS-PAGE followed by protein blotting with the anti-
FLAG antibody (1:2000 dilution).

Subcellular fractionation
Arabidopsis leaves at 4–6 weeks old were homogenized in 10 mM KCl, 
2  mM MgCl2, 100  mM Tris-Cl, pH 7.8 (buffer A), and 12% (w/w) 
sucrose at 4  °C, followed by isopycnic ultracentrifugation using linear 
16–65% (w/w) sucrose gradients in buffer A  as described previously 
(Mainieri et al., 2004). Fractions of 650 μl were collected; 40 μl samples 
of each fraction were denatured and analysed by SDS-PAGE, followed 
by protein blotting with anti-FLAG antibody or rabbit anti-endoplasmin 
serum (Klein et al., 2006; 1:2500 dilution).

To determine the solubility of γ-zeins present in the different subcel-
lular fractions, fractions around either 1.19 or 1.29 density were frozen 
to break membranes and were then pooled. An equal volume of buffer 
A was added and the suspension was centrifuged at 1500 gav for 10 min, 
4 °C. Supernatants (soluble proteins) were collected and denatured with 
SDS-PAGE denaturation buffer. Pellets were either resuspended in SDS-
PAGE denaturation buffer or were further extracted with 70% ethanol in 
H2O for 90 min at 25 °C, and centrifuged at 1500 gav for 10 min, 25 °C. 

The soluble fraction (ethanol-soluble) and insoluble pellet (ethanol-
insoluble) were collected and denatured for SDS-PAGE.

Velocity sucrose-gradient ultracentrifugation
Arabidopsis leaves were homogenized in ice-cold leaf homogenation 
buffer. The homogenate was loaded on top of a linear sucrose gradient 
(150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 50 mM Tris-Cl, pH 
7.5, 5–25% [w/v] sucrose). After centrifugation at 200 000 gav for 20 h, 
4 °C, equal volumes of each fraction were analysed using SDS-PAGE and 
protein blotting. An identical gradient loaded with molecular mass mark-
ers was run in parallel. For velocity ultracentrifugation in reducing condi-
tions, leaf homogenization buffer was supplemented with 4% 2-ME, and 
the sucrose gradient buffer was supplemented with 2% DTT.

Electron microscopy
Tissue fragments (1–2  mm2) from fully expanded Arabidopsis leaves 
were fixed, embedded, and immunolabelled as previously described 
(Faoro et al., 1991). Tissues were fixed in 1.2% glutaraldehyde and 3.3% 
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at 4 °C for 2 h, 
post-fixed in 1% OsO4 in the same buffer for 2 h, dehydrated in an etha-
nol series, and then embedded in Spurr’s resin. For immunocytochemi-
cal localization, post-fixation was omitted and the embedding resin used 
was London Resin White. Immunolabelling was carried out on ultrathin 
sections mounted on nickel grids and incubated overnight at 4 °C with 
anti-FLAG antibody or, as a negative control, anti-Cucumber mosaic 
virus polyclonal antibody (DSMZ, Braunschweig, Germany), both at 
1:1000 dilution. After washing, sections were incubated for 1 h at room 
temperature, with 15  nm gold-labelled goat anti-rabbit serum (1:20; 
British BioCell, Cardiff, UK) and stained with 2% uranyl acetate and 
lead citrate, before being examined with a 100SX TEM (Jeol, Japan) 
operating at 80 KV.

Fluorescence microscopy
Leaves from Arabidopsis plants grown for 2 weeks in soil were cut in 
half lengthwise and primary veins were removed. Staining was with 
3,3’-dihexyloxacarbocyanine (DiOC6, Molecular Probes) at a concentra-
tion of 0.5 μg ml−1 in PBS for 10 min, followed by washing three times in 
PBS. Small sections of stained leaves were placed on a microscope slide and 
visualized with a 63x oil immersion objective mounted on an Axiovert 
200 microscope (Carl Zeiss) equipped for epifluorescence. Simultaneous 
visualization of DiOC6 stain (488 nm excitation/520 nm emission) and 
bright-field (visible lamp) was performed using the sequential scanning 
facility of the microscope. Images were assembled with Adobe Photoshop 
software 10.0.

Results

A proportion of 16γz present in maize PB is solubilized 
by alcohol

16γz can be efficiently solubilized from maize endosperm by 
70% ethanol supplied with reducing agent (Kim et al., 2006), 
but its solubility in each of these agents alone is less clear. 
Treatment of purified PBs with buffer containing 2 mM DTT 
efficiently solubilizes 27γz and 50γz, but not PB polypeptides 
with molecular mass in the 16-kD range (Vitale et al., 1982). 
We therefore examined in more detail the solubility of 16γz 
accumulated in maize. An endosperm PB fraction prepared 
using a sucrose gradient was first treated with buffer contain-
ing 4% 2-mercaptoethanol (2-ME buffer, Fig. 2A). This reduc-
ing buffer solubilizes recombinant 27γz (Mainieri et al., 2014). 
The polypeptides that are underlined in Fig. 2 were identified 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article-abstract/69/21/5013/5063680 by guest on 01 M

arch 2020



Maize 16-kD γ-zein forms unusual polymers in the ER | 5017

by LC-ESI-MS/MS analysis (Supplementary Fig.  S1 and its 
associated Methods, and Supplementary Table  S1; 27γz and 
16γz identities were confirmed in both the soluble and insolu-
ble fractions); polypeptides without underlining indicate zeins 

identified solely based on their typical SDS-PAGE migration 
rates (notice that prolamins migrate more slowly than expected 
from their sequences). The 2-ME buffer very efficiently solubi-
lized 27γz and 50γz (Fig. 2A), as expected (Vitale et al., 1982). 
In contrast, solubilization of 16γz was only partial, with most 
of the protein remaining in the insoluble precipitate, unlike the 
two other γ-zeins (Fig. 2A). α-zeins, which are alcohol-soluble 
(Misra et al., 1976), were efficiently solubilized by 70% ethanol 
at 25 °C (Fig. 2B). In addition, a significant proportion of 16γz 
was solubilized by ethanol, whereas 50γz and 27γz remained 
totally or almost totally insoluble (Fig. 2B). When PBs were 
sequentially extracted with buffer containing non-ionic deter-
gent, 2 mM DTT (as in Vitale et al., 1982) or 4% 2-ME, the 
results confirmed that γ-zeins are insoluble unless reduced and 
indicated that DTT was not more efficient than 2-ME in solu-
bilizing 16γz (Fig. 2C).

Minor amounts of corn legumin-1 (CL-1), an 11S storage 
globulin (Woo et al., 2001; Yamagata et al., 2003), were extracted 
using non-reducing buffer containing non-ionic detergent, but 
most of this protein was extracted in the presence of a reducing 
agent (Fig. 2A–C, Supplementary Fig. S1). 11S storage pro-
teins usually accumulate in protein storage vacuoles, but the 
presence of CL-1 in PBs, especially at late stages of endosperm 
maturation, has been observed previously (Arcalis et al., 2010; 
Reyes et al., 2011).

The solubility of 16γz accumulated in maize was therefore 
intermediate between that of α-zeins and the other γ-zeins, 
and distinct from that of CL-1, and β- and δ-zeins (these two 
minor zeins were not efficiently solubilized by either solvent, 
Fig. 2), indicating that 16γz may have specific polymerization 
properties. We verified this by comparing the destinies of 16γz 
and 27γz expressed individually in plant cells.

Recombinant 16γz and 27γz are retained intracellularly 
but have different solubility

The 16γz sequence was tagged at the C-terminus with the 
FLAG epitope. This construct (16γzf) and similarly tagged 27γz 
(27γzf; Mainieri et  al., 2014) were first transiently expressed 
in tobacco protoplasts. SDS-PAGE and protein blotting with 
anti-FLAG antibody performed ~20 h after transfection indi-
cated that 16γzf was recovered intracellularly, with almost no 
sign of secretion (Fig. 3A). In addition to the expected abun-
dant monomers, a small proportion of 16γzf was detected as 
what appear to be dimers and larger oligomers, not disassem-
bled by the denaturation buffer. Both the lack of secretion and 
the incomplete disassembly by the SDS-PAGE denaturing/
reducing buffer were also characteristic of 27γzf expressed in 
protoplasts (Fig. 3A, and see Mainieri et al., 2014) and leaves 
of transgenic Arabidopsis (Geli et al., 1994). Sequential extrac-
tion with non-reducing buffer and then buffer supplemented 
with 4% 2-ME indicated that 27γzf was almost completely 
insoluble unless reduced (Fig. 3A, S2 fraction), as previously 
established (Mainieri et  al., 2014). A  significant proportion 
of 16γzf molecules was instead also soluble in the absence of 
reducing agent (Fig. 3A, S1 fraction), indicating inefficient for-
mation of insoluble polymers. 70% ethanol did not solubilize 
either of the two constructs (Fig. 3B, SE fraction). When 27γzf 

Fig. 2. The solubility of 16γz accumulated in maize protein bodies 
(PBs) is intermediate between those of α-zeins and the other γ-zeins. 
PBs purified from maize seeds, collected at 25d after pollination, were 
treated at 4 °C with buffer containing 4% 2-ME (A) or at 25 °C with 
70% ethanol in H2O (B). After centrifugation, soluble and insoluble 
proteins were analysed using SDS-PAGE and Coomassie staining. The 
different zein polypeptides (αz, βz, γz, δz) and CL-1 are indicated. Those 
whose identities were confirmed by LC-ESI-MS/MS are underlined (see 
Supplementary Fig. S1 and Supplementary Table S1). (C) Purified PBs 
were sequentially extracted with buffer containing 1% Triton X-100, 2 mM 
DTT, and 4% 2-ME. After each step, the suspension was centrifuged 
and the soluble material was analysed using SDS-PAGE and Coomassie 
staining, together with the insoluble material of the last extraction (insol.). 
The positions of molecular mass markers (M, in kD) are indicated to the 
right in (B) and (C).
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and 16γzf were transiently co-expressed, both were almost 
completely insoluble in non-reducing buffer or 70% ethanol 
(Fig. 3B, I fraction). Therefore, the two γ-zeins interacted, and 
27γzf had a dominant effect in inhibiting 16γzf solubility in 
the absence of reducing agent. When the first buffer of the 
sequential extraction was supplemented with 4% 2-ME, both 
individually expressed and co-expressed γ-zeins were fully 

solubilized, confirming the role of disulfide bonds in determin-
ing insolubility (Fig. 3C, S1 fraction). These data were consist-
ent with the insolubility of 16γz when natural maize PBs were 
treated with non-reducing buffer (see Fig. 2C) and suggested 
that its partial solubility in ethanol was due to interactions with 
α-zeins. The relative proportions of monomers and oligomers 
detected by SDS-PAGE varied in independent experiments, 

Fig. 3. Recombinant 16γz and 27γz are retained intracellularly but have different solubility. Protoplasts were isolated from tobacco leaves and transiently 
transformed either with plasmids encoding the indicated constructs or with the empty vector (Co) and analysed after incubation for 20 h. (A) Protoplasts 
(in) or incubation medium (out) were homogenized in the absence (–) of 2-ME. After centrifugation, soluble (S1) and insoluble fractions were collected. The 
insoluble material was resuspended in the presence (+) of 2-ME and subjected to a second centrifugation, to obtain the new soluble (S2) and insoluble 
(I) fractions. (B) Protoplasts were homogenized in the absence of 2-ME. After centrifugation, soluble (S1) and insoluble fractions were collected. The 
insoluble material was resuspended with 70% ethanol and subjected to a second centrifugation, to obtain the new soluble (SE) and insoluble (I) fractions. 
(C) As in (B), but the first homogenization was performed in the presence of 4% 2-ME. In (A–C), the upper images show analysis of each fraction by 
SDS-PAGE and protein blotting with anti-FLAG antibody, whilst the lower images show Ponceau S staining. The positions of molecular mass markers are 
shown to the left, in kD. In (B, C) the positions of dimers (dim) and monomers (mon) of 27γzf (27) and 16γzf (16) are indicated.
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but their different solubility in non-reducing conditions, when 
individually expressed, was consistently observed (compare 
Fig. 3A and B, and see also Supplementary Fig. S2).

In transgenic Arabidopsis, 16γzf is mostly unable to 
assemble into subcellular structures with the typical 
PB density

To compare the long-term destinies of the two zeins, the 
tagged constructs were expressed in transgenic Arabidopsis 
under a constitutive promoter. These plants did not show vis-
ually evident phenotypes or clear alterations in growth and 
reproduction. For each construct, accumulation in leaves varied 
in different independent transgenic plants, but the electropho-
retic pattern was unaffected by the level of final accumula-
tion (Fig. 4A). 16γzf showed the same electrophoretic patterns 
whether extracted from transgenic leaves or transiently trans-
fected protoplasts, while most 27γzf monomers were clearly of 
higher apparent molecular mass in transgenic leaves (around 
40 kD), with only a minor proportion migrating as in tran-
sient expression (around 30 kD; compare Figs  3A and 4A). 
This indicated 27γzf-specific post-translational modifications 
that were not yet detectable during the first hours after syn-
thesis, and that did not occur in maize seeds. Hydroxylation 
of proline residues is the most likely explanation, as previously 
observed (Geli et al., 1994; Mainieri et al., 2014).

Subcellular localization was first investigated by isopycnic 
ultracentrifugation of homogenates prepared in the absence 
of detergent, to maintain membrane integrity. 27γzf accumu-
lated mainly in structures with density around 1.29 (Fig. 4B). 
This is consistent with the known ability of 27γz to form 
homotypic PBs in the absence of the other zeins (Geli et al., 
1994; Coleman et  al., 1996) and the known high density of 
zein or zeolin PBs in maize or transgenic plants (Larkins and 
Hurkman, 1978; Geli et al., 1994; Mainieri et al., 2004). Much 
lower amounts of 27γzf, probably constituted by newly syn-
thesized molecules not yet assembled into dense PBs, were 
recovered in lighter subcellular fractions that contain the ER 
resident endoplasmin (Klein et al., 2006) and have the typical 
ER density (Fig. 4B). 16γzf was similarly present in the two 
distinct subcellular fractions, but most of the protein was in 
this case in the endoplasmin-containing ER, suggesting a poor 
ability to form PBs (Fig. 4C).

To determine the solubility of 16γzf or 27γzf present at the 
two positions along the gradient, fractions around 1.19 or 1.29 
density were pooled, extracted with buffer without reducing 
agent, and centrifuged to separate soluble and insoluble pro-
teins. Around 50% of 16γzf present in the less-dense fraction 
was solubilized by this treatment (Fig. 4D, S1), whereas nearly 
100% of 16γzf or 27γzf present in fractions at 1.29 density 
was insoluble (Fig. 4D, P1). Treatment of P1 with 70% etha-
nol did not solubilize 16γzf or 27γzf (Fig.  4D, SE and PE; 
note that treatment with ethanol makes the denaturation of 
oligomers more difficult). We concluded that the relevant pro-
portion of 16γzf that was not assembled into dense subcellular 
structures was in part also soluble in the absence of reducing 
agent, but no 16γzf molecules insoluble in aqueous buffer were 
alcohol-soluble. This strongly suggested that 16γz in maize PBs 

Fig. 4. Assembly of 16γzf into dense subcellular structures is inefficient. 
(A) Leaves from transgenic Arabidopsis expressing 27γzf or 16γzf, or from 
wild-type plants (WT) were homogenized in the presence of 2-ME. Soluble 
proteins were analysed using SDS-PAGE. Each individual lane represents 
an independent transgenic plant. The upper images are protein blots 
with anti-FLAG antibody; lower images are Ponceau S staining. (B, C) 
Leaves from transgenic Arabidopsis expressing 27γzf (B) or 16γzf (C) were 
homogenized in the presence of 12% (w/w) sucrose and in the absence 
of detergent. The homogenates were fractionated by ultracentrifugation 
on 16–65% (w/w) isopycnic sucrose gradients. Proteins in each gradient 
fraction were analysed by SDS-PAGE and protein blotting, with anti-
FLAG (27γzf, 16γzf) antibody or anti-endoplasmin (endopl.) serum. The 
top of gradients are at the left and the numbers at the top indicate the 
density (g ml−1). (D) Fractions around either 1.19 or 1.29 density from 
the gradients shown in (B, C) were pooled, extracted with buffer without 
reducing agent and centrifuged. Supernatants (S1) and pellets (P1) were 
collected. An aliquot of P1 was further treated with 70% ethanol and 
centrifuged to obtain ethanol-soluble (SE) and insoluble (PE) material. The 
upper image shows analysis by SDS-PAGE and protein blotting with anti-
FLAG antibody; the lower image shows Ponceau S staining. In (A–D) the 
numbers at the left indicate the positions of molecular mass markers (kD).
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is partially alcohol-soluble due to association with alcohol-sol-
uble α-zeins, as also suggested by the data in Fig. 3B.

When homogenates, prepared in non-reducing buffer sup-
plemented with non-ionic detergent, were subjected to veloc-
ity sucrose-gradient ultracentrifugation, both 27γzf and zeolin 
migrated at the bottom of tubes, indicating that they are large 
polymers (Mainieri et al., 2004, 2014). Given the partial differ-
ent subcellular localization and solubility of 16γzf with respect 
of 27γzf, we investigated whether 16γzf also forms large poly-
mers held together by disulfide bonds. Two plants accumulating 
different amounts of 16γzf were analysed, to verify whether the 
expression levels influenced oligomerization (Fig. 5A). 16γzf 
migrated to the bottom of the velocity ultracentrifugation 
tubes, independently of its level of accumulation (Fig. 5B, bot-
tom panels). When leaf homogenization and velocity centrifu-
gation were performed in reducing conditions, 16γzf migrated 
in a position corresponding to monomers (Fig. 5B, top panels). 

We concluded that 16γzf forms extensive, disulfide-dependent 
polymers, in spite of its poor ability to form high-density sub-
cellular compartments. We therefore used electron microscopy 
to compare the subcellular structures formed by 27γzf and 
16γzf.

16γzf polymerizes into unusual reticular threads that 
markedly alter ER morphology

In addition to typical ER membranes (Fig. 6A, ER, compare 
with wild-type tissue in 6D), 27γzf leaf tissue showed electron-
dense, round structures with diameters from a few hundred 
nanometres to more than one micron, with attached ribosomes 
(Fig. 6, PB). These structures, not present in wild-type plants, 
were labelled by anti-FLAG antibody (Fig. 6B, C), thus indicat-
ing that 27γzf formed PBs. Homotypic PBs formed by recom-
binant 27γz have been observed in Arabidopsis vegetative 

Fig. 5. 16γzf forms large, disulfide-dependent polymers. (A) Homogenates were prepared from leaves of two independent transgenic Arabidopsis 
lines that accumulate different amounts of 16γzf (#11 and #4, two plants for each line), and from leaves of untransformed wild-type Arabidopsis (WT), 
and analysed using SDS-PAGE. The upper image shows the protein blot with anti-FLAG antibody; the lower image shows Ponceau S staining. (B) 
Homogenates were prepared in either oxidizing or reducing buffer, and fractionated by velocity gradient ultracentrifugation. The top of each gradient is at 
the left. T, unfractionated total homogenate; P, pellet at the bottom of the tube after centrifugation. The numbers at the top indicate the positions where 
molecular mass markers migrate along the gradients. In (A, B) the numbers at the left indicate the positions of SDS-PAGE molecular mass markers (kD).
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tissues (Geli et  al., 1994) and tobacco seeds (Coleman et  al., 
1996), although with smaller sizes than those that we observed.

Markedly different structures were formed by 16γzf (Fig. 7). 
Large, irregular dilatations enclosed by a single membrane, 
often several micrometres wide, were detected (Fig.  7A; in 
Supplementary Fig. S3 black arrowheads mark the margins of 
this dilatation). The boundary membrane was surrounded by 
ribosomes (arrows in Fig.  7A, lower enlarged inset, and 7C, 
enlarged inset) and connections with tubular ER were occa-
sionally seen (white arrowheads in Supplementary Fig.  S3). 
The vacuole was often pressing against these dilatations, some-
times leaving space for a thin layer of cytoplasm outside the 
dilated ER (visible in the post-fixed sample in Fig.  7A, and 
more easily seen in Supplementary Fig.  S3 where the ER 
membrane is indicated). The lumen of the ER dilatations con-
tained very extensive electron-dense structures of two forms: 
very electron-opaque, osmiophilic threads of various lengths 
and irregular orientation (well represented in Fig.  7A, C) 
were mainly observed, whereas a minor proportion formed 
more compact irregular structures of lighter electron-density 

(Fig. 7B, enlarged inset, and more evident in Fig. 7D, E). In 
non-osmicated tissues immunolabelled with anti-FLAG anti-
body, the convolutions appeared less sharp; however, gold par-
ticles were mostly aligned on them (Fig. 7B, D). No labelling 
occurred using an irrelevant antibody, confirming that the 
structures were formed by 16γzf (Fig. 7E). The relative abun-
dance of the two types of structures was variable in different 
ER dilatations, but when independent transgenic plants accu-
mulating high (Fig. 7A, B, D, E) or low (Fig. 7C) amounts of 
16γzf were compared, no clear relationship between recombi-
nant protein abundance and the type of 16γzf structure could 
be established.

The ER vital lipophilic dye DiOC6 also efficiently stains 
PBs in developing endosperm cells in both rice and maize, 
probably due to its high affinity for the hydrophobic prola-
min polypeptides (Muench et al., 2000; Washida et al., 2004). 
To complement the observations of electron microscopy, 
leaves were incubated with DiOC6 and observed under con-
ventional fluorescence microscopy (Fig.  8). In 16γzf leaves, 
DiOC6 highlighted enlarged structures of various sizes. 

Fig. 6. 27γzf forms protein bodies (PBs). Leaves from 6-week-old transgenic Arabidopsis plants expressing 27γzf (A–C) or wild-type plants (D) were 
examined using electron microscopy. (A, D) Ultrathin sections post-fixed with osmium. (B, C) Immunolabelling with anti-FLAG antibody and secondary 
15-nm gold-conjugated goat anti-rabbit serum. ER, endoplasmic reticulum; PB, protein body; M, mitochondria; N, nucleus, V, vacuole. Arrows indicate 
ribosomes. Note that in non-osmicated immunolabelled tissues (B, C) ER membranes are not detectable; however, numerous ribosomes are visible 
aligned outside the PB periphery (arrows). Scale bars are 200 nm.
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Higher magnification (Fig.  8A, inset, and magnification in 
8D) showed that their content was not uniform, consistent 
with the structures observed by electron microscopy (Fig. 8D, 
arrow and compare with Fig. 7). In 27γzf leaves, more uni-
formly stained PBs with the classical size and round mor-
phology were visible, as expected (Fig.  8G, and arrows in 
8J). Structures similar to those in 16γzf and 27γzf were not 
detected in wild-type tissue, even at very high camera expo-
sure times that highlighted the cell periphery, as expected for 
the ER lipophilic dye (Fig.  8M). Both the 16γzf structures 
and the 27γzf PBs were also detected under transmitted light 
(Fig. 8E, K, arrows).

We concluded that 16γzf, unlike 27γz, is unable to form 
PBs and instead polymerizes into novel electron-dense struc-
tures that mostly appear as irregular threads and cause marked 
enlargement of the ER lumen.

The N-terminal domain of 16γzf is responsible for the 
inefficient formation of insoluble polymers

To identify the structural features of 16γz that did not allow effi-
cient formation of insoluble polymers, we measured the loss of 
solubility during pulse-chase labelling in transiently transfected 
tobacco protoplasts. After pulse labelling for 1 h with a mixture 
of [35S]Met and [35S]Cys, protoplasts were subjected to chase 
for 0, 4, or 8 h. At each time-point, protoplasts were directly 
extracted in reducing conditions (thus solubilizing all molecules 
of each construct, to measure synthesis and stability; Fig. 9A, B)  
or sequentially extracted: first in non-reducing buffer and then 
treating the insoluble material with reducing buffer (to calcu-
late at each time-point the percentage of molecules that are 
insoluble unless reduced, Fig. 9C). Each extract was immunose-
lected with anti-FLAG antibody and analysed using SDS-PAGE 

Fig. 7. 16γzf does not form protein bodies (PBs) but forms electron-dense structures in highly enlarged endoplasmic reticulum (ER) lumen. Leaves from 
6-week-old transgenic Arabidopsis plants accumulating 16γzf in high (A, B, D, E) or low (C) amounts were analysed. (A, C) Ultrathin sections post-fixed 
with osmium. (B, D, E) Immunolabelling with anti-FLAG antibody (B, D) or irrelevant antibody as a negative control (E), and secondary 15-nm gold-
conjugated goat anti-rabbit serum. The insets in (A–C) show magnifications to better illustrate the ribosomes attached on the cytosolic side of the ER 
membrane (arrows) and the electron-dense convoluted structures within the ER lumen. Ch, chloroplasts; M, mitochondria; V, vacuole. Scale bars in (A, D) 
and all insets are 200 nm; bars in (B, C, E) are 500 nm.
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and radiography. Newly synthesized 16γzf and 27γzf had the 
expected molecular mass (Fig. 9A). 16γzf was slightly more sta-
ble during the chase (Fig.  9B; data are from two fully inde-
pendent experiments). Already at the 0  h chase time-point, 
a much higher percentage of 27γzf than 16γzf was insoluble 
unless reduced (Fig. 9C). Insolubility increased during the chase, 
but the marked difference between the two zeins remained, as 
expected from the previous solubility assays (Figs 3, 4D). To map 
the insolubility determinant, we prepared two constructs, 27/16 
and 16/27, in which the N-terminal domain of each zein was 
exchanged with that of the other (Fig. 1, the green arrowheads 
indicate the points of exchange). Since most of the molecular 
mass difference between the two zeins is due to their N-terminal 

domain, the SDS-PAGE migrations of 27/16 and 16/27 are 
similar to those of 27γzf and 16γzf, respectively (Fig. 9A). The 
replacement of the natural N-terminal domain of 27γzf with 
that of 16γzf markedly inhibited insolubilization (Fig. 9C, com-
pare 27γzf and 16/27), whereas the reciprocal replacement 
markedly stimulated this process (Fig. 9C, compare 16γzf and 
27/16). This indicated that the N-terminal domain is the major 
determinant for the different behavior of the two zeins.

Discussion

Mutations and insertions in the ancient seed storage proteins of 
the 2S albumin class were the first events in the origination of 

Fig. 8. 27γzf protein bodies (PBs) and 16γzf endoplasmic reticulum (ER) enlargements can be detected by fluorescence staining of the ER. Leaf tissue 
from 16γzf (A–F), 27γzf (G–L) or wild-type (M–O) Arabidopsis plants was stained with DiOC6 dye and examined using epifluorescence microscopy. (A, D, 
G, J, M): DiOC6 fluorescence (green); (B, E, H, K, N): bright-field; (C, F, I, L, O): merged images. Camera exposure time (ms): 61 (A), 502 (G), 8352 (M). 
Boxes in (A–C) and (G–I) indicate the regions that are shown at higher magnification in (D–F) and (J–L), respectively. Arrows indicate enlarged ER (D–F) or 
PBs (J–L).
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prolamins (Xu and Messing, 2009; Gu et al., 2010; Pedrazzini 
et al., 2016). This led to the assembly in PBs and a change in 
the subcellular compartment used for permanent accumula-
tion from the vacuole to the ER, particularly in rice and pani-
coid cereals such as maize, sorghum, and millet (Lending and 
Larkins, 1989; Shewry and Halford, 2002; Saito et al., 2012).

16γz originated upon maize WGD (Xu and Messing, 2008) 
and it is mainly characterized by deletions in the N-terminal 
region of 27γz, the most ancient γ-zein. We have shown here 
that recombinant 16γzf ectopically expressed in vegetative tis-
sues accumulated within the ER, forming unusual structures. 
These did not resemble PBs or other ER-located polymers 
formed by natural or recombinant proteins expressed in plants 
(Bagga et al., 1995; Mainieri et al., 2004; de Virgilio et al., 2008; 
Conley et al., 2009; Saito et al., 2009; Torrent et al., 2009; Llop-
Tous et al, 2010). 16γzf structures mainly consisted of exten-
sive, convoluted but well-defined filamentous threads; more 

rarely, the enlarged ER also contained irregular, homogenously 
electron-dense sectors, which may represent the proportion of 
16γzf that had become insoluble. At the onset of prolamin accu-
mulation, initial irregular dilatations along the ER have been 
observed in rice, but with diameters below 1 μm (Kawagoe 
et al., 2005). 8S globulin, a mung bean vacuolar storage pro-
tein, forms 0.2–0.6 μm ER enlargements in transgenic tobacco 
BY2 cells and, as a GFP fusion, in Arabidopsis vegetative tis-
sues and young developing seeds, to be correctly deposited in 
Arabidopsis storage vacuoles only at later seed development 
(Wang et al., 2013). The sizes of these ER structures are one 
order of magnitude smaller compared the dilatations caused 
by 16γzf. Wider, irregular ER enlargements are formed by the 
expression of the N-terminal region of 27γz in Arabidopsis, 
but these have homogeneous electron density, with no signs of 
filaments (Geli et al., 1994). PBs formed by chimeric fusions 
containing spider elastin-like polypeptides can have a loosely 

Fig. 9. The N-terminal domain of 16γzf has a major role in inhibiting the formation of insoluble polymers. Protoplasts prepared from tobacco leaves 
were transiently transfected either with plasmids encoding the indicated constructs or with empty plasmids (Co). (A) Transfected protoplasts were pulse-
labelled with radioactive amino acids for 1 h before homogenization in reducing conditions. Proteins were immunoselected using anti-FLAG antibody and 
analysed using SDS-PAGE and radiography. The different lanes are from a single exposure of a single radiograph from which irrelevant lanes have been 
removed. The newly synthesized recombinant polypeptides (arrowheads) and the positions of molecular mass markers (numbers at left, kD) are indicated. 
(B) Protoplasts pulse-labelled as in (A) were subjected to chase for the indicated time (h), homogenized in the presence of 2-ME, immunoselected with 
anti-FLAG antibody, and analysed using SDS-PAGE and radiography. At each chase time-point, the densities of the relevant radioactive bands were 
quantified and expressed as percentage of the intensity at 0 h chase. (C) Protoplasts pulse-labelled as in (A) and chased for the indicated time (h) were 
then subjected to sequential homogenization steps, first in the absence 2-ME and then treating the insoluble material with 2-ME. Proteins at each 
step were immunoselected with anti-FLAG antibody and analysed using SDS-PAGE and radiography. At each time-point, the densities of the relevant 
radioactive bands were quantified and, for each construct, expressed as percentage in the second immunoprecipitation step divided by the sum of the 
two immunoprecipitations (% insoluble). In (B, C) values from two fully independent transient expression experiments are shown.
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packed content, but they are round and rarely larger than 3 μm, 
with no well-defined filaments (Conley et al., 2009; Phan et al., 
2014). Thus, the unusual structures that we found formed by 
16γzf markedly differed from 27γzf PBs and from ER enlarge-
ments formed by various other storage proteins at early stages 
of seed development or by protein fusions that polymerize in 
the ER.

However, 16γzf threads strikingly resemble those formed by 
diabetes insipidus-inducing mutants of the antidiuretic hor-
mone arginine vasopressin precursor (Birk et al., 2009; Beuret 
et  al., 2017). These dominant mutations can be in different 
locations along the precursor, but they all result in abnormal 
inter-chain disulfide bonds leading to oligomerization and, in 
some cases, partial resistance to denaturation by SDS/reduc-
ing agent, whereas the normal precursor has eight intra-chain 
bonds. The misfolded precursors thus accumulate in the ER 
instead of trafficking to secretory granules and form irregu-
larly packed electron-dense filaments, which in some cases 
coalesce in more uniformly electron-dense regions, similar to 
16γzf. Although the mutated precursors seem unable to form 
canonical amyloid cross-β-sheets, their ability to form fibers 
resembles amyloid aggregation (Beuret et al., 2017).

Our results indicated that 16γzf was not a structurally defec-
tive protein rapidly degraded by ER quality control. 16γzf 
threads were disulfide-bonded polymers that remained par-
tially soluble in oxidizing conditions, unlike 27γzf polymers. 
Only when the two recombinant zeins were co-expressed, 
16γzf become fully insoluble unless reduced, indicating direct 
interactions with 27γzf. 16γz present in natural maize PBs was 
in part solubilized by alcohol together with α-zeins, but no 
alcohol-soluble 16γzf was detected in transgenic Arabidopsis 
or upon transient co-expression with 27γzf. This supports the 
hypothesis that, in maize, at least one of the alcohol-soluble 
α-zeins directly interacts with16γz, consistent with the loca-
tion of 16γz in natural PBs (Lending and Larkins, 1989; Yao 
et  al., 2016) and the results of yeast two-hybrid assays (Kim 
et al., 2002, 2006). A specific role of 16γz in natural, hetero-
typic PB assembly is also supported by the characteristics of 
two maize mutations with opaque endosperm, mucronate and 
opaque10. mucronate is a frameshift mutation that completely 
changes the 16γz sequence for the last 63 amino acids, abolishes 
its solubility in 70% ethanol supplemented with 2-ME, and 
markedly weakens the interaction with 22-kD α-zein (Kim 
et al., 2006). In mucronate seeds, the overall amount of zeins is 
reduced (Salamini et  al., 1983) and PBs have angular defor-
mations that often interrupt the outer layer, indicating defects 
in the organization of the interface between α- and γ-zeins 
(Zhang and Boston, 1992). opaque10 is a frameshift mutation 
generating a premature stop codon in a cereal-specific protein 
located in PBs (Yao et al., 2016). opaque10 PBs are misshaped 
and often irregularly elongated. The ordered localizations of 
16γz and of the 22-kD α-zein that is normally located next to 
it are disrupted, and the two zeins are dispersed in the PB (Yao 
et  al., 2016). RNAi, used to inhibit the synthesis of γ-zeins 
in maize, also causes PB misshaping and angular deformations 
(Wu and Messing, 2010). A  specific role of 16γz could not 
be established in this case, since the synthesis of both the 27- 
and 16-kD polypeptides was almost fully inhibited. However, 

RNAi in which the synthesis of 16γz, 50γz, and β-zein was 
concomitantly suppressed indicated that these proteins are 
mainly involved in PB expansion, whereas 27γ-zein controls 
PB initiation and shape, consistent with our data in transgenic 
Arabidopsis (Guo et al., 2013).

Sorghum (Sorghum bicolor), a very close relative of maize 
(Swigoňová et al., 2004), has not undergone WGD and con-
tains only two genes belonging to the same prolamin II group 
of γ-zeins, kafirin2γ27 and kafirin2γ50 (Belton et al., 2006; Xu 
and Messing, 2009), and is therefore lacking a 16γz ortho-
logue. Similar to β- and γ-zeins, β- and γ-kafirins form the 
more electron-dense structures of the PB; however, these are 
not limited to the PB periphery and are also concentrated in 
the central core or form patches within the less-dense regions 
(Shull et al., 1992). This lack of organization in layers with clear 
boundaries between dense and less-dense regions (the latter 
mainly containing α-type prolamins), compared to maize PBs 
may thus be related to the absence of a 16γz-like prolamin.

Our domain-exchange results suggested that the different 
behavior of the two γ-zeins was mainly due to their N-terminal 
domains. A synthetic version of the (VHLPPP)8 repeated seg-
ment has an amphipathic polyproline II structure and in vitro 
affinity to liposomes that partially mimics the lipid compo-
sition of the plant ER, suggesting that the repeat may favor 
interaction of 27γz with the inner surface of the ER mem-
brane (Kogan et al., 2004). The Zera sequence is a 27γz portion 
almost identical to the one used to construct zeolin and, like 
zeolin, it determines PB formation in a Cys-dependent fashion 
when fused to a number of proteins (Torrent et al., 2009). In 
a Zera-fluorescent protein fusion, progressive deletion of the 
Pro-rich hexapeptides leads to progressively increased secre-
tion and reduced PB size but does not alter their spherical 
shape (Llop-Tous et  al., 2010), indicating that the peculiar 
structures formed by 16γz are not simply due to the loss of 
repeats. Indeed, the N-terminal region of 16γz has also lost 
three Cys residues and contains two degenerated Pro-rich 
sequences containing two new Tyr residues—aromatic amino 
acids inhibit the formation of polyproline II helices (Brown 
and Zondlo, 2012)—as well as other aromatic amino acids 
and a new Gln-rich short sequence (Fig. 1). In combination, 
these features may have abolished the ability to interact orderly 
with lipids and determined the formation of rod-like polymers 
involved in stabilizing the γ-zein/α-zein interface.

Proteins containing disulfide bonds generally have higher 
evolutionary rates (Feyertag and Alvarez-Ponce, 2017). Intra-
chain disulfides probably stabilize important conformations 
and thus have a buffering, chaperone-like effect that makes the 
polypeptide more tolerant to mutations; thus, once acquired, 
inter-chain disulfides are rarely changed (Wong et  al., 2011; 
Feyertag and Alvarez-Ponce, 2017). Unpaired Cys residues are 
also relatively more conserved than other amino acids (Wong 
et al., 2011). The major deletion and the mutations generating 
16γz have eliminated a number of 27γz cysteine residues and 
have altered the biochemical and polymerization properties of 
the prolamin, but they have not caused gross misfolding and 
degradation by quality control. They have instead promoted a 
new role of the protein and a new PB organization.
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Prolamins form peculiar heteropolymers. Analysis of many 
prolamin polypeptides and their positioning within a PB in 
different grasses indicates that a high genetic variability is toler-
ated, probably because PB function is simply constituted by the 
high accumulation of reduced nitrogen in the first compart-
ment of the secretory pathway. However, within an individual 
species, certain requirements for optimal PB assembly exist, as 
indicated by the many natural and artificial cereal mutants ana-
lysed. We have shown here that an apparently defective zein 
polypeptide, generated upon maize whole-genome duplica-
tion, forms very unusual structures that may explain its specific 
structural role at the interface between the ancient and the 
more recently evolved maize prolamins. The organization of 
16γz structures resembles abnormally disulfide-linked, amy-
loid-like fibers formed by pathological mutants of a human 
hormone precursor. It thus appears that mutations giving rise 
to similar abnormal structures within the ER can result in 
pathogenic loss of function in one case but can be exploited in 
a developmental process in another.

Supplementary data

Supplementary data are available at JXB online.
Fig. S1. Identities of the major polypeptides present in puri-

fied maize PBs, as determined by LC-ESI-MS/MS analysis 
(including the protocol for protein in-gel digestion and the 
analysis).

Fig. S2. Variability in denaturation-resistant oligomers.
Fig.  S3. Dilated ER in leaf cells of transgenic Arabidopsis 

expressing 16γzf.
Table S1. Peptide identification by LC-ESI-MS/MS analy-

sis, and protein assignment.
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Abstract

Plants have emerged as commercially relevant production systems for phar-
maceutical and nonpharmaceutical products. Currently, the commercially
available nonpharmaceutical products outnumber the medical products of
plant molecular farming, reflecting the shorter development times and lower
regulatory burden of the former. Nonpharmaceutical products benefit more
from the low costs and greater scalability of plant production systems with-
out incurring the high costs associated with downstream processing and
purification of pharmaceuticals. In this review, we explore the areas where
plant-based manufacturing can make the greatest impact, focusing on com-
mercialized products such as antibodies, enzymes, and growth factors that
are used as research-grade or diagnostic reagents, cosmetic ingredients, and
biosensors or biocatalysts. An outlook is provided on high-volume, low-
margin proteins such as industrial enzymes that can be applied as crude
extracts or unprocessed plant tissues in the feed, biofuel, and papermaking
industries.
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INTRODUCTION

Molecular farming is the production of recombinant proteins in plants with the intention to use
the protein itself as the product, in purified form, crude extracts, or in planta, rather than seeking
a change in phenotype, performance, or metabolism. The first examples of molecular farming
involved the production of an antibody and human serum albumin in transgenic plants and plant
cell suspension cultures (1, 2). This led to the rapid exploration of many different plant species as
hosts for the production of recombinant pharmaceutical proteins, a field sometimes described as
molecular pharming (3, 4). Many proof-of-principle studies were published in the following years,
but the breakthrough to commercial success only came once a defined regulatory framework was
accepted for plant-derived biologics, culminating in 2012 with the approval of taliglucerase alfa,
a recombinant form of human glucocerebrosidase developed by Protalix Biotherapeutics for the
treatment of the lysosomal storage disorder Gaucher’s disease (5).

Although pharming applications have taken the limelight, another quieter revolution has been
under way in the area of plant-derived nonpharmaceutical proteins, which were first successfully
commercialized by the US biotechnology company ProdiGene, Inc., in the late 1990s (6). Other
companies have since taken up this mantle, including those with a clinical development program,
in the realization that nonpharmaceutical products can reach the market more quickly because
of the much lower regulatory burden. The product portfolio ranges from technical enzymes and
research-grade reagents to cosmetic products (3, 7). There are more nonpharmaceutical products
already on the market than there are pharmaceutical proteins undergoing clinical development
(Table 1). Veterinary products produced in plants are also gaining attention, reflecting imminent
regulatory changes enforcing the reduction of antibiotic use in food and dairy animals (8–10).

The benefits of molecular farming for pharmaceutical products are often described in terms
of costs, scalability, and safety. Nonpharmaceutical products also benefit from the low costs and
greater scalability of plants, but the benefits are magnified because downstream processing and
purification does not have to meet the strict criteria enforced for pharmaceutical good manufactur-
ing practice (GMP). A number of molecular farming products, including cell culture components,
feed/food supplements, and cosmetic ingredients, attract a premium because the manufacturers
can claim animal- and endotoxin-free production. There are also products not needing to be
purified, such as enzymes that conditionally digest lignocellulose, that can be used to facilitate
papermaking, biofuel production, and the manufacture of animal feed by avoiding the need for
expensive additives and environmentally damaging pretreatment processes.

In this review, we discuss the nonpharmaceutical products of molecular farming in more detail,
focusing on commercialized products such as antibodies, enzymes, and growth factors that are
used as research-grade or diagnostic reagents, cosmetic ingredients, biosensors, and biocatalysts
(including the conversion of plant biomass into sugars) and to facilitate bioremediation. Most
commercial nonpharmaceutical products of molecular farming are currently produced on a small
to medium scale, making it possible to rely on contained growing facilities rather than field
cultivation, which attracts additional regulatory scrutiny. However, for low-margin products with
a large potential market, the full potential of molecular farming will only be realized if large-scale
production can be achieved.

THE BENEFITS OF PLANTS AS EXPRESSION HOSTS

The benefits offered by plants as expression hosts are highlighted in several recent reports contain-
ing favorable head-to-head comparisons with other platforms (11–13). One of the key advantages
of all plant-based systems is that plants are much less expensive than mammalian cells but have
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a similar secretory pathway. This allows them to fold and assemble complex proteins efficiently
due to the presence of chaperones and protein disulfide isomerases that catalyze the formation of
disulfide bonds, a capability not shared by bacterial production systems. This has proved invalu-
able for the production of pharmaceuticals, particularly multimeric proteins such as antibodies
but also complex technical proteins such as collagen and spider silk (14–17). The secretory path-
way is also where posttranslational modifications (PTMs) are carried out, including glycosylation,
γ-carboxylation, β-hydroxylation, amidation, proline hydroxylation, and sulfation (18, 19). Gly-
cosylation has received the most attention because there are differences in N-glycan and O-glycan
structures between plants and mammals, and even between different plant and mammalian species,
which can affect protein structure, biological activity, and stability when the protein is injected as
a drug (20, 21). The precise control of glycosylation has allowed the production of plant-derived
glycoproteins with humanlike or human-compatible glycans, as well as biobetters in which the
glycan profiles have been tweaked to improve efficacy or longevity, or to simplify downstream
processing (5, 22, 23). Glycosylation is less relevant for nonpharmaceutical proteins, but the other
forms of modification listed above are necessary for some products to assemble properly; for ex-
ample, proline hydroxylation is required for the assembly of collagen, and this capability can be
conferred on plants by genetic engineering of the production host (17).

OPTIMIZING THE YIELDS OF RECOMBINANT PROTEINS IN PLANTS

As with all expression systems, the yields of any given product of molecular farming are not pre-
dictable, because this depends on a combination of the intrinsic properties of the protein, the host,
and the production strategy. Standardized approaches have been developed to improve the ex-
pression construct and this can be combined with various forms of strain and process optimization
to ensure the greatest synergy between the host and its environment (24, 25). Strain optimization
strategies are platform-specific. Plant cell suspension cultures can be improved by high-throughput
screening to identify the most productive cells and use them to produce high-yielding monoclonal
cell lines (26). In contrast, the yields in whole plants can be increased by breeding and selection
among the best performing primary transformants, which identifies those with stable transgenes at
permissive integration sites and pairs them with the optimal genetic background (27, 28). Process
optimization strategies are similarly diverse. In cell cultures, this involves medium optimization
and the testing of different bioreactor designs and process parameters, which has been accelerated
recently by the use of statistical experimental designs to test multiple parameters simultaneously
(29). For transgenic plants and transient expression platforms, the environment of the plant can
have a substantial impact; for example, differences in temperature of only 1–2◦C can change the
yields of a recombinant protein by up to 15% (30). The combination of good construct design,
optimal genetic background, and a supportive environment has achieved extraordinary yields of
up to 10.6% of the total soluble protein (TSP) for human serum albumin expressed in rice seeds
(31), 30% TSP for industrial enzymes expressed in maize seeds (32), 36% TSP for a murine an-
tibody expressed in Arabidopsis (33), and more than 70% TSP for proteins expressed in tobacco
chloroplasts (34).

DIFFERENT SYSTEMS FOR DIFFERENT APPLICATIONS

The biopharmaceutical industry has consolidated around a small number of microbes and mam-
malian cell types grown in fermenters, but there is much more diversity in molecular farming,
where different platforms offer overlapping and complementary benefits. Three major strategies
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GENE TRANSFER STRATEGIES

Molecular farming involves several distinct strategies for gene transfer that may involve either stable transformation
or transient expression of a nonintegrated transgene. Stable transformation usually involves the integration of
exogenous DNA into the nuclear genome, achieved using either Agrobacterium tumefaciens or a physical delivery
technique such as particle bombardment. This can be applied to plant cells in culture to generate transgenic cell
lines, or to callus tissue that can regenerate into whole transgenic plants. Alternatively, cell lines can be derived
from transgenic plants directly. It is also possible to introduce transgenes into the plastid genome of certain species
to generate transplastomic plants (119). There are several different transient expression methods. One approach
is agroinfiltration, in which A. tumefaciens is injected or vacuum infiltrated into leaves so that many leaf cells take
up but do not integrate the T-DNA and milligrams of protein can be produced in a few weeks (120–122). Other
transient expression systems are based on systemically spreading plant RNA viruses (123–128). These approaches
are combined in the Magnifection and CPMV-HT (Cowpea mosaic virus hypertranslatable) platforms, in which
deconstructed viruses that cannot spread systemically are instead delivered to many cells by agroinfiltration (129–
132).

have emerged: cell suspension cultures, transgenic plants, and transient expression (7, 35) (see the
sidebar Gene Transfer Strategies).

One of the consequences of this diversity is that the platform can be matched to the require-
ments of the product rather than the product being modified to suit the platform, the latter being
the typical approach in the biopharmaceutical industry. Plant cell cultures are grown in chemi-
cally defined sterile medium in fermenters and are particularly suitable for cosmetic ingredients
and research/diagnostic reagents required in small quantities. The transient expression system
can produce large amounts of protein in a short time, which is ideal for products with irregular
demand and unstable markets. Transgenic plants have a long development process, but ultimately
they are the most scalable and can be used to produce proteins required in the largest amounts.
They are also the most suitable platform for in situ products, such as enzymes for the degradation
of lignocellulose. In the special case of products that need to be stockpiled in an environment with
no cold chain, transgenic cereal plants are ideal because recombinant proteins expressed in seeds
have been shown to remain stable and active for several years without significant degradation (36).

PROTEIN TARGETING

Recombinant proteins can be selectively expressed in particular plant organs by using restrictive
rather than constitutive promoters. This strategy is chosen for two reasons. First, restrictive
promoters often achieve higher yields in their target tissues than constitutive promoters (e.g.,
the promoters of endogenous storage protein genes in cereals are usually more active in seeds
than promoters for housekeeping genes such as those encoding actin and ubiquitin). Second, it is
often beneficial to target recombinant proteins to sink tissues, where they are more stable and do
not interfere with vegetative growth (37).

Proteins can also be targeted to specific cellular compartments such as the cytosol, apoplast, or
plastids or the lumen of the endomembrane system, using specific peptide tags. The endoplasmic
reticulum (ER) is the first part of the secretory pathway, and its oxidizing environment supports
protein folding, assembly, and PTM to a much greater extent than the cytosol. Proteins are directed
to the ER by including an N-terminal signal peptide (38). By default, these pass through the Golgi
body and are secreted to the apoplast, but other signals can be added to retrieve proteins to the
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ER or divert them to the vacuole (39–41). The secretory pathway in seeds is ideal for molecular
farming because it includes specialized storage organelles that allow proteins to accumulate and
become encapsulated in a protective matrix (37, 42, 43). These storage organelles can even be
induced ectopically in tissues that are not adapted for storage functions and provide a simple
strategy for producing active insoluble enzyme polymers (44). For pharmaceutical applications,
the inclusion of additional peptide tags changes the nature of the product and attracts additional
regulatory scrutiny, but this is not an issue for nonpharmaceutical products and protein targeting
can therefore be exploited fully to maximize yields and to accumulate a recombinant protein in a
suitable compartment (Figure 1).

Pericarp

Aleurone

Endosperm

Scutellum

Shoot axis

Root axis

G

ER

N

Vac

Chl
Apo

G
ER

N

PSV

PB

S

Cell

PMPM

CW

Root secretion

1

2

3

4

Figure 1
Targeting strategies for the expression of recombinant proteins. Recombinant proteins can be selectively
expressed in particular plant organs such as leaves, roots, seeds or in cell cultures derived from one of these
organs. Proteins can also be targeted to specific cellular compartments. In vegetative cells (�), proteins (red
circles) can be targeted to the apoplast (Apo), the vacuole (Vac), or the cytosol, or they can be retained in the
endoplasmic reticulum (ER). Recombinant proteins can also be targeted to the chloroplasts (Chl) by means
of a signal peptide. Alternatively, the recombinant gene can be inserted in the chloroplast genome and
expressed directly in the plastids. This approach often results in high yields of recombinant protein but does
not support certain posttranslational modifications such as glycosylation. When plant cells are cultivated in a
suspension culture, it is often beneficial to secrete the protein to the apoplast, because this facilitates
purification from the culture medium (�). In some cases, digestion of the cell wall (CW) is an option to
efficiently release protein trapped between the plasma membrane (PM) and the cell wall. Seeds (�) are a
very attractive site for the accumulation of recombinant proteins due to their native storage capabilities.
Within the seed, recombinant proteins may be directed to either the endosperm or the embryo. The unique
storage organelles of the seed cells (�) include protein storage vacuoles (PSV), ER-derived protein bodies
(PB), and starch granules (S), all of which have been used for protein accumulation. Finally, proteins can be
produced in roots and secreted to the rhizosphere. This strategy is often preferred for phytoremediation
purposes. Abbreviations: G, Golgi body; N, nucleus.
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DOWNSTREAM PROCESSING AND PURIFICATION

Downstream processing is the set of physical and chemical steps used to purify recombinant
proteins from the biological starting material. Recombinant proteins produced in microbes or
mammalian cells are usually secreted into the medium, and downstream processing follows a
standardized procedure involving centrifugation and/or filtration to remove cells and debris, then
chromatography steps tailored to each product. The diversity of molecular farming platforms
means that the equivalent downstream processes for plants must cater to the different proper-
ties of each host system at least during the early steps. Whereas plant cell suspension cultures,
aquatic plants, and some hydroponic whole-plant systems can secrete recombinant proteins into
the medium, most products are retained within the plant tissue and must be released by disruption,
which introduces numerous soluble and insoluble process-related contaminants (30).

The basic downstream process for whole-plant tissues therefore begins with extraction, which
is achieved by homogenization or milling to disrupt cells and release the product into a buffer.
For small-scale processes, the buffer may contain additives such as protease inhibitors to protect
the target protein, but this becomes too expensive at larger scales and different strategies, such
as flocculation, heat precipitation, or direct capture using robust affinity media, are required to
rapidly remove impurities (30). Insoluble debris can be removed by centrifugation, but again this
is difficult to scale up, so filtration is preferred when process scalability is important. Several in-
line depth filters may be necessary to progressively remove coarse and fine debris, followed by
a membrane filter to remove fines. Once the extract is clarified, further downstream processing
is based on chromatography steps tailored to the product and is therefore similar to all other
platforms.

However, a number of novel purification strategies have been developed in plants based on the
use of fusion tags that encourage partitioning (see the sidebar Protein Tags for Purification). The
disruption of plant tissues introduces process-related contaminants that are not found in bacteria,
yeast, or mammalian cells (e.g., fibers, oils, and superabundant plant proteins such as RuBisCO)
and these may require specific early processing steps to ensure removal (45–47). As discussed
above, for upstream process optimization, downstream processing in molecular farming is now
being addressed using statistical experimental designs and multivariate statistics to build quality
into the process and ensure robust purification. Several costing studies have been reported recently
using either top-down (48, 49) or bottom-up (50, 51) analytical approaches. Although plants do
not produce endotoxins, downstream processing must nevertheless cater for their removal be-
cause the bacteria that colonize plants do produce endotoxins, and large amounts are produced
during agroinfiltration. Similarly, plants do not support mammalian viruses but virus removal is

PROTEIN TAGS FOR PURIFICATION

Several protein sequence tags have been used to simplify the downstream processing and purification of plant-derived
recombinant proteins, including common affinity tags such as His6 for immobilized metal affinity chromatography
and more sophisticated tags for specialized separation processes that are less expensive and more scalable. The latter
include elastin-like polypeptide tags that allow purification by temperature-dependent inverse transition cycling
(133), hydrophobins that promote hydrophobic phase partitioning (134, 135), and oleosins that target proteins to
the oil bodies of seeds, which can be separated in an oily phase by flotation centrifugation (136–138). Like the tags
used for protein targeting, purification tags attract regulatory scrutiny for pharmaceutical products, but this is not
an issue when the product is not intended for medical use.
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still necessary under GMP conditions to prevent contamination with adventitious viruses during
production, although the risk of contamination is acknowledged to be much lower than in mam-
malian systems (45). The costs of downstream processing for injectable pharmaceutical proteins
are therefore similar across all platforms and can account for up to 80% of overall production
costs, severely compromising any cost savings achieved by upstream production in plants. These
restrictions do not apply to nonpharmaceutical products, and processing therefore represents a
much smaller proportion of overall costs, even when the products are purified for use as technical
reagents (52–54).

OPPORTUNITIES FOR PURIFIED PRODUCTS

Diagnostic and Technical Reagents

Bioanalytical methods rely on specific, high-affinity binding between a detection reagent and its
target, for example, an enzyme and substrate or an antibody and antigen. Whereas enzymes are
mostly used for process control and clinical diagnosis (e.g., the measurement of blood glucose),
antibodies are used in a wider range of applications (see the sidebar Analytical Applications of Anti-
bodies Produced by Molecular Farming). These include immunological assays for the detection of
protein biomarkers, food allergens, toxins, chemical contaminants in food (e.g., pesticides, adulter-
ants, and packaging derivatives), persistent organic pollutants in the environment, and pathogens
for the purposes of disease monitoring and containment (55). Sensitive and cost-effective analyt-
ical methods are required for high-throughput screening when many samples need to be tested,
and this approach is also useful for screening drug and catalyst libraries and for chemical reaction
discovery and development (56, 57).

Antibodies were originally isolated from animals and were used as full-size molecules or enzy-
matic cleavage products such as Fab and F(ab)2 antigen-binding fragments. The ability to produce
antibodies as recombinant proteins and create libraries for screening against target antigens has
enabled the development of smaller derivatives such as single-chain variable fragment(s) (scFv)
and nanobodies [also known as variable heavy-chain antibody fragments (VHHs)] that facilitate
screening for improved specificity, affinity, and stability (58, 59). Alternative binding scaffolds such
as affibodies and anticalins can also be produced as recombinant proteins (60–62). Recombinant
antibodies, fragments, and novel binders can also be produced as fusion proteins that extend their

ANALYTICAL APPLICATIONS OF ANTIBODIES PRODUCED BY MOLECULAR
FARMING

Many antibodies have been produced by molecular farming and some have already been tested for a wide range
of analytical applications, including immunoaffinity solid-phase extraction and immunoextraction, which remove
analytes without contaminants even when the analytes are present at low concentrations. The antibodies can be
immobilized onto solid support materials like agarose, silica, polystyrene-divinylbenzene, and glass, as well as
monolithic materials. Further applications include other immunoassay formats such as lateral flow devices, which
are popular in food chemistry for on-site detection of allergens, pathogens, and toxins and for food authentication
by key biomarkers (139, 140). More recent microfluidic platforms and bead-based methods reflect advances in
nanoparticle technology and the synthesis of antibody-functionalized detection probes (141–143). In addition to
the diagnostic use of antibodies in different immunoassay formats, there is an increasing interest in developing
highly selective sorbents for efficient sample preparation.
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functionality, for example, by combining a binding domain with a visual marker protein or with a
toxin to allow the selective killing of cancer cells (58, 63).

Small antibody derivatives such as scFv are routinely produced in bacteria because they
fold spontaneously and do not usually require glycosylation. In contrast, full-size antibodies
contain multiple disulfide bonds and N-glycans, and although they can be produced in bacteria
(64), mammalian cells are preferred. Chinese hamster ovary cells are the favored platform for
pharmaceutical antibodies because they produce high titers. However, this platform is among the
most expensive and is not suitable for low-margin antibodies used as technical reagents. Plants
offer the necessary economy and scalability for technical reagents, so they have been widely used
to produce antibody variants. The first demonstration of molecular farming was the production
of a full-size IgG in tobacco (1), and many different formats and fragment types have been
produced since then (65). Plants have also been used to produce a full-size secretory IgA, which
normally requires two different types of mammalian cell (14) and an IgM, which is among the
most complex of human proteins (15).

In a particularly innovative use of plants, Julve et al. (66) cloned an entire VHH library in
deconstructed Tobacco mosaic virus vectors and introduced them into Nicotiana benthamiana leaves
by agroinfiltration. Mosaic patterns of leaf cells, each infected with one particular strain of the virus
(and hence one VHH coding sequence), were formed due to the phenomenon of superinfection
exclusion, where two versions of the same virus cannot exist in the same cell, because one is always
outcompeted. Whole-leaf extracts thus represented a polyclonal mixture of antibodies, whereas
individual infection zones were monoclonal.

There are currently no plant-derived pharmaceutical antibody products on the market, al-
though several have progressed to clinical development (45) and a tobacco-derived antibody
against Streptococcus mutans has been approved as a medical device for the treatment of dental
caries. A tobacco-derived antibody was also approved by Cuban authorities in 2006 as an affinity
purification reagent for a hepatitis B vaccine produced in yeast (67). Although this antibody is
not used as a pharmaceutical, it nevertheless had to meet GMP standards as part of the vaccine
manufacturing process. The production of nonpharmaceutical antibodies in various formats has
been demonstrated for applications in diagnostics, food processing, and quality validation, but
none of these products have yet reached the market (58, 68).

Although plant-derived antibodies have not yet been marketed as diagnostics or research-
grade reagents, other proteins have been produced in plants for this purpose. ProdiGene began
this process by developing maize as a commercial platform for the production of enzymes and
technical reagents, including avidin and β-glucuronidase (GUS), both of which are important
molecular biology research tools (52, 53). An important principle demonstrated by these case
studies was that molecular farming can be economically viable even when the natural source of a
protein is abundant (e.g., egg whites for avidin and E. coli for GUS) and where a market is already
established. The average yield of avidin in maize was 0.5% of the dry seed weight. A typical egg
contains 1.5 mg of avidin, so 800 kg of eggs but only 20 kg of corn would be required to produce
20 g of avidin (69). The yield of E. coli GUS in maize was 80 mg/kg dry seed, and the maize
product was identical in size and almost identical in functional parameters (pI, Km, Vmax, and Ki)
to its E. coli counterpart (53). Both GUS and avidin from maize have been distributed as research
reagents by Sigma-Aldrich, and avidin is currently available.

Biocatalysts

Trypsin is a serine protease found in the digestive system of many vertebrates and it can hydrolyze
almost any protein at the C-terminal side of the basic amino acids lysine or arginine. In mammals,
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pancreatic cells produce and store the inactive precursor trypsinogen and secrete it to the duode-
num, where enteropeptidases as well as already-cleaved trypsin molecules activate it by cleaving
off the propeptide Val-Asp-Asp-Asp-Asp-Lys (70).

The broad activity of trypsin makes it useful for many applications, ranging from food pro-
cessing and leather tanning to specialized functions such as cleaving biopharmaceutical proteins
and digesting proteins into peptides for proteomic analysis. Industrial trypsin is usually isolated
from bovine or porcine pancreas, but these sources are deemed unsafe for pharmaceutical appli-
cations due to the risk of contamination with viruses and prions (71). However, the production
of recombinant trypsin is challenging because the autoactivation of trypsinogen disrupts the host
cell. In E. coli, this has been circumvented by periplasmic targeting or induction during the late
logarithmic growth phase of a high-density, fed-batch culture, resulting in a yield of 56 mg/L
(72). In yeast, cultivation can be carried out below the optimal pH range of trypsin to maintain
its inactive state (73, 74). Alternatively, a mutation was introduced to prevent self-cleavage of the
propeptide, resulting in yields of up to 40 mg/L, but the product must then be cleaved with a
different enzyme in vitro (75).

In plants, these issues have been addressed by expressing inactive trypsinogen in maize seeds un-
der the control of the embryo-preferred globulin-I promoter and the optimized barley α-amylase
signal sequence, resulting in a yield of 3.3% TSP (76). The progeny of this maize line produced
58 mg of trypsin per kilogram of seed. The trypsinogen was fully converted into active trypsin
upon extraction apparently by autocatalytic processing and/or endopeptidases in the seeds. The
maize-derived trypsin was functionally identical and physically similar to native bovine trypsin
(Vmax, Km, pH optimum, stability, and inhibition by aprotinin and benzamidine), although unlike
the native protein, it was also glycosylated (76). Further characterization revealed an unusual non-
consensus N-glycosylation site at Asp77 (77). This product was marketed as TrypZeanTM and has
been distributed since 2002 by Sigma-Aldrich (product no. T3568, T3449) as a reagent to disso-
ciate adherent cells from vessel surfaces. TrypZean is covered by a number of patents and patent
applications (78). Recombinant bovine trypsin was also produced in rice cell suspension cultures
under the control of the sucrose starvation–inducible rice α-amylase 3D promoter achieving yields
of 68 mg/L of medium (79). This product is currently marketed by Natural Bio-Materials, South
Korea (Table 1).

Only a few manufacturers can offer recombinant animal-free trypsin at a price that is competi-
tive with maize-derived trypsin. TrypZean usually sells at approximately $10/mg whereas trypsin
from Escherichia coli costs more or less the same and that from Pichia pastoris is twice as expensive.
Despite all efforts, none of these systems achieves the economy of trypsin from bovine or porcine
pancreas, which sells at approximately $100/g (78). However, certifiable animal- and endotoxin-
free products are quality attributes that are valued in the market for tissue culture components
and cosmetics (Table 1).

Biopolymers

Plants are the main source of the world’s most abundant natural polymers—lignocellulose and
starch—both of which offer sustainable alternatives to nonrenewable, fossil-derived fuels and
materials. Molecular farming has a role to play in this context because it also allows plants to be
developed as a source of fibrous animal proteins such as collagen, keratin, silk, and elastin, which
have remarkable strength, toughness, elasticity, and biocompatibility and can therefore be used
to produce novel and sustainable biopolymers that could replace oil-based plastics (80).

Collagens are the main structural proteins in the extracellular matrix of mammals. The most
abundant form is type I collagen which is a helical heterotrimer composed of two α1(I) and
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one α2(I) polypeptide chains. The heterotrimeric helix represents procollagen which then poly-
merizes with other helices to form fibrils and fibers of indeterminate length with elaborate three-
dimensional structures (81). The Israeli biotechnology company CollPlant has developed a tobacco
line producing fully functional recombinant human collagen. They achieved this by expressing
procollagen α1(I) and α2(I) along with a human proline-4-hydroxylase to allow the PTM of pro-
line residues that is required for structural stabilization, and a human lysyl hydroxylase 3 that
affects fibril diameter. By targeting the protein to the vacuole, they obtained a yield of 2% TSP,
which translates to 200 mg/kg leaf material (17). CollPlant now markets its recombinant human
collagen as CollageTM for tissue repair and wound management applications. Conventional med-
ical collagen is sourced from animals and human cadavers with the consequent risk of infection.
These collagens also need to be processed to remove cross-links before use, whereas the plant-
derived collagen is pathogen free and has no cross-links, so it can be modified to meet the demands
of any given application. Collagen is also used in cell culture, cosmetics, and adhesives, as well as
in the food industry in the form of gelatin.

Many insect and spider species produce silk, which is a proteinaceous fiber with two main
components: the structural protein fibroin and the adhesive protein sericin. The physicochem-
ical properties of silk proteins differ from species to species and even within a species. The
strength, elasticity, and stiffness can vary depending on the amino acid sequence and arrangement
of fibers. The orb web spider Nephila clavipes produces different kinds of silk for webs, cocoons, and
draglines. The dragline silk is five times stronger by weight than steel and three times tougher than
p-aramid (Kevlar R©), one of the strongest man-made fibers (16). Silk proteins are challenging to
express in microbes and mammalian cells because they are several hundred kilodaltons in size and
cannot be secreted. Scheller et al. (82) were the first to produce spider silk proteins in plants,
achieving yields of up to 2% TSP in tobacco leaves and potato tubers. Various strategies have
been developed to ensure that recombinant silk proteins are produced at the correct native size,
including dimerization by nonrepetitive C-termini, cross-linking by transglutaminase, and intein-
mediated multimerization (16, 83, 84).

PRODUCTS WITHOUT THE NEED FOR PURIFICATION

Feed Additives

Feed additives improve the quality of animal feed by providing direct nutrition (e.g., milk proteins)
or by improving the digestibility of existing components. The latter category, known as feed
enzymes, is generally divided into two classes: those required to break down indigestible fibers
(e.g., hemicellulases) and those required to remove antinutritional factors (e.g., phytases). Feed
additives are routinely produced in microbes and then added to animal feeds as supplements.
This is an expensive process and the combined market for feed enzymes is projected to reach
$727 million in 2015 (85). A more efficient and less expensive strategy would be to express these
enzymes directly in the feed crops as shown in the following three examples.

Maize kernels are a good source of phosphorus, but the element is stored primarily as a complex
with phytate, which cannot be digested by monogastric animals, because they lack the enzyme
phytase. Phytate also sequesters other essential mineral nutrients such as iron, zinc, and calcium
(86). These issues are currently addressed by supplementing animal feed with expensive recombi-
nant phytase produced in P. pastoris, but the costs could be reduced by expressing phytase directly
in feed crops. The endosperm-specific overexpression of Aspergillus niger phytase in maize pro-
duced an enzyme that was functionally equivalent to the commercial supplement, and the enzyme
activity was sufficient to achieve adequate phosphorus release from normal maize by adding just 5 g
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of transgenic seeds to 1 kg of the regular diet. The enzyme was also resistant to gastric digestion
allowing it to act on phytate in the gut. Following successful field trials in chickens, phytase-
enhanced maize was released as China’s first transgenic crop in 2009, and the biosafety certificate
was renewed in 2015 (87).

Like phytase, the enzymes β-mannanase and β-glucanase are often added to animal feeds
to eliminate antinutritional factors. In this case, the targets are mannans and glucans, which
absorb water and increase the viscosity of chime, thus restricting access to the intestinal surface
and reducing the efficiency of nutrient uptake. Maize lines expressing Bispora sp. MEY-1 β-
mannanase under the control of an embryo-specific promoter were tested because Bispora is an
acidophile and the enzyme should therefore remain functional in the low-pH gastric environment.
The enzyme was found to remain active under the same conditions as the commercial supplement
from P. pastoris but was more thermotolerant during pelleting, with an activity of 10,000 U/kg
(87). A feeding trial of β-mannanase supplements in pigs revealed that 400 U/kg feed achieved
the greatest feed efficiency, so 40 g of the transgenic seeds per kilogram of conventional diet is
sufficient to achieve the anticipated effects (88). The same group also expressed an acidic endo-
β-1,3-1,4-glucanase in maize embryos with an activity of 170,000 U/kg and stability over the pH
range 1.0–8.0 (89).

Biofuel

The United States is currently the largest producer of maize in the world. Historically, maize
has been used primarily for animal feed with only 20% used for food, seed production, and
industrial applications. More recently, the growth of the biofuel industry has seen this profile
change radically, and today the proportion of maize used for feed and bioethanol production is
roughly equal at 44% each, with the remainder used for food, seed, and other (90). The 13.3 billion
gallons of bioethanol produced in the United States every year represent 55% of global production.

Maize as food and feed is a good source of carbohydrates, primarily in the form of starch, and
this polymer is also the feedstock required for bioethanol production, resulting in competition
among producers of feed, food, and bioethanol for agricultural space. However, bioethanol can
also be produced from cellulose and hemicellulose, which have nutritional value only for rumi-
nants, are much more abundant than starch and sugar, and are often found in the residue or bagasse
from food/feed crops. Biofuels derived from cellulose and hemicellulose would therefore be more
sustainable and would not compete with food and feed. Cell wall polymers such as lignocellulose
and hemicellulose are abundant sources of fermentable sugars, but the sugars are not released as
readily as they are from starch because the polymers tend to be cross-linked, structurally hetero-
geneous, and pseudocrystalline, making them recalcitrant to enzymatic hydrolysis without harsh
and expensive pretreatments. A combination of several enzymes is then required to yield sugars
from the recalcitrant biomass, and even conservative estimates suggest that up to 0.6 tons of pure
enzyme would be needed to generate the 20 billion gallons of bioethanol that the United States
has mandated for 2022, with an estimated infrastructure cost of nearly $30 billion to achieve this
output using microbial fermentation (91).

The expression of polymer-degrading enzymes in plants would be less expensive than in mi-
crobes, and the enzymes could be purified, used as crude extracts, or preferably expressed in the
biofuel crop directly. The complete hydrolysis of cellulose to glucose requires three enzymes (an
exo-1,4-β-glucanase, an endo-1,4-β-glucanase, and a β-D-glucosidase), and a second stream of
fermentable pentoses can be derived from xylan using the enzymes endo-1,4-β-D-xylanase, β-
xylosidase, and α-glucuronidase; most of these enzymes have already been successfully expressed
in plants (92). Maize lines individually expressing endo-β-1,4-glucanase and endo-β-1,4-xylanase
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Figure 2
Plant-derived recombinant enzymes for biofuel production. Cellulases produced in maize seeds can be purified as research reagents or
used in the bioethanol production process either as crude extract or enzyme-containing biomass. The residues arising from the
processing steps provide additional biomass or valuable side products. Biomass flows are represented by green, added value product
streams by blue, and cellulase-containing fractions by orange arrows. If the cellulase is produced in the embryo, then endosperm and
embryo can be separated to reduce the enzyme-to-biomass ratio and the residual endosperm can be used for starch-derived products.
Similarly, the embryo can be defatted to obtain oil as a valuable side product.

were produced by the US company Agrivida and were shown to increase bioethanol production
from 42% to 65% theoretical ethanol yield (93). This group also engineered an improved ther-
mostable xylanase containing a bacterial self-splicing intein that prevents autohydrolysis during
growth but can be induced by heat after harvest (94).

Another company, Edenspace Systems Corporation, has patented transgenic plants expressing
cellulase, hemicellulase, ligninase, or combinations thereof for improved saccharification (95).
Currently, the only commercially available plant-derived hydrolase is an exo-1,4-β-glucanase
from Trichoderma reesei produced in maize by Infinite Enzymes, LLC as a purified protein (Sigma-
Aldrich product no. E6412). The pricing includes the costs for extraction and purification making
it unsuitable for large-scale applications. Even so, the enzyme is expressed under the control of the
embryo-preferred globulin-1 promoter, so defatted germ formulations can be used for industrial
saccharification (91) as shown in Figure 2. Expression levels of >6% TSP were achieved (96)
corresponding to 0.5% of the dry seed weight after seven backcrosses and two generations of self-
pollination (91). Assuming that expression levels can be improved to 1% of the dry seed weight
and that saccharification requires 30 g of enzyme per gallon of biofuel, a cultivation area of only
64 square miles for enzyme production would be sufficient to achieve an output of 20 million
gallons of biofuel.
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The production of biofuels from lignocellulosic biomass will take time to establish on a global
scale, and in the meantime it may be possible to optimize the production of bioethanol production
from maize starch by improving the efficiency of amylases, the enzymes that digest starch into
sugars. The current conversion process involves the addition of α-amylase and/or β-amylase.
Enogen R© is a maize line expressing a thermostable α-amylase, which was developed by Syngenta
and approved by the US Department of Agriculture in 2011. If conventional maize feedstock
is mixed with Enogen at a 3:1 ratio, production costs fall by $0.04 per gallon, water usage by
7.7%, and natural gas consumption by 8.9% (97). Amylase-expressing plants could also be used
for malting, baking, and the production of glucose and fructose syrup from starch (98).

Paper Manufacturing

In the paper manufacturing industry, the raw wood pulp undergoes a delignification process
to separate the lignin from the cellulose fibers and the cellulose-rich pulp is often bleached to
produce white paper. Both processes require harsh physical and chemical treatments that generate
environmental pollution. Laccase is a copper-containing oxidoreductase found in white rot fungi
that can oxidize phenolic compounds such as lignin, and this can be incorporated into almost
every part of the papermaking process to reduce the use of chemicals and energy, avoid chemical
waste, and improve paper strength and quality (99). As in the other cases discussed above, the main
factor that prevents the adoption of laccase-based pulping is the cost of the microbial recombinant
enzyme. Similarly, molecular farming would allow the enzyme to be applied as crude extracts
or to be expressed in the trees used for the raw material as long as it remained inactive prior
to cropping. Laccase from the white rot fungus Trametes versicolor has been produced in maize
and some detrimental effects were observed even when expression was controlled by an embryo-
preferred promoter with subcellular targeting to the cell wall (100). The yield was 2.0% TSP or
50 ppm of seed weight in the fifth generation (101). Xylanase can also be used to process pulp
(102). The sequential treatment of pulp with xylanase and laccase resulted in a 50% reduction
in postcolor number, a 15.71% increase in the tear index, and lower levels of absorbable organic
halogens (34%) in the bleach effluents (103). Laccase could also be used to treat textile mill
effluents, remove phenolic compounds from beverages, remove sulfur from fossil fuels, and develop
biosensors (104). Plants that are engineered to secrete laccase from their roots could also be used
to remove pesticides and xenohormones from the soil (104–106).

Future Products

Enzymes are advantageous for industrial processes because they yield specific products (thus
reducing toxic residues) and operate at low temperatures using water as a solvent (thus reducing
the need for harsh chemicals). The current industrial enzyme market is worth approximately
$8 billion with a compound annual growth rate of 7% (107). Plants are ideal for the production of
enzymes because they are inexpensive and highly scalable, which means it is much less expensive
to expand production capacity than would be the case for any fermenter-based system (108).
Plants can also produce enzymes that are toxic to microbes and animal cells. The applications
of molecular farming in the field of industrial enzymes will depend on the ability to produce
cost-effective alternatives for recombinant enzymes currently produced in microbes.

Enzymatic biodiesel is one of the most lucrative new applications of biotechnology-derived
enzymes because it is a nonpolluting and carbon-neutral fuel (109). Biodiesel can be manufactured
from numerous oils and fats, including virgin vegetable oils and waste cooking oils and fats. Europe
produces the most biodiesel in the world with the United States in second place, and the global
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production volume exceeds 6 billion gallons per year (110). Recombinant enzymes for biodiesel
production are generally too expensive when produced in microbes, but plants could be used
for the inexpensive production of lipases and phospholipases that can be purified, used as crude
extracts, or expressed in oil crops directly. Phospholipase can also be used to remove gum from
vegetable oils to prevent the formation of emulsions that limit the yield of pure oils for food and
biodiesel applications (111).

The biorefinery concept will also be important in future developments because this will allow
the design of low-waste processes in which all raw materials are converted into useful products,
for example, sugar cane processes that also process the bagasse and wood pulping processes that
also utilize the tree bark (112). Xylanase and oxidation/reduction enzymes such as laccase and
peroxidase are suitable for these applications because the reactions are difficult to achieve through
nonenzymatic means, offering a large potential market for low-cost recombinant enzymes pro-
duced on a large scale in plants rather than microbes (114). Enzymes such as manganese peroxidase
and laccase have been produced in maize seeds (100, 113). The manganese peroxidase accumulated
to high levels without detrimental effects when the enzyme was targeted to the embryo cell wall,
whereas laccase lignified the embryo and inhibited germination suggesting it should be produced
in an inactive form to allow normal vegetative growth.

Economic Considerations

The economic principles of molecular farming depend not only on the actual costs of the process
but also the development time, which can range from 1 year for a product required in small
amounts produced using a transient expression system to 7–10 years for a product required on
a large scale produced in transgenic crop seeds. The scale of production provides the greatest
benefit compared to fermenter-based systems because it costs much more to scale up fermenter
infrastructure than to grow additional hectares of a production crop, even if the crop is grown in
greenhouses rather than open fields (108). We consider here the development of transgenic maize
lines expressing cellobiohydrolase (CBH1) as a case study (115–117).

The transformation and regeneration of transgenic maize lines takes approximately 1 year.
When the T1 seeds are available, they are screened to identify the best-performing lines.
The best T1 plants are crossed with elite inbred germplasm, backcrossed over six generations,
and self-crossed for a further two generations to generate parental transgenic lines in an elite
background that can be used to generate hybrids for enzyme production. This process takes
4 years if a winter nursery is used to double the generations achieved per year but is worth the
effort because large increases in yield are achieved. In the case of the CBH1 lines, the production
hybrids achieved a twentyfold increase in yield over the original T1 seeds (116). During the
breeding process, excess grain was used to optimize extraction and purification methods for
product characterization and to test downstream applications in biomass conversion (117).

The most challenging stage of the process is scaling up production to meet customer demand.
The initial laboratory-scale process was suitable for the purification of approximately 1 g of enzyme
per month from 2 kg of grain and could be achieved using bench-scale equipment. In contrast,
a typical pulp and paper mill would require approximately 12 kg of enzyme per week. Infinite
Enzymes (http://www.infiniteenzymes.com) is currently working with an agricultural engineer
to design a process that will meet this demand by supplying 1,900 L of extract containing the
enzyme at a concentration of 6 g/L. Assuming an enzyme yield of 0.5% dry seed weight, this would
require the processing of 2.5 tonnes of seed per week. This is well beyond laboratory scale but
far below the commercial scale of most US agricultural processing companies (e.g., ADM, which
processes more than 76,000 tonnes of grain per day). The development of a processing facility is
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therefore challenging because most equipment is designed for smaller laboratory scale or larger
industrial scale operations. Pilot plant equipment can be used to provide standard apparatus such
as mixing tanks, but more specialized equipment such as wet or dry milling units to separate germ
and endosperm and continuous flow filtration units adequate for removing flour solids are more
difficult to source. The cost of scale-up can approach $500,000 to $1 million, although one way
to lower this cost is to lease the equipment.

The upstream production scale required to meet demand can be calculated by using conserva-
tive yield estimates of 1 tonne of grain per acre. Approximately 730 hectares (1,825 acres) would
therefore be needed to produce enough grain to meet the annual demand of one pulp and paper
mill. In the United States, this scale of production could be carried out under permit without
deregulating the product as long as sufficient isolation could be achieved. Although this is possi-
ble, it is not ideal, because the cost of custom grain production is relatively high at $1,200 per acre.
Profit can be made if the sales volume is high and processing is efficient, but this clearly demon-
strates why it is important to optimize the enzyme yield to maximize production per hectare. In
other countries, the regulatory burden of medium- to large-scale production (118) is circumvented
by growing the production crop in greenhouses, for example, ORF Genetics in Iceland.

CONCLUSION

The plant-derived nonpharmaceutical proteins that are commercially available currently outnum-
ber the medical products of molecular farming, reflecting the shorter development times and lower
regulatory burden outside the pharmaceutical industry. Most of the nonpharmaceutical proteins
are produced on a small to medium scale, which avoids the regulatory burden associated with
large-scale agricultural production. However, molecular farming is increasingly being considered
as an economic alternative not only for the production of pure diagnostic and technical reagents
required in small amounts but also for high-volume, low-margin industrial enzymes that can
be applied as crude extracts or unprocessed plant tissues in the feed, biofuel, and papermaking
industries, which will require increasingly larger industrial processes.

SUMMARY POINTS

1. Plant-based production systems are established on the market. The first product for
human medical use was commercialized in 2012, but currently the nonpharmaceutical
products outnumber the pharmaceutical products as they do not require clinical studies
and thus generate faster returns.

2. The palette of market sectors comprises research-grade or diagnostic reagents, cosmetic
ingredients, biosensors or biocatalysts but also industrial enzymes used in the feed, bio-
fuel, and papermaking industries.

3. Key advantages of plant-derived products are animal- and endotoxin-free production
and cost advantages for the raw materials and processing.

4. Large-scale use of technical reagents, antibodies, and industrial applications could be-
come feasible, but scale-up will require some investment to install equipment for these
products.
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5. Plants are renewable biomass for energy production. Enzymes used in the biomass con-
version process could be produced directly in the plant biomass rather than in separate
microbial systems.

6. Further development and widespread success of the technology will be strongly influ-
enced by the level of regulation and restrictions applied to genetically modified plants
and products derived thereof. In order to directly benefit from the technology, Europe
will have to be proactive in the regulatory process.
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The Encapsulation of Hemagglutinin
in Protein Bodies Achieves a
Stronger Immune Response in Mice
than the Soluble Antigen
Anna Hofbauer1, Stanislav Melnik1, Marc Tschofen1, Elsa Arcalis1, Hoang T. Phan2,
Ulrike Gresch2, Johannes Lampel1, Udo Conrad2 and Eva Stoger1*
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Zein is a water-insoluble polymer from maize seeds that has been widely used to
produce carrier particles for the delivery of therapeutic molecules. We encapsulated a
recombinant model vaccine antigen in newly formed zein bodies in planta by generating
a fusion construct comprising the ectodomain of hemagglutinin subtype 5 and the
N-terminal part of γ-zein. The chimeric protein was transiently produced in tobacco
leaves, and H5-containing protein bodies (PBs) were used to immunize mice. An
immune response was achieved in all mice treated with H5-zein, even at low doses. The
fusion to zein markedly enhanced the IgG response compared the soluble H5 control,
and the effect was similar to a commercial adjuvant. The co-administration of adjuvants
with the H5-zein bodies did not enhance the immune response any further, suggesting
that the zein portion itself mediates an adjuvant effect. While the zein portion used
to induce protein body formation was only weakly immunogenic, our results indicate
that zein-induced PBs are promising production and delivery vehicles for subunit
vaccines.

Keywords: protein bodies, molecular farming, subcellular targeting, recombinant protein, recombinant vaccine

INTRODUCTION

Polymers are widely used as carrier biomaterials for the delivery of therapeutic molecules (Petros
and DeSimone, 2010). In particular, biopolymer-based nanoparticles have proven suitable for
clinical applications due to their biocompatibility and biodegradability (Panyam and Labhasetwar,
2003; Nitta and Numata, 2013). A variety of materials and preparation methods have been
developed for application-specific properties in terms of particle shape, surface charge, and surface
features (Petros and DeSimone, 2010). Among the protein-based biopolymers, those derived from
natural proteins such as silk, collagen, elastin, and fibronectin have been studied in detail (Ruszczak
and Friess, 2003; Daamen et al., 2007; Lammel et al., 2010; Nitta and Numata, 2013).

Zein, a protein-based polymer found in maize seeds, has been widely used as a carrier because
of favorable properties such as biocompatibility, insolubility and low water uptake, mechanical and
chemical stability, and its propensity to form coatings and microparticles (Liu et al., 2005; Lai and
Guo, 2011; Wang et al., 2011; Lau et al., 2013). Zein is also generally regarded as safe (GRAS) for
food use and resists digestion, making it particularly suitable as an encapsulation polymer for oral
drugs (Hurtado-Lopez and Murdan, 2006b; Gong et al., 2011; Lau et al., 2013; Zou and Gu, 2013;
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Ahmed et al., 2015). The intravenous delivery of drug-loaded
zein-based microparticles has also been investigated as a means to
achieve long-acting effects such as the slow and sustained release
of pharmaceutical compounds (Lai and Guo, 2011) and more
efficient drug delivery to cancer cells (Lin et al., 2011; Podaralla
et al., 2012; Lohcharoenkal et al., 2014). Zein-based microspheres
may also provide adjuvant effects when used as vaccine carriers
(Hurtado-Lopez and Murdan, 2006a).

The in vitro loading of zein-based microparticles with
drugs usually involves spray or freeze drying or liquid–liquid
dispersion methods (Zhong and Jin, 2009; Podaralla and
Perumal, 2010; Podaralla et al., 2012; Zou and Gu, 2013). These
technical processes are expensive and can affect the activity
of the encapsulated agent, e.g., the high temperatures required
for spray drying are incompatible with many pharmaceutical
proteins.

It is therefore appealing to use plants to achieve
microencapsulation in vivo by directly incorporating
recombinant proteins into naturally occurring protein storage
organelles such as zein bodies (Hofbauer and Stoger, 2013).
Endogenous protein storage organelles are usually found in
plant seeds, and zein-like prolamins are characteristic features of
cereal endosperm cells. In production systems based on cereal
seeds, the recombinant protein is often targeted to accumulate in
prolamin-containing storage organelles that provide a protective
environment, even offering some resistance against proteolytic
digestion in simulated gastric fluids (Takaiwa et al., 2015).

Instead of using the natural prolamin bodies that are formed
in rice, wheat, maize or barley endosperm, it is also possible
to fuse the recombinant protein to assembly sequences that
induce analogous structures in tissues such as leaves, which
usually lack protein storage organelles. This ectopic protein
body technology bypasses the longer generation time required to
produce cereal seeds while still offering the advantages of natural
bioencapsulation. Sequences that share the ability to trigger the
formation of ectopic protein bodies (PBs) include those derived
from cereal prolamins, synthetic elastin-like peptides (ELPs) and
fungal hydrophobins (Floss et al., 2008; Conley et al., 2009;
Torrent et al., 2009b; Gutierrez et al., 2013; Shigemitsu et al.,
2013).

One of the most widely used assembly sequences comprises
the N-terminal part of the mature 27 kD γ-zein protein, a
member of the major prolamin-type storage protein family
in maize (Shewry and Halford, 2002). Unlike other assembly
sequences, it not only induces the formation of PBs but also acts
as a retention sequence that stops fusion proteins from leaving
the endoplasmic reticulum (ER). Consequently, the induced PBs
bud from the ER as distinct round structures, underscoring the
intrinsic compartment-forming properties of the zein sequence
in the absence of tissue-specific factors (Mainieri et al., 2004;
Llop-Tous et al., 2010). The N-terminal sequence of the 27 kD
γ-zein protein comprises two cysteine residues downstream
of the signal peptide, a repeated proline-rich domain forming
an amphipathic helix, and a third section that includes four
additional cysteine residues (Geli et al., 1994). Several reports
have confirmed that zein-derived sequences induce ectopic PBs
when appended to either the N-terminus or the C-terminus

of diverse recombinant proteins, including phaseolin (Mainieri
et al., 2004), enhanced cyan fluorescent protein (Llop-Tous et al.,
2010), xylanase (Llop-Tous et al., 2011), DsRed (Joseph et al.,
2012), and the Human papillomavirus E7 protein (Whitehead
et al., 2014). Moreover, the ability to induce PBs appears to be
almost entirely intrinsic and independent of other host-specific
factors, thus allowing the formation of ectopic PBs in fungal,
insect and mammalian cells (Torrent et al., 2009a), and the
budding of PBs from ectopic membranes such as the plastid
envelope, when combined with alternative subcellular targeting
strategies (Hofbauer et al., 2014).

Hemagglutinin is an abundant type I integral membrane
glycoprotein found on the envelope of influenza viruses and it
has been widely used in influenza vaccine development and as
a model antigen. The precursor protein HA0 yields two chains,
i.e., HA1 (∼36 kDa) and HA2 (∼28 kDa), following cleavage
at the motif Q/E-X-R. Infectivity requires both chains to be
glycosylated, and also relies on the cleavage of hemagglutinin by
a protease at multiple arginine residues. (Klenk and Garten, 1994;
Hulse et al., 2004). The cleavage products are then covalently
linked by a disulfide bond and these HA1/HA2 units form non-
covalent homotrimers (Wiley et al., 1977).

A transmembrane domain is found near the C-terminus of
HA2. The three-dimensional structure of hemagglutinin reveals
two domains: a stem, responsible for membrane anchoring (part
of HA1 and all of HA2), and a globular head (only HA1),
bearing the sialic acid receptor binding domains (RBDs) (Wilson
et al., 1981). In this study we generated a fusion construct
comprising the ectodomain of hemagglutinin subtype 5 and
the N-terminal part of γ-zein (amino acids 4–93) in order to
induce the storage of the recombinant fusion protein inside newly
formed PBs. The chimeric protein was transiently produced in
tobacco leaves and H5-containing PBs were used to immunize
mice. The resulting immune response was compared to that of
control groups administered with the soluble H5 antigen, with or
without adjuvant.

MATERIALS AND METHODS

Vector Constructs
All cloning steps were carried out using the binary vector
pTRA, a derivative of pPAM (GenBank AY027531). The sequence
corresponding to the H5 ectodomain (amino acids 17–520)
of hemagglutinin from the A/Hatay/2004/(H5N1) influenza
strain (GenBank Q5QQ29) was amplified as described (Phan
et al., 2014) and a plant codon-optimized signal peptide
sequence derived from a murine antibody was added to the
N-terminus to direct the protein into the secretory pathway
(Vaquero et al., 1999). Amino acids 4–93 of the mature 27 kD
γ-zein protein (lacking the signal peptide) were joined to the
C-terminus via a (GGGS)2 linker as previously described for
the phaseolin fusion construct zeolin (Mainieri et al., 2004).
A His6-tag was added to the C-terminus for detection. The
final expression vector “H5-Zein” was produced by transferring
this coding sequence to the pTRA vector between the Tobacco
etch virus (TEV) 5′-untranslated region and the Cauliflower
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mosaic virus (CaMV) 35S terminator. The expression construct
was thus placed under the control of the CaMV 35S promoter
with a duplicated transcriptional enhancer. An analogous
construct comprising only the H5 ectodomain, a His6-tag and a
C-terminal KDEL sequence was used to produce the soluble H5
antigen.

Plant Material
Tobacco (Nicotiana benthamiana) plants were cultivated in soil
in a growth chamber with a 16-h photoperiod, 26/16◦C day/night
temperatures and 70% relative humidity for 2 months.

Agroinfiltration of Tobacco Leaves
The expression constructs were transferred by electroporation
into competent Agrobacterium tumefaciens (GV3101) cells. The
bacteria were kept as a glycerol stock and used to inoculate
5-ml aliquots of YEB medium containing 25 mg/l kanamycin,
25 mg/l rifampicin, and 50 mg/l carbenicillin. The cultures
were incubated for 2 days at 28◦C, shaking at 180 rpm. Each
culture was mixed 1:1 with a culture containing a silencing
inhibitor (HcPro) before adjusting with 2x infiltration medium
(100 g/l sucrose, 3.6 g/l glucose, 8.6 g/l MS salts, pH 5.6)
to an OD600 of ∼1.0. After adding 200 µM acetosyringone,
N. benthamiana leaves were infiltrated using a syringe (for small-
scale expression) or vacuum (for large-scale expression). Young
plants were completely submerged in the suspension and vacuum
was applied for 2 min. The infiltrated leaves were harvested 7 days
post-infiltration (DPI).

Protein Purification
Soluble H5: Immobilized Metal Affinity
Chromatography (IMAC)
Frozen leaf powder was mixed at a ratio of 1:2 (w/w) with cold
lysis buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM
NaCl, 5 mM imidazole, 0.5 mM PMSF) and sonicated briefly to
induce further cell lysis. After 2 h, the suspension was centrifuged
at 9000 rpm for 20 min and the supernatant was passed through
a 1-µm filter. The pH was re-adjusted to 8.0 and the suspension
was centrifuged as above. The supernatant was passed through a
0.45-µm filter before mixing with Ni-IDA IMAC resin (BioRad,
Munich, Germany). Approximately 2 ml of 50% resin suspension
was added per 50 ml supernatant. After incubation for 1 h, the
resin was loaded onto a column and washed with eight volumes
of wash buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM
NaCl, 10 mM imidazole). The protein was eluted with elution
buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM NaCl,
250 mM imidazole). The amount of protein in each fraction
was determined using the Bradford assay before immunoblot
analysis.

Protein Bodies (Density Gradient Centrifugation)
The frozen leaf powder was mixed 1:1 (w/v) with extraction
buffer (10 mM Tris-HCl, 0.4 M sucrose, pH 7.5) and incubated
overnight at 4◦C with constant shaking. The homogenate was
passed through two layers of miracloth to remove solid debris
and then loaded on a discontinuous sucrose gradient (3, 2.5, 2,
1.5, and 1 M in 10 mM Tris-HCl, pH 7.5). This preparation

was centrifuged at 30,000 rpm and 4◦C for 3 h in a Beckman
ultracentrifuge (SW 41Ti or SW32TI rotor). After separation,
500-µl fractions were collected for analysis by SDS-PAGE and
immunoblotting.

Protein PAGE and Immunoblot Analysis
Infiltrated leaves (7 DPI) were harvested and ground in liquid
nitrogen to a fine powder. We then extracted 60 mg of leaf
powder in 200 µl buffer K (62.5 mM Tris, pH 7.4, 10%
glycine, 5% 2-mercaptoethanol, 2% SDS, 8 M urea). Ten
microliter of the extract were mixed with loading buffer and
boiled for 10 min before loading. Samples collected from the
density gradient and IMAC procedures were mixed with 5x
loading buffer, boiled at 100◦C for 10 min and separated
by reducing SDS-PAGE (12% polyacrylamide gel, 200 V for
90 min). Gels were stained with Coomassie Blue or transferred
to a nitrocellulose membrane. The membrane was blocked with
5% (w/v) skimmed milk in phosphate buffered saline (PBS)
for 1 h and then incubated with a mouse anti-poly-histidine
antibody (Sigma-Aldrich Chemie GmbH, Germany) at room
temperature for 2 h, diluted 1:10000. The blot was washed three
times in PBS plus 0.05% Tween-20 (PBST) and then incubated
for 1 h with the secondary anti-mouse alkaline phosphatase-
conjugated antibody (diluted 1:5000). The membrane was
washed another three times with PBST and the signal was
detected using the NBT/BCIP system. For quantitation, the
samples were compared to serial dilutions of a His6-tagged
standard protein, and the images were analyzed using BioRad
Image Lab v5.1.

Fluorescence Microscopy
Infiltrated leaves were cut into small pieces with a razor
blade and fixed in 4% (w/v) paraformaldehyde plus 0.5% (v/v)
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4◦C
overnight. For immunolocalization by confocal microscopy,
vibratome sections were mounted on a glass slide, blocked with
5% (w/v) bovine serum albumin (BSA) in 0.1 M phosphate
buffer (pH 7.4) and incubated with a polyclonal antibody
against 27 kD γ-zein. The samples were then incubated
with an AlexaFluorr488-conjugated secondary antibody and
observed under a Leica SP5 confocal laser scanning microscope
(CLSM).

Immunization of Mice
Male BL6 C57/Bacl6J mice (6–8 weeks old) obtained from
Charles River Laboratories, Research Models and Services
were assigned to seven groups (n = 10). Immunization
was carried out by the subcutaneous injection of 150 or
300 ng of H5-zein either with or without Freund’s adjuvant
(1:1) (Difco Laboratories, Detroit, Michigan). For the primary
immunization, complete Freund’s adjuvant was used where
indicated. Booster immunizations consisted of two additional
injections of the same antigen (with or without incomplete
Freund’s adjuvant). As controls, one group received PBS with
Freund’s adjuvant only, and two groups were injected three
times with soluble H5 (15 µg), with or without adjuvant.
After the third immunization, the mice were retro-orbitally
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bled and serum samples were collected for individual testing.
A second set of blood samples was taken 8 weeks after the
primary immunization and the mice were sacrificed immediately
afterward.

The animal experiments were approved by the
Landesverwaltungsamt Sachsen-Anhalt, Halle/Saale,
Referat Verbraucherschutz, Veterinärangelegenheiten and
by the Landkreis Harz, Amt für Veterinärwesen und
Lebensmittelüberwachung, Halberstadt. All animals received
humane care according to the requirements of the German
Animal Welfare Act, §8 Abs. 1.

IgG Quantitation by ELISA
The wells of a flat-bottom microtiter plate were coated with
0.2 µg per well of the antigen (purified recombinant H5 or
zein (Sigma–Aldrich Chemie GmbH, Germany)). Then 100 µl of
diluted serum (1:250 in PBS with 3% BSA) was added to each well
and incubated at room temperature for 1.5 h. Rabbit anti-mouse
IgG alkaline phosphatase-conjugated antibody (diluted 1:2000
in PBST) was used for detection. The IgG titer was determined
by adding immune serum samples as serial dilutions starting at
1:1000. Curve fitting by five-parameter logistic regression was
used to calculate the endpoint titer for each mouse. End-point
titers were determined as the reciprocal highest serum dilutions
that produced mean optical density values two-fold greater than
the geometric mean of those from the negative control (injected
with PBS) sera. The statistical significance was determined using
Student’s t-test (∗∗p < 0.01; ∗p < 0.1).

Selected ELISA experiments were carried out using
recombinant H5 purified via an additional size exclusion
chromatography step. The same results were obtained, indicating
that the H5 preparation purified via IMAC was sufficiently
pure for coating, and did not contain significant amounts of
immunoreactive impurities.

Hemagglutination Inhibition (HI) Test
HI tests were carried out as described by Phan et al. (2013).
Briefly, a 25-µl aliquot of murine serum was mixed with 25 µl
PBS and added to the first well of a V-bottom microtiter plate.
Twofold serial dilutions were prepared across the row of 12
wells. Aliquots (25 µl) containing 4HAU of inactivated virus
[A/swan/Germany/R65/2006(H5N1)] were added to each well
and incubated for 30 min at room temperature. We then pipetted
25 µl of a 1% red blood cells (RBCs) suspension into each
well and the plate was again incubated for 30 min at room
temperature. The HI titer was defined as the reciprocal of the
highest serum dilution that achieved the complete inhibition of
hemagglutination.

RESULTS

Hemagglutinin-Zein Fusions form PBs in
N. benthamiana Leaves
Expression vector “H5-Zein” containing the sequence
corresponding to the H5 ectodomain of hemagglutinin,

FIGURE 1 | Production and isolation of H5-zein and H5. (A) Immunoblot
analysis of a leaf extract containing H5-zein. (B) Immunoblot of H5-zein
samples following the sucrose density gradient separation of leaf
homogenates. Lanes 1–5: Selected samples from different density steps
along the gradient are shown (lane 1: sample from the top of the gradient;
lane 5: pellet. 4G and 5G are the same fractions as 4 and 5, but obtained
from a different experiment). An antibody specific for the His6 tag was used for
detection. (C) H5 after IMAC purification (3 µg were leaded on the gel and
stained with Coomassie). wt, wild type; L, molecular weight ladder in kDa.

fused to amino acids 4–93 of the mature 27 kD γ-zein protein,
was introduced into N. benthamiana leaves by agroinfiltration.
Immunoblot analysis of extracts from the infiltrated leaves
7 DPI revealed the presence of a band corresponding to the
fusion protein (Figure 1A). The higher than predicted molecular
mass probably reflected the glycosylation of H5, as previously
reported (Phan et al., 2014). The fusion of H5 to zein resulted
in the formation of PBs, whose presence was confirmed by
immunofluorescence microscopy. All labeling was concentrated
in the PBs, whereas no signal was detected in the ER lumen
or in the apoplast (Figure 2). This result was confirmed by
the density step gradient centrifugation of leaf homogenates
(Figure 1B). The gradient fractions were collected and tested by
immunoblot analysis. No recombinant fusion protein was found
in fractions from the top of the gradient, a small amount was
present in the highest density fractions, and the majority of the
fusion protein was found in the pellet (Figure 1B), similar to
results reported with another zein fusion protein that forms PBs
(Whitehead et al., 2014). Sucrose was removed by pooling the
selected fractions and resuspending them in 10 mM Tris (pH 7.5)
before centrifuging them under the same conditions as above.
The supernatant was removed and the pellet was re-suspended
in sterile PBS. The protein suspension was stored at –20◦C
prior to the immunization experiments. A total of ∼120 µg
H5-zein was recovered from 300 g of fresh infiltrated leaves.
Soluble H5 lacking the zein fusion was expressed as a control
and purified by IMAC as previously described (Phan et al.,
2013). We recovered 1 mg of H5 from 500 g of fresh infiltrated
leaves, and this was used as a positive control for immunization
(Figure 1C).

H5-Zein PBs Elicit an Immune Response
in Mice
The H5-zein protein body suspension and the soluble H5
antigen were each used to immunize mice (Figure 3). The
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FIGURE 2 | Immunolocalization of H5-zein in N. benthamiana leaves by
confocal microscopy. (A) Abundant H5-zein protein bodies (PBs) can be
observed in mesophyll cells (arrows). (B) H5-zein PBs are 1–2 µm in diameter
and can be found in the cytoplasm between the chloroplasts (arrows). The left
panel shows the detection of the fusion protein. The middle panel shows
autofluorescence of the chloroplasts. The right panel shows the overlay
pictures. Abbreviations: v, vacuole. Bars = 10 µm.

mice were allocated to seven groups (n = 10 per group) and
immunization was carried out by the subcutaneous injection
of 150 or 300 ng of H5-zein either with or without Freund’s
adjuvant. This low dosage of H5-zein bodies was chosen to
confirm the hypothesis that particulate antigens are effective in
small amounts. As controls, two groups were injected three times
with soluble H5 (15 µg, a dose previously confirmed to provoke

a strong humoral immune response), one with and one without
adjuvant.

The plant-derived H5-zein protein body suspension was
shown to elicit an IgG response in 100% of the animals, even
at low doses. Interestingly, the addition of an adjuvant to the
H5-zein bodies did not cause a significantly stronger immune
response (Figure 3, groups 1 vs. 3 and 2 vs. 4), whereas the
adjuvant had a significant impact in the control groups receiving
soluble H5 (Figure 3, groups 5 vs. 6).

The Zein Fusion Component is Only
Weakly Immunogenic but has a
Significant Adjuvant Activity
To confirm the observations summarized above, we carried
out an in-depth comparison of IgG titers of groups 3, 5,
and 6. The IgG response elicited by H5-zein without adjuvant
(group 3) was comparable to that achieved by injecting
soluble H5 combined with an adjuvant (group 5). In contrast,
the administration of soluble H5 without adjuvant elicited a
minimal IgG response (Figure 4A). This suggested that the zein
component and/or the particulate nature of the protein body act
as an adjuvant.

To determine whether the zein portion fused to H5 has
intrinsic immunogenic properties, we investigated the IgG
response directed against zein by comparing the IgG response
in groups 1 (H5-zein with adjuvant), 3 (H5-zein without

FIGURE 3 | Immunization timeline and IgG responses in the seven treatment groups. (A) All mice were injected with a primary dose of H5-zein (6 µg/ml) or
H5 (0.6 mg/ml), both in sterile PBS, with or without Freund’s complete adjuvant. For the second and third injections, the adjuvant was switched to Freund’s
incomplete adjuvant. (B) ELISA analysis of the anti-H5 IgG response following the third immunization. A single dot represents the ELISA result from a single serum
sample. Each treatment group comprised 10 mice.
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FIGURE 4 | Serum IgG response against (A) H5 and (B) zein. Data represent the median endpoint titer per group, whereas the lower and upper ends of the
error bars represent the first and third quartiles, respectively. (A) Statistical analysis to compare group 3 (H5-zein without adjuvant) and group 5 (H5 with adjuvant) vs.
group 6 (H5 without adjuvant). (B) Statistical analysis to compare group 1 (H5-zein with adjuvant) and group 3 (H5-zein without adjuvant) vs. group 5 (H5 with
adjuvant). Each treatment group comprised 10 mice. Statistical significance was determined by Student’s t-test (∗∗p < 0.01; ∗p < 0.1; no asterisk indicates
p > 0.1).

adjuvant), and 5 (soluble H5 with adjuvant). Although we
generally detected low IgG titers, 30% of the animals in groups
1 and 3 showed a clearly detectable IgG response against zein
(Figure 4B). Overall the immune response in the treatment
groups was not significantly different to that of the control group
(p > 0.1).

HI Antibody Titers are Insignificant
All mice vaccinated with H5-zein PBs showed an immunological
response so we carried out HI tests on the serum from
each mouse to determine whether the induced antibodies
were potentially capable of neutralizing the virus. Because
of the unavailability of the A/Hatay/2004(H5N1) virus in
an inactivated form, the heterologous inactivated virus strain
A/swan/Germany/R65/2006(H5N1) was used for the HI assay.
The deduced hemagglutinin amino acid sequence similarity
of both strains is 96%, and it was previously shown that
HI titres against inactivated virus A/swan/Germany/R65/2006
(H5N1) could be measured in sera from mice vaccinated with
trimeric HA derived from the HA sequence corresponding to
the A/Hatay/2004(H5N1) virus (Phan et al., 2013). The HI assay
results indicated that the HI antibody titers were either below
or marginally above the detection limit in all treatment groups
(Table 1).

TABLE 1 | HI titers against inactivated virus
[A/swan/Germany/R65/2006(H5N1)].

Treatment group Geometric mean titer

1 (H5-zein + adjuvant) 6,06

3 (H5-zein) 4,29

6 (H5) 3,4

7 (PBS) 7,46

DISCUSSION

The expression of recombinant proteins in plants is an attractive
strategy reflecting the versatility, safety, scalability, and economy
of plant-based production platforms (Rybicki et al., 2013; Stoger
et al., 2014). Plants also offer the possibility to accumulate
recombinant pharmaceutical proteins within endogenous or
ectopic protein storage organelles, which can either be derived
directly from the ER or represent protein storage vacuoles (Khan
et al., 2012). Here, we successfully induced the formation of
ectopic PBs by fusing the H5 ectodomain of hemagglutinin to the
N-terminal sequence of γ-zein. Previous studies have shown that
the biogenesis of PBs by zein is influenced by the fusion partner,
and that not all fusion proteins support the efficient formation
of PBs. For example, phaseolin induces the efficient formation
of zeolin PBs when fused to the N-terminal sequence of γ-zein
(Mainieri et al., 2004). However, PBs were not formed when the
Human immunodeficiency virus Nef antigen was fused to the
same γ-zein sequence, but protein body formation was possible
again when Nef was fused to the entire chimeric protein zeolin
(de Virgilio et al., 2008).

The induction of H5-containing protein aggregates in plants
has also been achieved by fusing the antigen to hydrophobin and
ELPs (Phan et al., 2014). The H5-ELP PBs were approximately
800 nm in diameter whereas the H5-hydrophobin PBs were
substantially smaller, with an average diameter of 250 nm. The
H5-zein PBs reported herein were larger, with a diameter of
1–2 µm, which is similar to the average size of endogenous
zein bodies found in maize endosperm (Lending and Larkins,
1989). In contrast to the H5-ELP and H5-hydrophobin PBs, H5-
zein formed high density structures that were insoluble in non-
reducing buffers, whereas H5-ELP and H5-hydrophobin fusion
proteins could be extracted in 50 mM Tris, pH 8.0 (Phan et al.,
2014).
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The H5-zein bodies described herein were used as a delivery
vehicle for a model vaccine antigen. IgG responses were
elicited in all mice immunized with H5-zein but HI assays
indicated the absence of neutralizing antibodies. Our results
agree with previous parenteral immunization studies using
monomeric hemagglutinin fused to ELP, which, in contrast
to trimeric hemagglutinin, also did not induce neutralizing
antibodies (Phan et al., 2013). Although the formation of
PBs involves multiple cross-linking via intermolecular disulfide
bonds, this type of multimerization may not be sufficient to
support the specific oligomerization state that appears to be
required for the formation of specific native epitopes that may
confer a seroprotective immune response. Proper trimerization
may be required to complete the folding of hemagglutinin
monomers and to induce conformational effects necessary for
full antigenicity and the induction of neutralizing antibodies
(Magadan et al., 2013). The introduction of a trimerization signal
in addition to the assembly sequence may therefore be beneficial,
as reported for H5-ELP fusions (Phan et al., 2013).

One remarkable outcome of our experiments was that a
comparable immune response was elicited in all mice despite
the H5-zein concentration being 100 times lower than the
concentration of soluble H5 in the control group, which
was administered with a strong adjuvant. Interestingly, the
administration of an adjuvant together with the H5-zein bodies
did not promote a stronger immune response, suggesting that
the addition of the zein portion itself mediates an adjuvant
effect. This agrees with Whitehead et al. (Whitehead et al.,
2014), who recently reported that the immunogenicity of a
recombinant antigen was increased in the presence of Zerar,
an assembly sequence that is very similar to the N-terminal
part of γ-zein (Torrent et al., 2009b), and the immunogenicity
of the fusion protein could not be enhanced further by
the inclusion of Freund’s adjuvant. Similarly, the injection of
synthetic zein microspheres that were loaded with ovalbumin
resulted in higher IgG responses than the ‘free’ soluble protein
(Hurtado-Lopez and Murdan, 2006a). This strongly supports
the hypothesis that the zein N-terminal portion possesses
intrinsic adjuvant activity, although we cannot exclude the
possibility that the observed adjuvant effect was mediated
by another component of the PBs. Joseph et al. reported
that zein-induced PBs isolated from leaves contain additional
proteins that are trapped during biogenesis (Joseph et al.,
2012).

An adjuvant effect conferred by a polymer-forming protein
domain is not unexpected, given its similarity to the strategy of
attaching a carrier protein such as albumin or keyhole limpet
hemocyanin to antigens with poor immunogenicity (Harris and
Markl, 1999). By definition, an adjuvant is characterized by its
ability to enhance the immunogenic efficacy of antigens in the
same formulation. This can be achieved by increasing the half-
life of an antigen, improving antigen delivery to its effector
sites, or providing immunostimulatory signals to enhance
the immune response. The observed adjuvant effect of zein
particles may reflect one or more of several relevant properties.
First, hydrophobic synthetic block copolymers have been
shown to confer stronger adjuvant properties than hydrophilic

polymers (Newman et al., 1998; Hunter, 2002). Accordingly,
the N-terminal part of γ-zein is partially hydrophobic, favoring
intermolecular and membrane interactions (Kogan et al., 2002).
It has also been reported that particulate antigens are transported
more efficiently to murine splenic follicular dendritic cells
in vivo in the absence of prior immunity, making them
more immunogenic than soluble antigens (Link et al., 2012).
This may also be reflected by the superior immunogenicity
of hemagglutinin-containing virus-like particles compared to
soluble hemagglutinin, even in the absence of an adjuvant
(Shoji et al., 2015). Also, repetitive antigen display, structural,
or molecular mimicry of the virus, particle-size dependent tissue
penetration and trafficking to lymphatics and Toll-like receptor
activation are possible mechanisms. In repetitive antigen display
the spatial organization of the antigens on the particle surface
facilitates B-cell receptor (antibody) co-aggregation, triggering
and activation. This can support the production of long-
lived high-affinity neutralizing antibodies (Smith et al., 2013).
Plant-derived PBs might also provide a specific spatial antigen
organization favoring a successful repetitive antigen display.
Alternatively, increased half life and stability of the zein fusions in
the serum in vivo might be responsible for the enhanced immune
response. The half-life of the antigen is likely to be extended
due to encapsulation in the protein body. Indeed, pharmaceutical
preparations encapsulated in zein particles in vitro remained in
the blood for at least 24 h following intravenous delivery (Lai
and Guo, 2011). Interestingly, the fusion of hemagglutinin to ELP
repeats did not seem to increase immunogenicity although the
propensity to form protein aggregates was confirmed in planta
(Phan et al., 2013, 2014).

Zein has several favorable general characteristics as an
adjuvant, i.e., it is stable at ambient temperatures and yet
it is biodegradable, encouraging its use as a biopolymer
for the coating and encapsulation of recombinant proteins
such as erythropoietin (Bernstein et al., 1993). However, the
potential immunogenic properties of zein must be taken into
account (Hurtado-Lopez and Murdan, 2006a; Whitehead et al.,
2014). We detected an immune response directed against
γ-zein although the response was much weaker than that
directed against H5, and when compared to the control
group administered with H5 alone, the difference between
the groups was not statistically significant. However, 30% of
the mice injected with H5-zein showed an immune response
above background levels. A significant immune response
against the zein-like sequence Zera has been reported by
(Whitehead et al., 2014), warranting further studies to assess the
suitability of zein bodies as drug delivery vehicles for parenteral
administration. Animal studies involving the injection of zein-
coated erythropoietin (Bernstein et al., 1993) and ivermicin
(Gong et al., 2011) did not indicate any adverse effects.
Other storage proteins, including the wheat storage protein
gliadin, have also been used as coatings to prepare various
proteins and pharmaceuticals in vitro. GliSODinr for example
is an oral treatment for oxidative stress, in which superoxide
dismutase (SOD) is coated with gliadin (Cloarec et al., 2007).
Although gliadin protects SOD from digestion, this storage
protein is also linked to the autoimmune disorder celiac disease
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(Chaptal, 1957). Even so, this product has received market
approval for human use.

CONCLUSION

Zein and similar plant storage proteins have long been
investigated as carriers for pharmaceuticals including
recombinant proteins. The direct encapsulation of
pharmaceutical proteins in the production host is a simple
approach that is less expensive than the production of synthetic
microparticles. Our case study using a model vaccine antigen
indicates that zein-induced PBs can be used as vaccine delivery
vehicles that benefit from a value-added adjuvant effect, whereas
the intrinsic immunogenicity of the zein component is low.
The insertion of a trimerization signal fused to H5 will be
tested to determine whether this leads to the assembly of
structures that can elicit neutralizing antibodies against H5.
It will also be of value to develop the in planta protein
body encapsulation strategy for the production and delivery

of further antigens, including candidates intended for oral
application.
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