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PEGylated ............................. polyethylene glycol‐modified 
pEx-4-Tf ............................... purified Ex-4-TF 
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pGlo1 .................................... Avena sativa Globulin 1 promoter 
pGt1 ...................................... Oryza sativa seed storage protein glutelin 1 promoter 
PI3K ..................................... phosphoinositide 3-kinase 
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PPARα .................................. peroxisome proliferator-activated receptor alpha 
PPARγ .................................. peroxisome proliferator-activated receptor gamma 
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T2D ....................................... type 2 diabetes 
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TMV-SgPr ............................ TMV subgenomic promoter 
TMV-Sgt .............................. TMV subgenomic terminator 
tNos ...................................... Agrobacterium tumefaciens nopalin synthase terminator 
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Summary (Englisch) 

The non-alcoholic steatohepatitis (NASH) is a prevalent disease in the developed countries 

with no effective medication available. The human fibroblast growth factor (FGF21) can 

reverse the liver dysfunction in pre-clinical trials, but it has a negative impact on other organs 

and thus requires exclusive delivery to the liver. Since oral administration allows direct 

targeting of the liver and since edible seeds can be used for oral administration, the production 

of FGF21 in seeds of commercial Nicotiana tabacum (N. tabacum) cultivars in the 

greenhouse have been established and compared to the conventional production in leaves in a 

greenhouse setting. 

The seed production was maximized by repeated cutting and the subsequent induction of side 

branches, leading to a yield of 380 g m-2 a-1 and calculated manufacturing costs of 1.64 € g-1 

compared to 11,170 g m-2 a-1 and 0.14 € g-1 for leaves. 

For stable transformation, FGF21 was fused to transferrin (Tf) via a furin cleavage site (F), 

promoting the uptake from the intestine to the blood. The fusion protein accumulated with 9.1 

mg kg-1 seed dry mass (SDM) and 6.2 mg kg-1 leave fresh mass (LFM) in the transgenic 

plants, whereby the accumulation seemed to be limited by in planta cleavage, which was 

more pronounced in seeds compared to leaves with 26-67 % and 8-41 % cleavage fragments, 

which might be the reason why the accumulation in leaves was in the similar range as in 

seeds. 

To stabilize the fusion protein and to increase the accumulation level, the fusion protein was 

optimized via transient transformation in Nicotiana benthamiana (N. benthamiana). Removal 

of the furin site and introducing of the PLUS peptide reduced the amount of degradation 

fragments and doubled the accumulation level, while truncation of Tf (nTf338) and reversing 

the order of FGF21 and Tf in the fusion protein further decreased the degradation products 

down to 7-9 %, but had no substantial impact on the accumulation level. Nevertheless, might 

the optimized nTf338-FGF21-PLUS be used to achieve higher accumulation levels in 

transgenic N. tabacum seeds and/or leaves. 

In vitro with liver cells (hepatoblastoma cell line, HepG2) and primary cells from wild type as 

well as FGF21 knock out mice) and in vivo with mice (wild type and FGF21 knock out mice) 

trials of the cooperation partner DIfE with the recombinant nTf338-FGF21-PLUS protein, 

partially purified via His-Tag and Immobilized Metal Affinity Chromatography (IMAC), 
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demonstrated that the partially purified nTf338-FGF21-PLUS could induce the expression of 

target genes at the mRNA level in HepG2 cells and that the fusion protein was transferred 

from the intestine to the blood when fed in an oil-matrix as surrogate for seeds to mice. 

Hence, the medication of NASH via oral delivery nTf338-FGF21-PLUS containing seeds is in 

principle possible. 
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Summary (German) 

Die nichtalkoholische Steatohepatitis (NASH) ist eine in den Industrieländern weit verbreitete 

Leber-Krankheit, für die keine wirksamen Medikamente verfügbar sind. Obschon der 

menschliche Fibroblasten-Wachstumsfaktor (fibroblast growth factor, FGF21) in 

präklinischen Studien die Leberfunktion wieder herstellen konnte, beeinträchtigte FGF21 

jedoch andere Organe, weshalb das Protein für eine systemische Gabe z.B. durch Injektion ins 

Blut ungeeignet ist. Da die orale Verabreichung einen direkten Transport des Wirkstoffs zu 

Leber ermöglicht und essbare Samen für die orale Verabreichung verwendet werden können, 

wurde die Produktion von FGF21 in Samen kommerzieller Nicotiana tabacum (N. tabacum)-

Sorten im Gewächshaus etabliert. 

Der Samenertrag konnte durch wiederholtes Schneiden der Pflanzen und die dadurch 

ausgelöste Bildung von Seitentrieben mit jeweils eigenem Blütenstand auf 380 g m-2 a-1 

gesteigert sowie die berechneten Herstellungskosten auf 1,64 € g-1 gesenkt werden, wogegen 

der Blattertrag bei 11.170 g m-2 a-1 lag und sich die berechneten Herstellungskosten auf 0,14 € 

g-1 beliefen. 

Für die stabile Transformation der Pflanzen wurde FGF21 über eine Furin-Spaltungsstelle (F) 

mit Transferrin (Tf) fusioniert, dass zu einer Aufnahme vom Darm ins Blut führt. Das 

Fusionsprotein reicherte sich mit 9,1 mg kg-1 Samentrockenmasse (SDM) sowie 6,2 mg kg-1 

Blattfrischmasse (LFM) an, wobei die Anreicherung durch die Spaltung des Fusionsproteins 

beeinträchtigt wurde, die in Samen mit einem Anteil von 26-67 % an Spaltfragmenten am 

Gesamt-Fusionsprotein im Vergleich zu Blättern mit einem Anteil 8-41 % stärker ausgeprägt 

war, was der Grund dafür sein könnte, dass die Akkumulation in Blättern in einem ähnlichen 

Bereich lag wie in Samen. 

Zur Stabilisierung des Fusionsproteins und Steigerung der Proteinausbeute wurde das 

Fusionsprotein mittels transienter Transformation in Nicotiana benthamiana (N. 

benthamiana) angepasst. Die Entfernung der Furin-Stelle und die Einführung des PLUS 

Peptids wurde die Menge an Spaltfragmenten verringert und die Anreicherung verdoppelt, 

während die Verkürzung von Tf (nTf338) und die Umkehrung der Reihenfolge von FGF21 

und Tf im Fusionsprotein die Abbauprodukte weiter auf 7-9 % reduzierte, jedoch keinen 

Einfluss auf die Ausbeute hatte. Nichtsdestotrotz könnte das optimierte nTf338-FGF21-PLUS 

dazu verwendet werden, um höhere Ausbeuten in transgenen N. tabacum Samen und/oder 

Blättern zu erreichen. 
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In-vitro-Untersuchungen an Leberzellen (Hepatoblastom-Zelllinie, HepG2) und Primärzellen 

vom Wildtyp sowie FGF21-Knockout-Mäusen) und in-vivo-Studien Mäusen (Wildtyp- und 

FGF21-Knockout-Mäuse), die von dem Kooperationspartner DIfE mit über einen His-Tag 

und Ionenaustauschchromatographie (IMAC) teilaufgereinigte nTf338-FGF21-PLUS-Protein 

durchgeführt wurden, zeigten, dass das teilaufgereinigte nTf338-FGF21-PLUS die Expression 

von Zielgenen auf der mRNA-Ebene in HepG2-Zellen steigern konnte und dass das 

Fusionsprotein in Mäusen vom Darm ins Blut aufgenommen würde, wenn das Fusionsprotein 

in einer den Samen ähnlichen Ölmatrix an Mäuse verfüttert wurde. 

Daher ist die Behandlung von NASH durch orale Verabreichung von nTf338-FGF21-PLUS-

haltigen Samen grundsätzlich möglich. 
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I. Introduction 

I.1. A quarter of the world population suffer from liver diseases 

Liver diseases account for approximately 2 million deaths per year worldwide (Asrani et al., 

2019), and viral hepatitis, alcoholic fatty liver disease (AFLD), non-alcoholic fatty liver 

disease (NAFLD) currently are the most common causative factors, whereby NAFLD is 

becoming more common due to high-fat, high-calorie diets, and lack of exercise. 

Epidemiological studies indicated that the global prevalence of NAFLD is around 25 %, 

affecting about 2 billion adults worldwide. By region of the world, the highest prevalence of 

NAFLD was in the Middle East (31.8 %) and South America (30.5 %), following by Asia 

(27.4 %), North America (24.1 %), Europe (23.7 %), and Africa (13.5 %) (Younossi et al., 

2019). 

NAFLD is a progressive condition that starts with the accumulation of fat in the liver (>5 %), 

which is often associated with metabolic diseases like obesity and type 2 diabetes (T2D) 

(Estes et al., 2018; Suzuki and Diehl, 2017). NAFLD can progress to non-alcoholic 

steatohepatitis (NASH), which is the more severe form of NAFLD. NASH is characterized by 

cell inflammation and necrosis, leading to liver fibrosis that eventually progresses to cirrhosis 

and hepatocellular carcinoma (HCC) (LaBrecque et al., 2014). The global prevalence of 

NASH is estimated to be around 5 %, affecting approximately 375 million people worldwide 

(Estes et al., 2018; Younossi et al., 2016). 

Currently, there has not yet approved a drug for NASH available (Albhaisi and Sanyal, 2021; 

Moustafa et al., 2016; Mullard, 2020). Existing medications primarily aim to mitigate the 

symptoms, with the only curative option being a liver transplantation (Sharma et al., 2021). 

I.2. In vivo studies indicated that FGF21 might be a drug 

candidate to cure liver diseases 

In human studies, elevated circulating serum fibroblast growth factor 21 (FGF21) levels were 

observed in obese patients (Dushay et al., 2010; Zhang et al., 2010), as well as in patients with 

T2D (Cheng et al., 2011), NAFLD (Dushay et al., 2010), or NASH (Woo et al., 2013). These 

patients showed FGF21 levels ranging from 292-402 pg mL-1, in contrast to the range of 199-

213 pg mL-1 in healthy subjects (Li et al., 2010; Mraz et al., 2009; Xie and Leung, 2017; 
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Zhang et al., 2008). 

Furthermore, the FGF21 mRNA expression and serum FGF21 concentration correlated with 

increased degree of increased intrahepatic triglyceride (TG) and hepatic steatosis in NASH 

patients (Dushay et al., 2010; Li et al., 2010; Tanaka et al., 2015; Yilmaz et al., 2010). 

These data could be explained by a FGF21-mediated compensatory response, meaning that 

supraphysiological doses of FGF21 are used to restore the normal physiology of the liver, 

e.g., to reduce fat content in obese, T2D and NAFLD patients and/or inflammation in NASH 

patients. 

I.2.1. FGF21 signaling relies on its C-terminus and the ß-Klotho co-receptor 

KLB to establish high-affinity binding to the FGF receptor FGF1c 

FGF21 is a member of the fibroblast growth factors (FGFs) family, which comprises 22 

members identified in both mice and humans (Oulion et al., 2012). These FGFs can be 

categorized into 3 subfamilies (Itoh et al., 2016). 

The first family is the intracellular FGF11 subfamily, which includes FGFs such as FGF11, 

FGF12, FGF13, FGF14. These FGFs act as non-signaling proteins and are not secreted from 

the cell due to lack of signal peptides. Instead, they remain in the cytosol, where they function 

as cofactors of voltage-gated sodium channels, regulating the activity of neurons and 

cardiomyocytes (Itoh et al., 2016; Wang et al., 2011a). 

The second family is the secreted canonical FGF family (also known as paracrine FGF), 

which is divided sequentially into the FGF1, FGF4, FGF7, FGF8, and FGF9 classes. 

Examples include FGF1 and FGF2 (FGF1 subfamily), FGF4, FGF5, and FGF6 (FGF4 

subfamily), FGF3, FGF7, FGF10, and FGF22 (FGF7 subfamily), FGF8, FGF17, and FGF18 

(FGF8 subfamily), and FGF9, FGF16, and FGF20 (FGF9 subfamily). These FGFs exhibit a 

high binding capacity for heparin/heparan sulfate (HS), which in turn stabilizes the binding to 

FGF receptors (FGFRs). The essential functions of the FGF-FGFR-HS complex regulate cell 

survival, growth, migration, differentiation and angiogenesis (Giralt et al., 2015; Perrimon 

and Bernfield, 2000) These FGFs act in an autocrine and/or paracrine manner by binding to 

HS on the surface of secreting cells or nearby cells, which limits the diffusion of FGFs 

through the extracellular matrix (ECM) (Ahmad et al., 2012; Itoh et al., 2016). The FGF-

FGFR-HS complex induces FGFR dimerization, which in turn trans-phosphorylates the 

tyrosine kinase domain of FGFR, triggering intracellular signaling, including RAS-mitogen-

activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB or 
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AKT), phospholipase Cγ (PLCγ) and signal transducer and activator of transcription (STAT) 

pathways for cell survival, growth, migration, differentiation and angiogenesis (Beenken and 

Mohammadi, 2009; Knights and Cook, 2010; Pacini et al., 2021; Yun et al., 2010). 

The third family is the endocrine FGF15/19 subfamily, which includes FGF15 (mouse)/ 

FGF19 (human), FGF21, and FGF23. These FGFs have a low heparin/heparan sulfate binding 

capacity (Giralt et al., 2015; Perrimon and Bernfield, 2000), which allows them to diffuse 

from the surface of secreting cells into the bloodstream. They act on distant target 

cells/tissues/organs and bind to co-receptors α-Klotho (KLA) or ß-Klotho (KLB) to stabilize 

their binding to FGFR. They act in an endocrine manner and play essential roles in metabolic 

processes such as bile acid metabolism (FGF15/19), glucose and lipid metabolism (FGF21), 

and phosphate and vitamin D metabolism (FGF23) (Goetz et al., 2007; Itoh et al., 2016; Meng 

et al., 2021). The FGF-FGFR-Klotho complex triggers FGFR phosphorylation and subsequent 

activation of intracellular signaling (Goetz and Mohammadi, 2013; Ornitz and Itoh, 2015). 

While FGFRs are widely expressed in various tissues, KLA coreceptor expression is primarily 

in the kidney and parathyroid glands (Li et al., 2004; Zhao et al., 2019), and KLB coreceptor 

expression is restricted to the liver, white adipose tissue (WAT), brown adipose tissue (BAT), 

pancreas and the central nervous system (CNS) (Ito et al., 2000; Kharitonenkov et al., 2007; 

Kurosu et al., 2007). The selective expression of Klotho determines the tissue specificity of 

the FGF15/FGF19 subfamily. In humans, KLA serves as a coreceptor for FGF23 (Kurosu et 

al., 2006), while KLB acts as a coreceptor for FGF19 and FGF21 (Ding et al., 2012; Kurosu 

et al., 2007). 

 

 
Figure 1. Schematic illustration of human FGF21 amino acid sequence. Blue – ER-targeting signal peptide 
(position 1-28 of FGF21 precursor); Yellow – FGF21 mature protein (181 AA, position 1-181 of mature FGF21 
protein) has one intramolecular disulfide bond at Cys75 and Cys93; Red – FGF21 mature protein has one N-
glycosylation site at Asn121 (NKS); Green – FGF21 mature protein has one O-glycosylation site at Ser167. ER 
– endoplasmic reticulum. 

 

Human FGF21 is produced as a precursor consisting of 209 amino acids (AA) and has a 

molecular mass of ~20 kDa (Figure 1). The FGF21 precursor includes a 28 AA N-terminal 

endoplasmic reticulum (ER)-targeting signal peptide and a 181 AA mature FGF21. The 

mature FGF21 has as post-translational modifications (PTMs) an intramolecular disulfide 
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bond (Cys75-Cys93) and its C-terminal domain contains an N-glycosylation site at Asn121 as 

well as an O-glycosylation site at Ser167 (Kharitonenkov et al., 2013; Kharitonenkov and 

Adams, 2014; Sonoda et al., 2017). 

FGF21 is a circulating hormone mainly produced by the liver and secreted into the blood 

circulation (Nishimura et al., 2000), and it may also be produced and released by other 

tissues/organs, e.g., WAT, BAT, pancreas, skeletal muscle, kidney, and cardiac endothelial 

(Anuwatmatee et al., 2019; Dolegowska et al., 2019; Gómez-Sámano et al., 2017). The main 

effector of FGF21 are the FGFRs. In the FGFR family, seven isoform tyrosine kinase 

receptors (FGFR1b, FGFR1c, FGFR2b, FGFR2c, FGFR3b, FGFR3c, and FGFR4) are 

encoded by four genes (FGFR1, FGFR2, FGFR3 and FGFR4) The extracellular region of 

FGFRs contains 3 immunoglobin (Ig)-like domains: D1, D2, and D3, and structural studies 

have showed that ligand-receptor interactions occur in the D2-D3 region (Chen et al., 2023). 

These FGFRs are expressed on the cell surface of various studies, e.g., gallbladder (bile acid 

metabolism), liver (glucose and lipid metabolism), WAT (glucose and lipid metabolism), 

skeletal muscle (phosphate and vitamin D metabolism) (Kurosu et al., 2007). However, for 

action the coreceptor KLB is required (Suzuki et al., 2008). The FGF-FGFR-Klotho complex 

triggers FGFR phosphorylation and subsequent activation of intracellular signaling (Goetz 

and Mohammadi, 2013; Ornitz and Itoh, 2015). Through FGFR-KLB interaction, FGF21 

primarily affects the liver and adipose tissue. The main impact of FGF21 on these 2 organs is 

to mediate glucose and lipid metabolism (Ito et al., 2000; Kurosu et al., 2007; Ogawa et al., 

2007). In the liver, FGF21 increases fatty acid oxidation, gluconeogenesis and ketogenesis. In 

WAT, FGF21 increases glucose uptake, lipolysis, beta-oxidation, adiponectin (Salgado et al., 

2021). 

Previous studies have shown that FGF21 had a preference for the FGFR1c-KLB complex 

(Adams et al., 2012; Fisher and Maratos-Flier, 2016; Itoh and Ornitz, 2011; Kurosu et al., 

2007; Ogawa et al., 2007). The C-terminus of FGF21 binds to the extracellular domain of 

KLB with high affinity (Gimeno and Moller, 2014; Kharitonenkov et al., 2008; Ogawa et al., 

2007). Binding to KLB allows the N-terminal domain of FGF21 to interact with the D2-D3 

domains of FGFR1c to induce receptor dimerization, autophosphorylation and MAPK 

activation. MAPK induces extracellular signal-regulated kinase 1 and 2 (ERK1/2), which 

enter the nucleus and stimulate transcription of target genes such as the transcription factors 

signal transducer and activator of transcription 3 (STAT3) and cAMP response element-

binding protein (CREB) for cell survival, cell proliferation and cell differentiation (Gimeno 

and Moller, 2014; Itoh, 2014; Kharitonenkov et al., 2005; Mantamadiotis et al., 2012; Sonoda 
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et al., 2017; Wente et al., 2006; Xin et al., 2020). 

In a previous study aimed at using FGF21 as a therapeutic drug, the fragment crystallizable 

domain (Fc) of human immunoglobulin G1 (IgG1) was fused to FGF21, resulting in 2 Fc 

fusions proteins named Fc-FGF21 and FGF21-Fc. The authors observed that FGF21 was 

active when Fc was fused to the N-terminus of FGF21 (Fc-FGF21) and had similar in vitro 

and in vivo activities to native FGF21 because Fc-FGF21 retained KLB binding affinity. 

However, when Fc was fused to the C-terminus of FGF21 (FGF21-Fc), FGF21 was inactive, 

suggesting that the C-terminus of FGF21 is critical (Hecht et al., 2012). 

Furthermore, the C-terminus of FGF21 is easily processed by the serum endopeptidase 

fibroblast activation protein (FAP), leading to rapid removal of FGF21 (Coppage et al., 2016; 

Hecht et al., 2012; Sonoda et al., 2017; Zhen et al., 2016). The rapid C-terminal degradation is 

further enhanced by rapid N-terminal degradation, promoted by the four N-terminal AAs His-

Pro-Ile-Pro (HPIP). Both C- and N-terminal degradation limit the half-life of FGF21 in blood 

to 1-2 h (Gimeno and Moller, 2014; Kharitonenkov et al., 2005; Sonoda et al., 2017; Zhen et 

al., 2016). 

Taken together, the rapid proteolytic degradation limits the use of FGF21 as a therapeutic 

protein drug (PD), with a critical emphasis on the C-terminus. 

I.2.2. FGF21 mediates the glucose and lipid metabolism under starvation 

FGF21 has been observed in human subjects, non-human primates (NHP), and rodents. It is 

induced in healthy subjects during periods of nutrient deprivation, starvation, and fasting to 

regulate glucose and lipid metabolism. 

In wild-type (WT) mice, FGF21 is mainly expressed in the liver (Nishimura et al., 2000), and 

it triggers glucose uptake by stimulating the expression of the glucose transporter GLUT1 in 

adipocytes (Kharitonenkov et al., 2005). Under normal conditions, when mice are fed ad 

libitum, serum FGF21 concentrations are typically in the range of 100-1,000 pg mL-1 and can 

vary based on age and different inbred mouse lines (Fisher et al., 2010; Staiger et al., 2017). 

In contrast, after a 24-h fast, mouse serum FGF21 concentrations increase to levels of 2,500-

3,500 pg mL-1 (Markan et al., 2014). 

In humans, serum concentrations of FGF21 in healthy individuals’ of 199-213 pg mL-1 are 

typical, but can have a range of 5-5,000 pg mL-1 due to individual variability (Fazeli et al., 

2015; Gälman et al., 2008; Li et al., 2009; Markan et al., 2014; Staiger et al., 2017; Zhang et 

al., 2008). Nevertheless, studies with humans have shown that FGF21 levels are positively 
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correlated with body mass index (BMI). For example, in these studies, healthy, lean human 

subjects (BMI 21-28 kg m-2) had FGF21 levels in the range of 250-4,000 pg mL-1, compared 

to FGF21 levels of 2,000-5,000 pg mL-1 in overweight or obese human subjects (BMI 28-39 

kg m-2), and despite the variation, the difference was significant (Dushay et al., 2010). These 

results were further evidenced in fasting studies with humans. Human serum FGF21 

concentrations averaged 188 ± 46 pg mL-1 on day 0 and 799 ± 189 pg mL-1 on day 10 of 

fasting (Fazeli et al., 2015). 

The fasting-induced activation of hepatic FGF21 by peroxisome proliferator-activated 

receptor alpha (PPARα) reduces TG level by downregulating hepatic lipogenesis and 

upregulating hepatic fatty acid oxidation (Badman et al., 2007; Feingold et al., 2012; 

Lundåsen et al., 2007; Woo et al., 2013). In adipose tissue, FGF21 further enhances insulin 

sensitivity of WAT to promote glucose utilization. Peroxisome proliferator-activated receptor 

gamma (PPARγ) is highly expressed in WAT and is required for adipocyte differentiation. 

FGF21 induces WAT browning and activates BAT, thereby promoting thermogenesis and 

increasing energy expenditure (Douris et al., 2015; Owen et al., 2014; Rosen et al., 1999; 

Salgado et al., 2021; Szczepańska and Gietka-Czernel, 2022). 

Taken together, FGF21 may be used as a therapeutic PD for the treatment of human metabolic 

diseases. 

I.2.3. FGF21 shows dual glucose-and lipid-lowering effects but also reduced 

the bone mass in pre-clinical trials 

The first pre-clinical study of therapeutic administration of FGF21 focused on obese and 

diabetic mice and involved the injection of native FGF21, which led to observed reductions in 

blood glucose and TG levels to near normal levels (Berglund et al., 2009). 

In more detail, these pre-clinical experiments demonstrated that systemic administration of 

supraphysiological doses of FGF21 to various animal models, including obese (ob/ob) mice, 

diabetic (db/db) mice, high-fat diet (HFD) fed mice, obese Zucker diabetic obese (ZDF) rats, 

and diabetic rhesus monkeys, resulted in a substantial increase in plasma FGF21 

concentrations after injection. These concentrations reached levels of 13,333-16,667 pg mL-1 

(Coskun et al., 2008; Laeger et al., 2017), 6,667-8,333 pg mL-1 (Ying et al., 2019), 3,333-

4,167 pg mL-1 (Silva et al., 2019; Wang et al., 2008), 142,857-181,818 pg mL-1 (Ghasemi et 

al., 2021; Giragossian et al., 2015), and 4,638-129,870 pg mL-1  (Kharitonenkov et al., 2007), 

respectively. These concentrations were notably higher than the typical range of 100-1,000 pg 
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mL-1 observed in WT mice. This significant increase in FGF21 concentrations resulted in 

marked reductions in adiposity, blood glucose, and triglyceride levels, along with 

improvements in insulin sensitivity in these animal models. 

In HFD-induced obese mice, FGF21 demonstrated the ability to reverse hepatic steatosis by 

reducing hepatic TG and cholesterol levels in the liver, as indicated by several studies 

(Jimenez et al., 2018; Keinicke et al., 2020; Kharitonenkov and DiMarchi, 2017; Xu et al., 

2009). This effect was accompanied by a reduction in plasma markers of liver dysfunction, 

such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline 

phosphatase (ALP) levels (Xu et al., 2009). 

Consistent with this, in FGF21 knockout (FGF21-KO) mice, a chronic obesogenic diet 

promoted fatty liver excess (Badman et al., 2007; Badman et al., 2009), leading to progressive 

fibrosis, and 78 % of mice developed HCC (Singhal et al., 2018). Notably, FGF21-KO mice 

also showed increased bone mass compared to WT mice (Wei et al., 2012). 

Conversely, FGF21 overexpressing transgenic (FGF21-TG) mice (with plasma FGF21 

concentrations in FGF21-TG mice of ~22,000 pg mL-1 compared to ~1,000 pg mL-1in WT 

mice) displayed resistance to high-fat/high-carbohydrate (HFHC) diet-induced obesity 

(Kharitonenkov et al., 2008). Notably, the FGF21 levels in FGF21-TG mice were also higher 

after fasting, similar to those in WT mice (with~21,000 pg mL-1 and ~5,000 pg mL-1 in fasted 

FGF21-TG and WT mice) (Inagaki et al., 2007). However, in the FGF21-TG mice, stable 

overexpression of FGF21 inhibited signal transducer and activator of transcription 5 

(STAT5), a major mediator of growth hormone action, and resulted in growth retardation. For 

example, weight loss and bone mass loss (Inagaki et al., 2008; Wei et al., 2012). 

Taken together, the pre-clinical studies demonstrating that FGF21 can potentially reverse 

hepatic steatosis suggest that FGF21 could be a potential therapeutic PD candidate not only 

for obesity and T2D but also for NAFLD and NASH, particularly if FGF21 can be 

specifically targeted to the liver. 

I.2.4. Long-acting FGF21 analogues alleviated hepatic steatosis but also 

caused bone mass loss in clinical trial 

Pre-clinical studies have shown that injection of FGF21 in mice improves glucose and lipid 

metabolism. However, using native FGF21 as a therapeutic PD faces several challenges, 

including: 1) Its short half-life in blood, which is about 1-2 h (Chapter I.2.1.) due to rapid 

hydrolysis of its C-terminal peptide by FAP. This requires daily or twice-daily injections 
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(Sonoda et al., 2017; Zhen et al., 2016). 2) Its low molecular mass of ~20 kDa, leading to 

rapid clearance by the kidneys in rodents (1 h) and NHPs (0.5-2 h) (Hecht et al., 2012; 

Kharitonenkov et al., 2007; Sonoda et al., 2017). 3) FGF21's high tendency to aggregate in 

vitro in the presence of phenolic preservatives like m-cresol, rendering it inactive 

(Kharitonenkov et al., 2013; Maa and Hsu, 1996). 

Native FGF21 is not suitable for human drug therapy due to its instable in the bloodstream. 

As a result, pharmaceutical companies are concentrating on the development of stable FGF21 

analogues with enhanced pharmacokinetic properties. Out of these, 3 FGF21 analogues have 

entered clinical trials (Table 1). 
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The short-acting FGF21 analog LY2405319 (LY) was developed by Eli Lilly. This analog 

involved the elimination of O-glycosylation as a PTM by introducing the Ser167Ala 

mutation. This modification aimed to generate a homogenous protein that could be produced 

in yeast (Pichia pastoris) (Kharitonenkov et al., 2013). Additionally, to improve the 

formulation stability and reduce aggregation, Eli Lilly introduced additional disulfide bonds 

(Leu118Cys and Ala134Cys) to stabilize the loops of the C-terminal domain of FGF21 

(Huang et al., 2013; Kharitonenkov et al., 2013). Lastly, to decrease the proteolytic 

degradation and increase the serum half-life, Eli Lilly deleted the four N-terminal AAs His-

Pro-Ile-Pro (HPIP) (Kharitonenkov et al., 2013). However, despite the improved stability of 

the modified FGF21, LY was quickly cleared by the kidneys (<3 h) due to its low molecular 

mass, which is similar to that of native FGF21 (~20 kDa) (Gimeno and Moller, 2014; Sonoda 

et al., 2017). Importantly, systemic LY clinical trials did not result in significant effects on 

blood sugar levels but did lead to significant changes in blood lipids (Gaich et al., 2013) 

(Table 1). 

To prolong the circulating half-life of FGF21, one approach is to increase its molecular mass. 

To achieve this, Bristol-Myers Squibb developed a long-acting FGF21 analog known as 

BMS-986036 (BMS), also referred to as Pegbelfermin or ARX618. In BMS, a 30 kDa PEG 

was fused to the N-terminus of native FGF21 (PEG-FGF21) to increase its molecular mass 

from ~20 kDa to ~50 kDa (Sanyal et al., 2019). This modification significantly extended its 

half-life from 1-2 h to 98 h (Sonoda et al., 2017; Verzijl et al., 2020). Systemic long-lasting 

BMS has successfully completed 2 Phase 2a studies, showing improvements in obesity for 

individuals with T2D and NASH (Charles et al., 2019; Verzijl et al., 2020). Currently, 2 

Phase 2b studies are being evaluated in patients with NASH and fibrosis, as well as in patients 

with NASH and cirrhosis, respectively (FALCON 1 and FALCON 2, ClinicalTrials.gov 

Identifiers: NCT03486899 and NCT03486912). Hence, BMS has confirmed the results 

obtained with LY, indicating that FGF21 primarily affects lipid metabolism rather than 

glucose metabolism (Table 1). 

Another long-acting FGF21 analog FGF21 analog was Pfizer's PF-05231023 (PF), also 

known as CVX343. PF was composed of 2 modified FGF21 molecules (ΔHis1, Ala129Cys) 

linked at the N-terminus to the fragment antigen-binding (Fab) region of the scaffold antibody 

CVX-2000. PF had a molecular mass of ~190 kDa and a half-life of 24 h (Huang et al., 2013; 

Sonoda et al., 2017). Clinical trials with systemically applied PF resulted in changes in blood 

lipids. However, PF levels were associated with increased bone resorption and decreased bone 
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formation (Talukdar et al., 2016), similar to pre-clinical trials in transgenic mice (Chapter 

I.2.3.). As a result, PF did not undergo a phase 2 study (Talukdar et al., 2016; Verzijl et al., 

2020) (Table 1). 

Taken together, systemic long-acting FGF21 analogues used in clinical applications have 

demonstrated beneficial effects on lipid-related liver diseases. However, they have also been 

associated with off-target effects due to their extended half-life and direct injection into the 

bloodstream, leading to systemic distribution. 

I.3. Transferrin and furin cleavage site can be used to target 

orally administrated FGF21 to the liver 

FGF21 is a potential PD candidate for the treatment of NAFLD and NASH, but systemic 

FGF21 application of FGF21 had off-target effects, such as reducing bone mass in mice and 

bone turnover in humans (Chapters I.2.3. and I.2.4.). If FGF21 could be specifically targeted 

to the liver, off-target effects could be prevented, while enabling the positives effects of 

FGF21. This can be achieved by oral administration, whereby FGF21 enters the liver directly 

from the small intestine before entering the blood system (Figure 2). 

 

 

Figure 2. Schematic illustration of liver-specific targeting. Specific targeting of the liver is achieved by oral 
administration because the portal vein enters the liver directly from the small intestine before entering the blood 
system. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by 
Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 
 

One possibility to achieve this is the fusion of FGF21 to transferrin (Tf). Tf regulates cellular 

iron uptake into the cell layer by binding to transferrin receptor (TfR). Mediating the 

endocytosis in the intestinal epithelium (Banerjee et al., 1986; Li and Qian, 2002; Widera et 

al., 2003; Yong et al., 2019) (Figure 3).  
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Figure 3. Schematic illustration of transferrin fusion protein with and without furin cleavage site via 
transferrin receptor-mediated cellular uptake. (A) X-Tf fusion protein, and (B) X-F-Tf fusion protein are 
taken up by cell surface TfR from the small intestine into enterocytes through the Tf-TfR system. After furin 
protease processing in the endosome, intact X-Tf fusion protein, furin protease-cleaved F-Tf protein and X 
passenger protein enter the liver through the portal vein. X – passenger protein; F – furin cleavage site; Furin – 
furin protease; Tf – transferrin; TfR – transferrin receptor; ER – endoplasmic reticulum. Parts of the figure were 
drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative 
Commons Attribution 3.0 Unported License (https://creativecommons.org/licenses/by/3.0/). 

 

I.3.1. N-terminal domain of transferrin is essential for binding to the 

transferrin receptor and its transport from the intestine to the blood stream 

Tf is a glycoprotein and a blood siderophore protein. It is primarily produced in the liver 

(Huggenvik et al., 1989), and its primary physiological function is to participate in iron 

metabolism by binding iron ions (Fe 3+) and transporting them to various cells. Tf is taken up 

by cells through transferrin receptor (TfR)-mediated transcytosis (Huggenvik et al., 1989; 

Mason et al., 1996; Thevis et al., 2003; Yu et al., 2020). Within the cell, Tf releases the iron 

ions. Its extended serum half-life of 8-10 days enhances the effectiveness of Tf as an iron 

carrier. 

The Tf precursor, consisting of 698 AA, has a molecular mass of ~80 kDa. It comprises a 19 

AA ER-targeting signal peptide and a 679 AA mature full-length Tf. The mature Tf protein 
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(position 1-679) has 19 intramolecular disulfide bonds and folds into 2 similar domains, the 

N-terminal domain (N-lobe, position 1-331 of Tf mature protein) and C-terminal domain (C-

lobe, position 339-679 of Tf mature protein), each with an iron-binding site (Hall et al., 2002; 

Mason et al., 2009; Parkkinen et al., 2002; Steinlein et al., 1995; Wally et al., 2006). These 2 

domains are connected by a 7 AA hinge region (position 332-338 of Tf mature protein), 

flanked by 19 intramolecular disulfide bonds, including two pairs of crucial disulfide bonds: 

Cys137-Cys331 in the N-terminal domain and Cys339-Cys596 in the C-terminal domain 

(Wally et al., 2006) (Figure 4). 

 

 
Figure 4. Schematic illustration of human Tf amino acid sequence. Blue – ER-targeting signal peptide 
(position 1-19 of Tf precursor); Thick bottom line – N-terminal domain of mature Tf (position 1-331 of Tf 
mature protein); Pink –hinge region of Tf, 7 AA PEAPTDE (position 332-338 of Tf mature protein); Dotted line 
– C-terminal domain of mature Tf (position 339-674 of Tf mature protein); Yellow – Tf mature protein has 19 
intramolecular disulfide bonds; Red – Tf mature protein has 2 N-glycosylation sites at C-terminal end (NKS, 
NVT). ER – endoplasmic reticulum. 

 

Disulfide bond formation is crucial for Tf’s biological function but not for glycosylation. For 

example, Escherichia coli (E. coli)-derived Tf was biologically inactive due to the absence of 

intramolecular disulfide bond formation (Hoefkens et al., 1996), while Tf produced in 

mammalian cells (e.g., baby hamster kidney (BHK) cells) (Mason et al., 1993) and rice 

(Oryza sativa) (Zhang et al., 2010) produced Tfs with disulfide bonds, and both Tfs retained 

their biological activity. In addition to the intramolecular disulfide bond, mature Tf has 2 N-

glycosylation sites at Asn413 and Asn611 (Parkkinen et al., 2002). However, the biological 

significance of glycosylation in Tf function is not fully understood (Brown et al., 2012). 

The major receptor for Tf is the transferrin receptor-1 (TfR1). TfR1 is a homodimeric type II 

membrane glycoprotein consisting of extracellular domain (ECD), transmembrane domain 

and intracellular domain, with a molecular mass of ~95 kDa. The EDC of TfR1 is composed 

of apical, helical, and protease-like domains (Hentze et al., 2004). Structure analysis of the Tf-
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TfR1 complex showed that the N-terminal domain of Tf contacts the protease-like domain of 

TfR1, while the C-terminal domain of Tf interacts with the helical domain of TfR1 (Giannetti 

et al., 2003; Lawrence et al., 1999; Wessling-Resnick, 2018). The formed Tf-TfR1 complex 

facilitates entry of its ligand into cells for iron delivery (Hentze et al., 2004). 

Most importantly, a previous study expressing the N-terminal domain of Tf in yeast (Pichia 

pastoris) showed that it was correctly folded and retained the ability to bind iron and the 

receptors, mediating cellular uptake (Mason et al., 2009). Apart from the liver, TfR1 is also 

expressed in human gastrointestinal epithelial cells, and it regulates intestinal epithelial 

endocytosis by binding to the iron-uptake cell layer of TfR1 cells (Banerjee et al., 1986; Li 

and Qian, 2002; Widera et al., 2003; Yong et al., 2019). Hence, Tf also mediates the uptake of 

iron from the intestine and its transport into the blood. 

Taken together, considering disulfide bond formation is essential for biologically active Tf, 

recombinant Tf needs to be produced in eukaryotic cells such as yeast, mammals, or plants. In 

terms of the biological function of Tf, its N-terminal domain is crucial for the binding to TfR 

and its biological activity, including the transport of iron from the intestine into the blood. 

I.3.2. Fusion of proteins to transferrin enables transfer from the small 

intestine to the portal vein but prolongs serum half-life in pre-clinical trials 

Tf transports iron from the intestine to the blood stream, and this capability has been exploited 

for the oral delivery of PD into the bloodstream. In pre-clinical trials, oral administration of 

partially purified/purified Tf fusion proteins from different production platforms has shown 

enhanced oral bioavailability. These proteins can be transported by enterocytes from the small 

intestine to the blood and eventually reach the liver via TfR-mediated transcytosis (Figure 3). 

In mouse trials, oral administration of recombinant plant-produced partially purified 

granulocyte colony-stimulating factor-transferrin (G-CSF-Tf) was used for medication of 

neutropenia (Bai et al., 2005). Similarly, plant-produced partially purified proinsulin-

transferrin (ProINS-Tf) and extendin-4-transferrin (Ex-4-Tf) were used to treat T2D (Wang et 

al., 2014a). Partially purified Ex-4-TF lowered blood sugar levels by 33 %, whereas 

commercially purified Ex-4 lowered blood sugar levels by 11 %. Consequently, Ex-4-Tf was 

found to be 22 % more effective than Ex-4 (Choi et al., 2014). 

In addition to improving the oral bioavailability, Tf can also stabilize the target protein to 

extend its half-life, as Tf itself has a half-life of 7-17 days (Kim et al., 2010). For example, in 

rabbits (Oryctolagus cuniculus), the half-life of plant-produced glucagon-like peptide 1 (GLP-
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1) was increased from minutes to 27 h when fused to Tf (Hui et al., 2002; Matsubara et al., 

2011). In mice, proinsulin (ProINS) increased half-life from 2 h to 48 h when fused to Tf 

(Wang et al., 2014a). 

Taken together, oral administration of Tf fusion proteins offers the potential for enhanced oral 

bioavailability by facilitating the translocation of the fusion partners from the small intestine 

to the bloodstream or portal vein, respectively. However, it is crucial to note that the half-life 

of the Tf fusion protein is significantly longer than that of the unfused target protein when 

administered orally. This difference in half-life should be taken into account when developing 

therapeutic strategies involving Tf fusion proteins, especially when dealing with PD with a 

shorter half-life. 

I.3.3. Furin cleavage site can be used to separate FGF21 and transferrin 

after transfer from the small intestine to the portal vein 

While Tf enhances the uptake of fusion partners from the intestine into the bloodstream after 

oral administration, it is important to note that Tf also prolongs the serum half-life of the 

passenger protein, promoting its systemic distribution in the blood. In the case of FGF21, this 

extended half-life, facilitated by Tf, may give rise to off-target effects (Chapters I.2.3. and 

I.2.4.). Therefore, after transcytosis, the separation of Tf and FGF21 becomes necessary, and 

this can be achieved through the use of a furin cleavage site (F). 

Furin is a mammalian protease belonging to the subtilisin-like proprotein convertase family. It 

is primarily located in the trans-Golgi network and can be transferred from the cell membrane 

to the endosome by endocytosis (Gendron et al., 2006; Seidah and Chrétien, 1999; Shapiro et 

al., 1997). Furin is present in all mammalian cells and tissue types and is responsible for the 

post-translational cleavage of precursor proteins into their biologically active form when 

secreted through the secretory pathway. This includes hormones, receptors, growth factors, 

adhesion molecules or metalloproteases (Braun and Sauter, 2019; Fuller et al., 1989; Steiner, 

1998). 

Notably, the furin cleavage site (Arg-Arg-Lys-Arg, RRKR) is cleaved without leaving any 

additional AA on the fused protein (Duckert et al., 2004; Nakayama, 1997; Seidah and 

Chrétien, 1999). However, in fusion proteins, typically 2 AA Ser-Val (SV) have been added 

after the furin cleavage site (RRKR). This addition enhances the efficiency of the furin 

cleavage site recognition (Boyhan and Daniell, 2011; Duckert et al., 2004; Kwon et al., 2018). 
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Oral administration of recombinant proteins containing a furin cleavage site in pre-clinical 

trials has demonstrated that the furin cleavage site is efficiently cleaved, releasing a functional 

target protein into the bloodstream (Boyhan and Daniell, 2011; Kohli et al., 2014; Kwon et 

al., 2013; Shenoy et al., 2014; Shil et al., 2014; Su et al., 2015b; Su et al., 2015a; Verma et al., 

2010). For example, hemophilia B mice were orally gavaged with cholera toxin β subunit-

furin cleavage site-coagulation factor IX (CTB-F-FIX) fusion protein (Su et al., 2015b; 

Verma et al., 2010). In terms of bioavailability, CTB-F-FIX crossed the epithelial cell barrier 

by binding to the receptor GM1 but did not co-localize with FIX in the bloodstream due to 

efficient furin cleavage between FIX and CTB in the epithelial cells (Su et al., 2015b; Verma 

et al., 2010; Wang et al., 2015). Consequently, liver staining showed positive labeling for FIX 

but not CTB. In terms of biological activity, CTB-F-FIX-fed mice prevented the formation of 

FIX inhibitors and immunoglobulin E (IgE) formation, thereby mitigating allergic reactions 

(Verma et al., 2010). 

Notably, the furin protease is produced in mammals, but it is absent in non-mammalian cells 

such as plants (Schaller and Ryan, 1994). Previous studies have shown that recombinant 

proteins with furin cleavage sites were not cleaved when produced in plants that were 

heterologous host for recombinant protein production (Boyhan and Daniell, 2011; Kang et al., 

2018; Kwon et al., 2013; Mamedov et al., 2019; Margolin et al., 2020; Verma et al., 2010). 

Taken together, the furin cleavage site can be used to separate FGF21 and transferrin, 

allowing FGF21 to be released from small intestine to bloodstream. However, this fusion 

protein containing the furin cleavage site needs to be produced in non-mammalian hosts, such 

as plants. 

I.3.4. A fusion protein of FGF21-Transferrin and furin cleavage site can be 

used to target the liver by oral delivery 

The oral uptake of PD, such as FGF21, into the blood can be achieved by fusion with Tf, 

which induces transcytosis from the intestine to the portal vein (Chapter I.3.1.). Since Tf 

requires a disulfide bridge for its folding and biological function, the FGF21-Tf fusion protein 

needs to be targeted to the ER. This can be achieved by adding an ER targeting signal peptide 

and an ER retention signal to the C-terminal AA sequence of Tf (Chapter I.3.1.). 

However, Tf also prolongs the half-life of the fusion protein, which might not be suitable for 

PD that require a short serum half-life, including FGF21. To address this, separation of the 

PD from Tf is needed during or after translocation (Chapter I.3.2.), and this can be achieved 



 

38 

by inserting the furin cleavage site (F) (Chapter I.3.3.). Since ER-targeted F-Tf remains in 

enterocytes, free PD is secreted into the portal vein and transported directly to the liver, where 

it is taken up. Notably, the short half-life of free FGF21, combined with the rapid degradation 

of FGF21 (Chapter I.2.1.) that is not absorbed by the liver, can reduce off-target effects of 

FGF21. 

I.4. In planta encapsulation enables oral delivery of recombinant 

proteins through the stomach to the small intestine 

Oral delivery of PD from the intestine to the blood stream is in principle possible (Chapter 

I.3.2.), but for real oral administration PD passes the stomach, where PD may be denatured by 

low pH of 1.0-3.0 and proteases in the stomach. Therefore, orally PD are typically 

encapsulated as tablets, mediating a targeted release in the small intestine where it is taken up. 

However, when PD is produced recombinantly in plants as heterologous host, the plant host 

itself might serve as protection (Figure 5). 

 

 

Figure 5. Schematic illustration of oral admistratio of FGF21-F-Tf. FGF21-F-Tf as a protein drug and it 
needs to be protected from the acidic and enzymatic conditions in the stomach and then transported into the liver 
from small intestine to portal vein. Parts of the figure were drawn by using pictures from Servier Medical Art. 
Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 
 

Plant cell walls containing lignin and cellulose can protect PD from digestive acids/enzymes 

via bio-encapsulation, which is called in planta encapsulation. Subsequently, PD can be 
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released into the small intestine when the glycosidic bonds of plant cell walls are broken 

down by gut commensal microbiota (Khan and Daniell, 2021; Kwon and Daniell, 2015, 

2016). 

 

 

Figure 6. Schematic illustration of in planta bioencapsulation. (A) Leaf, (B) starch-rich seed, and (C) oil-rich 
seed. Plant matrices like cell walls in leaves and seeds, as well as structures such as amyloplasts or oil bodies 
within seeds, can serve as effective carriers or vehicles for the oral delivery of protein drugs. ER – endoplasmic 
reticulum. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by 
Servier is licensed under a Creative Commons Attribution 3.0 Unported License 
(https://creativecommons.org/licenses/by/3.0/). 

 

I.4.1. Leaves can be used for oral delivery but are affected by proteolytic 

degradation of the target protein after harvest 

The cell walls of the leaves can provide a vehicle for the oral delivery of PD (Figure 6A). 

Lettuce is an ideal candidate for PD due to its edible leaves, established generally recognized 

as safe (GRAS) status, and well-developed chloroplast transformation system for PD 

expression (Boyhan and Daniell, 2011; Ruhlman et al., 2007; Su et al., 2015b). Previous 

studies have shown that freeze-dried lettuce cells did not lose protein activity when stored at 

ambient temperature for up to 24 months (Herzog et al., 2017). 

In addition to edible lettuce, many pre-clinical studies were conducted using non-edible 

tobacco plants, such as leaf material from tobacco chloroplasts and transgenic tobacco plants. 

For example, cholera toxin B subunit-human proinsulin (CTB-Pins) fusion protein was 

expressed in tobacco chloroplasts, and it was orally administrated to mice by gavaging frozen 
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leaf powder, which was resuspended in sterile phosphate-buffered saline (PBS) buffer. In 

CTB-Pins treated mice, the development of insulitis in non-obese diabetic mice was prevented 

(Ruhlman et al., 2007). Another example is the oral administration of transgenic freeze-dried 

and powdered leaves expressing the bacterial ApxIIA toxin, which induced a protective 

immune response in mice infected with Actinobacillus pleuropneumoniae (Lee et al., 2006). 

However, leaf proteins undergo rapid proteolytic degradation after leave harvesting and 

require immediate freezing and freeze-drying or transport in a frozen state. This complicates 

their application for oral administration (Basaran and Rodríguez-Cerezo, 2008). 

I.4.2. Seeds can be used oral delivery and typically do not display a 

proteolytic degradation of the target protein 

Compared to leaves for oral delivery (Chapter I.4.1.), seeds offer several advantages, 

particularly if they have GRAS status: 1) Long-term storage stability at ambient temperature: 

Mature seeds have no relevant proteolytic activity, allowing for long-term storage at ambient 

temperature (Benchabane et al., 2008; Boothe et al., 2010; Cunha et al., 2011). For example, a 

study stored transgenic soybean seeds containing human growth hormone (hGH) for 6 years 

with no detectable loss of activity at low water content in dormant seeds (Cunha et al., 2011). 

2) Higher recombinant protein levels: Seeds may accumulate higher levels of recombinant 

proteins compared to leaves, as they typically contain about 25-38% of endogenous protein, 

whereas leaves contain only 1-2% (Frega et al., 1991). 3) Oral delivery without further 

purification: If they are edible and have GRAS status, seeds can be taken orally without the 

need for additional protein purification. 4) Additional nutritional value: Seeds not only 

provide a substantial amount of protein when ingested orally but are also rich in starch and 

oil, making them a valuable source of nutrients. 

Seeds are divided into two categories: 1) Starch-rich seeds: The seed matrix consists of cell 

walls and amyloplast (starch-based matrix) (Figure 6B). 2) Oil-rich seeds: The seed matrix is 

composed of cell walls and oil bodies (oil-based matrix) (Figure 6C). 

Plants with starch-rich seeds include rice (Fukuda et al., 2018; Nochi et al., 2007; Yuki et al., 

2013), barley (Hensel et al., 2015; Zimmermann et al., 2009), pea (Zimmermann et al., 2009), 

and maize (Feng et al., 2017; Hayden et al., 2012; Nahampun et al., 2015). In the case of 

starch-rich seeds, transgenic rice MucoRice-CTB has been used as an edible plant vaccine in 

mice, which effectively induced serum CTB-specific immunoglobulin G (IgG) and fecal 

immunoglobulin A (IgA) antibody responses and provided gut immunity against diarrhea 
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(Nochi et al., 2007; Tokuhara et al., 2010; Yuki et al., 2013). Notably, in 2021, the oral 

MucoRice-CTB vaccine completed a phase 1 study to assess safety and microbiota-dependent 

immunogenicity (Yuki et al., 2021). 

Plants with oil-rich seeds include tobacco (Rossi et al., 2013; Rossi et al., 2014), soybean 

(Moravec et al., 2007), and rapeseed (Lee et al., 2011). For oil-rich seeds, the oral 

administration of transgenic tobacco seeds in mice and piglets protected against the 

verocytotoxic-producing E. coli (VTEC) strain and showed a significant increase in fecal IgA 

antibody response (Rossi et al., 2013; Rossi et al., 2014). 

In addition to oil-rich seeds, oil formulation matrices have been used to encapsulate PD 

within an oral delivery system. Previous findings demonstrated that mixing freeze-dried plant 

material with an oil-based emulsion (peanut oil: water = 62.5 %: 37.5 %) as an oral plant 

vaccine elicited mucosal and systemic immune responses in mice and sheep. 

Taken together, starch- and oil-rich seeds have been demonstrated to provide gastric 

protection for PD when administered orally, but release PD enzymatically in the small 

intestine (Xiao et al., 2016). Therefore, edible seeds rich in both starch and oil provide 

suitable vehicles for oral delivery of PD. 

I.4.3. The N. tabacum cultivar SL632 might be used for seed-based oral 

delivery due its high yield of nicotine-free seeds 

N. tabacum cultivar SL632 (Sunchem N.L., Netherlands) was bred from N. tabacum cultivar 

Solaris (international patent PCT/IB/2007/053412), with oil content up to 45 %, protein 

content up to 28 %, seed yield 9 tons ha-1 a-1 (Fatica et al., 2019; Grisan et al., 2016). Due to 

its high seed yield, SL632 is termed as seed-rich tobacco cultivar. Furthermore, due to its 

nicotine content <5 μg kg-1 leaf dry mass (LDM) compared to smoking tobacco varieties 

containing 3-30 mg kg-1 nicotine, SL632 is also termed as nicotine-free cultivar. 

Taken together, seed-enriched SL632 is suitable for oral administration due to its high protein 

content, promoting a high accumulation of PD. Additionally, its elevated seed oil content 

provides a matrix for the in planta encapsulation (Chapter I.4.). Moreover, the absence of 

detectable nicotine levels further enhances its suitability for effective oral delivery of 

therapeutic agents. 
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I.5. Recombinant proteins can be directly produced in plants 

PD, also termed as biopharmaceuticals, are currently predominantly produced in microbes 

(e.g., bacteria like E. coli or yeasts like Saccharomyces cerevisiae or P. pastoris), if they do 

not require complex PTM, or mammalian cell cultures (chinese hamster ovary cells, CHO or 

human embryonic kidney 293 cells, HEK293) in case of proteins with a sophisticated 

disulfide and glycosylation pattern or in case of multimeric proteins (Kesik-Brodacka, 2018). 

However, for upstream processing (USP), microbes and mammalian cell cultures require large 

capital-intensive facilities for bioreactor-based fermentation systems as well as expensive 

media and absolute sterility due to the risk of contamination with human pathogens like 

bacteria and viruses (Chen and Davis, 2016), while for downstream processing (DSP), they 

require thorough protein purification to remove bacterial endotoxins (Zeltins, 2013) and 

animal viruses (Kesik-Brodacka, 2018), increasing the overall production costs (Chapter 

I.5.2.). 

Therefore, the production of PD in plants has been established, termed as plant-made (bio-

)pharmaceuticals (PMPs), with the advantages of low production costs and high safety 

(Arntzen, 2015). Plants can be grown for PD production in simple contained greenhouse or 

vertical farm facilities, which is substantially lower with regard to the resource- and energy-

consumption, and can be grown in simple inexpensive media, using soil as substrate and light 

as energy source (Holtz et al., 2015; Ma et al., 2015; Stoger et al., 2014). Moreover, in terms 

of safety, human pathogens do not replicate in plants, while plants introduce few pathogens 

and plant viruses which do not infect human cells. This reduces the risk of contamination 

when producing PD so that there is no need for absolute sterility, facilitating both USP and 

DSP (Kusnadi et al., 1997; Lico et al., 2008). 

Due to the greenhouse cultivation and no need for absolute sterility, the plant-based 

production system is also easier to scale-up compared to the bioreactor-based infrastructure 

for microbes and mammalian cells, offering additional benefits in terms of scalability for PD 

that are required in huge amounts, e.g., for the treatment of diabetes and obesity (Castilho et 

al., 2014). Case studies shown that plant-based platforms had average production costs of 

100-1000 € g-1 protein, while bioreactor-based platforms had average production costs of 500-

2.000 € g-1 protein (Knödler et al., 2023; Ridgley et al., 2023; Tusé et al., 2014; Yuki et al., 

2021). 
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Among plant-based production platforms, Common tobacco (Nicotiana tabacum) and 

Australian tobacco (Nicotiana benthamiana) are currently the main hosts for PD/PMP 

production, due to the high leaf biomass yield per time and area, but seeds of pea, soybean, 

maize, barley, rice and tobacco are also used. While in case of tobacco leaves, due to the 

presence of alkaloids like nicotine, the PD needs to be purified before it can be applied (Buyel 

et al., 2015c; Buyel and Fischer, 2014a), plant seeds used for PD production are edible and 

essentially free of toxic metabolites, so they can be directly orally administered without 

purification. This also includes tobacco seeds. 

I.5.1. Recombinant proteins can be expressed in plants by either stable or 

transient transformation 

The PD/PMP are typically produced in plant either by stable or transient expression, using the 

Agrobacterium tumefaciens (recently renamed to Rhizobium radiobacter) as vector for gene 

transfer. A. tumefaciens is a Gram-negative soil bacterium that can infect wound plant tissue 

and plant cells by nature and that is capable of transferring DNA fragments (transfer DNA, T-

DNA) carrying functional genes into the host plant genome. After the T-DNA is transported 

into the plant cell, it is integrated into the plant nuclear genome with the help of a set of 

virulence proteins (vir proteins). The T-DNA is located on a tumor-inducing (Ti) plasmid in 

A. tumefaciens and naturally contains genes that induce the formation of crown galls and the 

production of nopaline- and octopine-type sugars in the crown galls which are then used as 

carbon and energy source by Agrobacterium (Chilton et al., 1977; Gelvin, 2003; Zupan et al., 

2000). 

A previous study has demonstrated that one or more T-DNA sequences are present in the 

sequences of all cultivated sweet potato germplasm but not in related wild relatives, 

suggesting that T-DNA is transferred to sweet potato progeny affecting plant traits. Hence, 

genetic modifications of the plant genome via the Agrobacterium and the T-DNA are a 

natural phenomenon, and sweet potatoes are naturally genetically modified plants (Kyndt et 

al., 2015). For PD/PMP production in plants, the Ti genes were replaced by the gene-of-

interest (GOI) for PD, which is then integrated into the plant genome without inducing the 

formation of crown galls, and selection marker for selection of stably transformed plant cells 

from non-transformed ones. A typical plant expression vector is the pLH9000 (Hausmann and 

Töpfer, 1999) or the pTRA plasmid (Maclean et al., 2007). 
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This process can be used both for stable and transient transformation in N. tabacum and N. 

benthamiana while for seeds only stable transformation is possible. 

I.5.1.1. Stable transformation expression system can produce recombinant proteins in 

leaves and seeds but is time-consuming 

Stable transformation can be divided into nuclear transformation (stable integration into the 

plant nuclear genome) and chloroplast transformation (stable integration into the plant plastid 

genome). Both for stable and chloroplast transformation, tobacco is a widely used crop for PD 

production. 

Chloroplast transformation is a method for producing transgenic plants by integrating the GOI 

into the plastid genome (Ozyigit and Yucebilgili Kurtoglu, 2020). In contrast to stable 

transformation, chloroplast transformation does not rely on A. tumefaciens but instead relies 

on biolistic transformation via particle bombardment, where the T-DNA is introduced using 

tungsten or gold particles. The most striking feature of the chloroplast genome is its high copy 

number, which may contain as many as 10,000 chloroplast genes per plant cell (Boyhan and 

Daniell, 2011). This enables chloroplast transformation to express high levels of exogenous 

proteins, accounting for >70 % total soluble protein (TSP) (Adem et al., 2017; Ruhlman et al., 

2010) or 20 mg - 2.9 g kg-1 leaf fresh mass (LFM), respectively (Table 2). For example, the 

green fluorescent protein-fibroblast growth factor 21 (GFP-FGF21) fusion protein has been 

expressed at 1.9 g kg-1 LFM in transplastomic tobacco (Wang et al., 2023). However, due to 

the bacterial origin, transplastomic plants are unable to produce complex PD, unlike stably 

nuclear transformed plants such as Transferrin (Table 3). 

In nuclear transformation, T-DNA is typically integrated into the plant genome by 

Agrobacterium-mediated transformation for inheritance to the next generation (Verwoerd et 

al., 1989) (Chapter I.5.1.). The Agrobacterium-mediated transformation protocol for stable 

transformation (Horsch et al., 1985): 1) Plant seeds are sterilized for in vitro culture. 2) 

Leaves from sterile plants are cut into leaf discs, and the leaf discs are wounded. In the case of 

cereals, embryos prepared from sterilized seeds are used instead of leaf discs. 3) For 

leaf/embryo transformation, leaf discs are co-cultured with Agrobacterium containing the 

recombinant expression vector. In addition to the GOI, the T-DNA also contains an antibiotic 

or herbicide resistance marker (e.g., kanamycin or phosphinothricin) for the selection of 

transformed and non-transformed cells. 4) During single-cell selection, plate infected leaf 

discs on agar plates containing transformation medium (e.g., ACB medium) and antibiotics or 

herbicides until callus formation and shoot development. At this stage, an antibiotic for 
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inhibiting Agrobacterium growth needs to be added as well. 5) Transfer newly developed 

shoots to agar plates containing cultivation medium (e.g., MS or LS medium) and antibiotics. 

6) Confirm the positive transformants using polymerase chain reaction (PCR) to verify the 

presence of the GOI in each transformant. 7) Transfer the T0 plant transgene to the soil in the 

greenhouse for cultivation and leave or seed production. 

The PD in leaves under nuclear transformation yielded 3.0 mg - 1.0 g kg-1 LFM (Table 2). For 

example, Transferrin has been produced at 37 mg kg-1 LFM in stably transformed transgenic 

tobacco leaves (Choi et al., 2014). However, the production of PD in transgenic leaves 

requires immediate freezing, lyophilization, or purification due to the rapid degradation of 

leaf proteins after harvest (Basaran and Rodríguez-Cerezo, 2008). Additionally, leaves like 

those of tobacco contain toxic alkaloids such as nicotine, which makes them unsuitable for 

oral application unless they are purified before administration (Chapter I.5.2.). For this reason, 

PD produced in leaves of stably transformed tobacco was calculated at a cost of 500-1,000 € 

g-1 protein for moderate accumulation levels <100 mg kg-1 LFM (Tusé et al., 2014). In 

contrast, transgenic seeds can be stored under ambient conditions for at least 6 years after 

harvest (Benchabane et al., 2008; Boothe et al., 2010; Coskun et al., 2008; Cunha et al., 

2011), thereby reducing production costs downstream of the cold chain (Chapter I.4.2.). Since 

the DSP makes up to 80 % of the total costs (Wilken et al., 2012), the costs for seed-based PD 

production might be below 100 € g-1. 

For transgenic seeds, starch-rich crops have been commonly used to produce recombinant 

proteins, yielding 160 mg - 15.0 g kg-1 seed dry mass (SDM). Among them, the yield of Tf 

expression in rice was as high as 10.0 g kg-1 SDM (Table 3). Notably, rice seeds have been 

used in oral vaccination trials (Chapter I.4.2.). Additionally, oil-rich tobacco seeds have been 

used for the production of recombinant proteins, yielding 30.4 mg - 6.5 g kg-1 SDM (Table 3). 

Consequently, oil-rich tobacco seeds had a similar range compared to starch-rich crops and 

were therefore equally suitable. Notably, tobacco seeds lack alkaloids such as nicotine and are 

thus edible. Previous studies have shown the use of tobacco seeds in piglet oral vaccine trials 

(Chapter I.4.2.). Hence, tobacco seeds may be a suitable platform for the seed-based oral 

delivery of PD such as FGF21-F-Tf. 

However, PD needs to be produced in a contained environment such as a greenhouse and the 

seed production in greenhouses has to be established. This has already been done for barley 

(ORF Genetics, Island) and rice seeds (Ventria Bioscience, USA) in greenhouses. Notably, in 

a clinical study involving the use of rice seeds for an oral vaccine, the cost of PD in a 



 

46 

greenhouse production is calculated at 0.08 € g-1 SDM. This cost corresponds to 28 € g-1 PD 

for high accumulation levels of 3 g kg-1 SDM (Yuki et al., 2021), which is 18- to 36-fold 

lower compared to the cost of PD purified from transgenic leaves. 

Taken together, stable transformation is very time-consuming, and it takes a lot of time to 

produce transgenic plants for leave production (1-2 years) or seed production (2-3 years) 

(Hernández-Velázquez et al., 2015) as shown for tobacco as model plant for PD/PMP 

production. 
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Table 2. Yield of recombinant proteins in transgenic leaves of N. tabacum. 

Genome-
based 

expression 
Recombinant protein Promoter/Terminator 

Protein accumulation 
in transgenic leaves 

[mg kg-1 LFM] 
Reference 

Tobacco 

Nuclear 

FGF21-F-Tf p35S/t35S 6.7 ± 0.2 (T2) This study 

Major ampullate spidroin 
protein 2 p35S/tNos 3.05 (Menassa et al., 

2004) 

Erythropoietin p35S/tNos 8 (Conley et al., 
2011) 

Complement factor 5a p35S/t35S 11.2 (Nausch et al., 
2012a) 

Transferrin p35S/tNos 37 (Choi et al., 2014) 

Interleukin 10 p35S/tNos 64 (Conley et al., 
2011) 

Interleukin 6 p35S/t35S 112 (Nausch et al., 
2012b) 

Endoglucanase E1 pRbcS-3C/t7-t5 140 (Dai et al., 2000) 

Hyperthermostable a-amylase 
from Pyrococcus furiosus p35S/tNos 200 (Conley et al., 

2011) 

Human papillomavirus type 16 
L1 capsid protein p35S/t35S 650 (Maclean et al., 

2007) 

Synthetic antibody against 
Pseudomonas aeruginosa p35S/tNos 1,000 (Conley et al., 

2011) 

Tobacco 

Chloroplast 

Coagulation factor IX fused 
with cholera toxin β-subunit 
(without a furin cleavage site) 

pPsbA/tPsbA 20 (Verma et al., 
2010) 

Coagulation factor IX fused 
with cholera toxin β-subunit 
(with a furin cleavage site) 

pPsbA/tPsbA 400 (Verma et al., 
2010) 

Exendin-4 fused with cholera 
toxin β-subunit pPsbA/tPsbA 500 (Kwon et al., 

2013) 

Proinsulin fused with cholera 
toxin β-subunit (with 3 furin 
cleavage sites) 

pPsbA/tPsbA 2,920 (Boyhan and 
Daniell, 2011) 

GFP-FGF21 pPrrn/tTrps16 1,923 (Wang et al., 
2023) 

LFM – leaf fresh mass; p35S – CaMV promoter with duplicated transcriptional enhancer; pRbcS-3C – leaf 
specific tomato Rubisco small subunit promoter; pPsbA – chloroplast psbA promoter; pPrrn – plastid rRNA 
operon promoter; tNos – Agrobacterium tumefaciens nopalin synthase terminator; t35S – CaMV terminator; t7-
t5 – T7-T5 terminators; tPsbA – chloroplast psbA terminator; tTrps16 – plastid rps16 terminator; CaMV – 
cauliflower mosaic virus. 
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Table 3. Yield of recombinant proteins in transgenic seeds of different crops. Numbers represent mean ± 
standard deviation. 

Plant Recombinant protein Promoter/Terminator 
Protein accumulation  

in transgenic seed 
[mg kg-1 SDM] 

Reference 

Tobacco 

FGF21-F-Tf p35S/t35S 6.7 ± 0.2 (T1) This study 

Complement factor 5a p35S/t35S 35.8 (T1); 30.4 (T2) (Nausch et al., 
2012a) 

FLAG multimeric protein pUSP/t35S 190 (Weichert et al., 
2016) 

scFv antibody pLeb4/t35S 230 (Fiedler and 
Conrad, 1995) 

Interleukin 6 p35S/t35S 273.6 (T1); 303.1 (T2) (Nausch et al., 
2012b) 

Insulin-like growth factor 
binding protein-3 pPhas/tPhas 800 (Cheung et al., 

2009) 

Hemagglutinin pPhas/tArc 3,000 (Ceballo et al., 
2017) 

Anti-hepatitis B surface antigen 
antibody pPhas/tArc 6,500 

(Hernández-
Velázquez et al., 
2015) 

Barley 
Anti-HIV antibody pGlo1/tNos 160 (Hensel et al., 

2015) 

GFP pGlo1/tNos 1,200 (Hensel et al., 
2015) 

Maize β‐glucuronidase pUbi/tPinII 1,300 (Kusnadi et al., 
1997) 

Pea Anti-Eimeria antibody pUSP/t35S 1,800 (Zimmermann et 
al., 2009) 

Soybean Bone morphogenetic proteins 2 pCon/tCon 9,300 (Queiroz et al., 
2019) 

Rice Transferrin pGt1/tNos 10,000 (Zhang et al., 
2010) 

Arabidopsis Murine single chain variable 
fragment G4 pPhas/tArc 10,000-15,000 (Jaeger et al., 

2002) 

SDM – seed dry mass; p35S – CaMV 35S promoter; pCon – β-conglycinin α-subunit promoter; pGlo1 – Avena 
sativa Globulin 1 promoter; pGt1 – Oryza sativa seed storage protein glutelin 1 promoter; pLeb4 – Vicia faba 
Legumin B4 promotor of the 11S globulin; pPhas – Phaseolus vulgaris promoter of the 7S globulin; pUbi – Zea 
mays upquitin 1 promoter; pUSP – Vicia faba unknown seed protein promoter; t35S – CaMV 35S terminator; 
tArc – Phaseolus vulgaris terminator of the arcelin 5-I seed storage protein; tCon – β-conglycinin α-subunit 
terminator; tNos – Agrobacterium tumefaciens nopalin synthase terminator; tPhas – Phaseolus vulgaris 
terminator of the 7S globulin; tPinII – Solanum tubersosum potato proteinase inhibitor II terminator; CaMV – 
cauliflower mosaic virus. 
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I.5.1.2. Transient expression system can rapidly produce recombinant proteins in leaves 

but requires downstream purification 

Stable transformation is time-consuming, and it takes a substantial amount of time to generate 

transgenic plants (1-2 years) (Chapter I.5.1.1.). Compared to stable transformation, transient 

expression can provide relevant quantities within weeks, but is restricted to leaf tissue of N. 

benthamiana. 

Transient transformation also relies on A. tumefaciens and exploits the fact that during the 

process of T-DNA transfer and genome integration, there is a transient high number of T-

DNAs present in the nucleus of >1,000 copies. Due to the high copy number, it results in 

relatively high expression levels shortly after infection within 1-2 days. After 3-14 days the 

expression level drops because only 1-10 copies are integrated into the plant genome, and all 

T-DNAs that are not integrated into the genome are degraded. By this time, the plant biomass 

is harvested (Gelvin, 2000). Transient transformation omits the clone selection (e.g., selection 

of individual transgenic plant cells that are regenerated to whole plants) required for the stable 

transformation and allows the production of the target protein within 1 week from WT plants. 

Moreover, due to the above-mentioned mode of action, transient expression usually yields 

substantially more recombinant protein or PD compared to stable transformed plant cells. 

Transient transformation is typically achieved at large-scale by vacuum infiltration 

(Gengenbach et al., 2018; Giritch et al., 2006; Shamloul et al., 2014): 1) Plant seeds of N. 

benthamiana are grown in rockwool or soil pots for 4-9 weeks. 2) Agrobacterium containing 

the recombinant expression vector are grown in bioreactors for 1 day and then an infiltration 

solution, containing the Agrobacteria, prepared. 3) The 4-9-week-old plants are put upside 

down and immersed in the Agrobacterium infiltration solution for vacuum infiltration. A 

vacuum is applied to force the gases out of the intercellular space between the plant cells in 

the leaves, and then pressure is equalized to ambient conditions to infuse Agrobacterium 

suspension into the intercellular space of the plant leaves. 4) Transfer the infiltrated plants to 

the original plant growth environment and continue culturing for 2-7 days. 

For transient expression, the same T-DNA vector is used as in stable transformation, such as 

the pLH9000 or pTRA plasmids (Chapter I.5.1.2.). However, transient transformation systems 

can also utilize elements of viral replicons, inducing either hyper-replication of the episomal 

T-DNA, such as the geminivirus systems (Yamamoto et al., 2018), hyper-transcription of the 

mRNA such as magnICON (Marillonnet et al., 2005) and TRBO (Lindbo, 2007), or hyper-

translation of the mRNA, such as pEAQ (Sainsbury et al., 2009). Due to the excessive 
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expression of the genes on the T-DNA cassette, endogenous proteins are not produced, which 

are essential for the plant cell survival, and the cells die within 10-14 days, causing the GOI 

expression to stop as well. However, replicating RNA viral vectors are limited by the size of 

the insert (maximum size of DNA length of 2 kb) unlike standard vectors such as pLH9000 or 

pTRA (Gleba et al., 2005; Marillonnet et al., 2005). For larger GOIs, the transgene needs to 

be split into different fragments and co-expressed by different viral vectors (Giritch et al., 

2006) (Table 4). 

The PD production of both standard and viral vectors can be further boosted by the co-

expression of p19 RNA silencing suppressor of tomato bushy stunt virus (TBSV) that inhibits 

the post-transcriptional gene silencing pathway (Voinnet et al., 1999). However, stable 

expression of the p19 protein in transgenic plants can have phenotypic and thus deleterious 

effects on the plant. For example, in transgenic N. benthamiana, the p19 gene caused curved 

flower bases, blistered leaf cuticles, or hairy, serrated leaves, while in transgenic tobacco, the 

p19 gene caused severely misshapen flowers. For this reason, the inhibitory effect of p19 on 

post-transcriptional gene silencing is limited to transient expression (Siddiqui et al., 2008). 

For transient expression, N. benthamiana is commonly used as a plant model because it lacks 

an RNA-dependent RNA polymerase (RdRP)-based pathogen defense mechanism and is 

therefore immunocompromised (Yang et al., 2004). Since N. benthamiana plants only need 4-

9 weeks of growth to be infected by A. tumefaciens and 1 week for transient expression, PD 

can be produced in 2-3 months in relevant amounts. 

Typical accumulation levels of PD can reach up to 6 g kg-1 LFM (Castilho et al., 2014) (Table 

4). For example, FG21 and a GFP-FGF21 fusion have been expressed at 5 mg kg-1 LFM and 

450 mg kg-1 LFM via transient expression (Fu et al., 2011). 

However, plant transient transformation also has some disadvantages. First, transient 

transformation via vacuum infiltration is not as scalable as the cultivation of stably 

transformed plants due to the need for cultivating Agrobacteria in bioreactors and using the 

vacuum infiltration device, making it less suitable for the mass production of PD for the 

treatments such as obesity or diabetes (Commandeur and Twyman, 2004). Second, N. 

benthamiana leaves contain nicotine, and the use of Agrobacterium may introduce bacterial 

endotoxins, making them unsuitable for oral delivery and requiring thorough downstream 

purification (Chapter I.5.2.). For example, purified PD from transiently transformed leaves 

cost 100-500 € g-1 PD (Knödler et al., 2023; Ridgley et al., 2023; Tusé et al., 2014), which is 

4- to 18-fold higher compared to the 28 € g-1  PD for transgenic rice seeds (Yuki et al., 2021). 
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Table 4. Yield of recombinant proteins in transient leaves of N. benthamiana under 2 transient expression 
vectors. MagnICON: replicating viral vector; pTRAc: non-replicating viral vector. 

Vector system Recombinant protein Promoter/Terminator 

Protein 
accumulation in 
transient leaves 
[mg kg-1 LFM] 

Reference 

MagnICON 

(TMV/PVX) 

FGF21 PVX-SgPr/PVX-Sgt 5 (Fu et al., 2011) 

Glutamic acid decarboxylase TMV-SgPr/TMV-Sgt 227 (Merlin et al., 
2016) 

smGFP-hFGF21 PVX-SgPr/PVX-Sgt 450 (Fu et al., 2011) 

Full-size IgG antibodies  
(TMV and PVX co-expression) 

TMV-SgPr/TMV-Sgt 
PVX-SgPr/PVX-Sgt 

500 (Giritch et al., 
2006) 

Complement factor 5a PVX- SgPr/PVX-Sgt 559 (Nausch et al., 
2012a) 

GFP TMV-SgPr/TMV-Sgt 4,000 (Marillonnet et al., 
2005) 

Colicin-M-like Klebsiella protein TMV-SgPr/TMV-Sgt 4,448 (Denkovskienė et 
al., 2019) 

1-antitrypsin TMV-SgPr/TMV-Sgt 6,000 (Castilho et al., 
2014) 

pTRA 

Viscumin p35S/t35S 3 (Gengenbach et 
al., 2019) 

Secretory immunoglobulin A p35S/t35S 500 (Ma et al., 1995) 

Human papillomavirus L1 protein p35S/t35S 533 (Maclean et al., 
2007) 

 Chimeric M12-4E10 antibody p35S/t35S 250-2,500 (Zischewski et al., 
2016) 

LFM – leaf fresh mass; TMV-SgPr – TMV subgenomic promoter; PVX-SgPr – PVX subgenomic promoter; 
p35S – CaMV 35S promoter with duplicated transcriptional enhancer; TMV-Sgt – TMV subgenomic terminator; 
PVX-Sgt – PVX subgenomic terminator; t35S – CaMV 35S terminator; TMV – tobacco mosaic virus; PVX– 
potato virus X; SgPr – subgemonic promoter; Sgt – subgemonic terminator; CaMV – cauliflower mosaic virus. 
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I.5.2. Downstream processing of protein drug from plant tissue requires 

extraction, clarification/filtration and purification but might not be 

necessary for seed-produced protein drugs 

Since tobacco is widely used for PD production (Chapters I.4.1. and I.4.2.), but requires the 

purification of PD due to the presence of alkaloids like nicotine (Chapter I.5.), DSP methods 

have been specially developed for the purification of tobacco leaf recombinant proteins. These 

methods can be divided into extraction, clarification and filtration, purification. 

During extraction, harvested tobacco leaves are added to a suitable extraction buffer and 

mechanically homogenized via rotating blade systems, bead mills, and other systems 

(Menkhaus et al., 2004; Wang et al., 2008; Wilken and Nikolov, 2012). For the most efficient 

protein extraction, extraction buffers often contain phosphate and salt to stabilize pH and 

improve protein solubilization, e.g., PBS (Hassan et al., 2008; Wilken and Nikolov, 2012). 

Additionally, the addition of detergents (e.g., SDS, NP-40 and Triton X-100) (Kumar et al., 

2021), phenolic binding agents (e.g., polyvinylpolypyrrolidone (PVPP)) (Holler et al., 2007; 

Holler and Zhang, 2008), and antioxidants (e.g., β-2-mercaptoethanol (BME) or dithiothreitol 

(DTT)) (Holler et al., 2007; Holler and Zhang, 2008) to the extraction buffer can also improve 

the solubility of the extracted protein and prevent protein oxidation. However, detergents and 

antioxidants may interfere with purification (Fischer et al., 2004; Holler et al., 2007; Holler 

and Zhang, 2008). 

Leaf homogenization produces a large amount of process-related impurity particles in the 

crude extract, which need to be removed by clarification and filtration before purification. For 

example, plant fibers, cell debris, host cell proteins (HCP), and secondary metabolites, etc. 

(Menkhaus et al., 2004; Wilken and Nikolov, 2012). 

Preliminary particle removal during clarification can be achieved by: 1) flocculants with 

different ionic charges for adsorption deposition (Barany and Szepesszentgyörgyi, 2004; 

Buyel et al., 2015b; Gregory and Barany, 2011), and/or 2) heat and pH treatment for the 

precipitation of HCP (Buyel and Fischer, 2014b; Menzel et al., 2016; Opdensteinen et al., 

2021b). 

The crude extract is then clarified through a combination of filters of different materials and 

pore sizes. For example, sequential filtration from large to small pore sizes to retain particles, 

such as bag filter (e.g., 1-800 μm), depth filter (e.g., 6-15 μm), and sterile filter (e.g., 
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membrane filters 0.22 and 0.45 μm) (Buyel et al., 2015a; Buyel and Fischer, 2014b; Knödler 

et al., 2023; Rühl et al., 2018). 

The content of the particles is monitored via nephelometric turbidity units (NTU). While the 

crude extract typically has 10,000-40,000 NTU, the clarified extract after sterile filtration 

usually has 1-10 NTU. To prevent clogging of the filter, filter aids like cellulose or 

diatomaceous earth (DE) can be added to the crude extract that can make the solid particles 

form a loose sponge-like structure to prevent the solid particles from forming dense particles 

and clogging the filter (Buyel et al., 2015a). However, bag and depth filters not only absorb 

HCP but may also bind the target PD, resulting in a substantial loss of PD (Yigzaw et al., 

2006), which is not the case for sterile filter systems (Rühl et al., 2018). 

Finally, in the protein purification process, the target protein is separated from HCP, further 

improving protein purity. The current protein purification methods can be roughly divided 

into: 1) Salting-out precipitation: Adding ammonium sulfate to separate the protein from the 

solution (Wingfield, 2001). 2) Size exclusion chromatography: Separation based on the size 

and shape of the protein (Burgess, 2018). 3) Ion exchange (IEX) chromatography: Separation 

based on the difference in protein charge. For example, anion exchange (AEX) or cation 

exchange (CEX) (Duong-Ly and Gabelli, 2014). 4) Affinity chromatography: Utilizing the 

specific binding between protein molecules of different structures to separate them (Kimple et 

al., 2013). For example, Immobilized metal affinity chromatography (IMAC) (Cheung et al., 

2012). 

The final ultrafiltration/diafiltration (UF/DF) is used for the removal of residual HCP, protein 

concentration, and buffer exchange (Cromwell et al., 2006; Opdensteinen et al., 2018). 

For PD produced in stably or transiently transformed leaves, the DSP process can be omitted 

in case of stably transformed edible seeds. 
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I.6. Aim of the thesis 

FGF21 is a potential PD drug candidate to treat NAFLD and NASH, but it needs to be 

exclusively targeted to the liver, which can be achieved by oral administration, since the 

portal vein goes from the intestine directly to the liver before entering the blood system. The 

translocation from the intestine to the blood might be achieved by the fusion to transferrin 

(FGF21-Tf). However, Tf prolongs the half-life of the fusion protein and promotes circulation 

in the blood, but after translocation, subsequent separation of FGF21 and Tf can be achieved 

by introducing a furin cleavage site (FGF21-F-Tf). Moreover, for oral administration, FGF21 

needs to be protected from the acidic conditions in the stomach and transported from the 

intestine to the portal vein, and plant matrices can provide protection from acids and enzymes 

in the stomach by in planta bioencapsulation. However, PD needs to be produced in a 

contained environment such as greenhouse and seed production in greenhouses has to be 

established.  

The aim of the PhD thesis was to establish a seed-based oral delivery system for a FGF21-F-

Tf fusion protein. 

I.6.1. Optimization tobacco seed yield in contained greenhouses 

Since transgenic tobacco needed to be grown in a closed contained environment for 

commercial PD production, I selected a seed-rich and a leaf-rich N. tabacum cultivar as hosts. 

I used non-transformed plants to investigate different cultivation strategies to maximize seed 

production and then analyzed the seed yield per area and time. 

I.6.2. Stable FGF21-F-Tf expression in seeds of N. tabacum SL632 

For establishing FGF21-F-Tf production in N. tabacum seeds, I generated transgenic seeds as 

a proof-of-concept for both seed-rich and leaf-rich cultivars. Therefore, I established in vitro 

propagation and transformation of SL632. I also analyzed intact FGF21-F-Tf accumulation in 

transgenic T0 and T1 seeds and calculated intact FGF21-F-Tf accumulation per area and time 

in the greenhouse. 

I.6.3. Transient FGF21-F-Tf expression in leaves of N. benthamiana 

For proofing the bioavailability and bioactivity, I also transiently produced FGF21-F-Tf in N. 

benthamiana leaves to increase the stability and accumulation of the FGF21-F-Tf fusion 

protein. 
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I.6.4. Purification of nTf338-FGF21-PLUS for proof-of-concept bioavailability and 

bioactivity studies 

To evaluate the oral delivery system, I chose the stabilized FGF21-F-Tf from the transiently 

transformed N. benthamiana and established a purification method so that partially purified 

protein could be used in in vitro and in vivo studies with mice by the cooperation partner the 

German Institute of Human Nutrition Potsdam-Rehbrücke (DIfE). 

The main outcome of these experiments was successfully published in “Hou, H.W., Bishop, 

C.A., Huckauf, J., Broer, I., Klaus, S., Nausch, H., Buyel, J.F. (2022). Seed- and leaf-

based expression of FGF21-transferrin fusion proteins for oral delivery and treatment 

of non-alcoholic steatohepatitis. Frontiers in Plant Science 13: 998596; 

10.3389/fpls.2022.998596” (doi: 10.3389/fpls.2022.998596), which are described in detail in 

the following sections. 
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II. Materials and Methods 

II.1. Preface 

The experiments with the MagnICON vectors were conducted at the University of Rostock 

(UR), while the experiments with the pTRAc vectors were done at the Fraunhofer Institute for 

Molecular Biology and Applied Ecology IME (IME). The stably transformed tobacco plants 

were created at the University of Rostock and analyzed at the Fraunhofer Institute for 

Molecular Biology and Applied Ecology IME. Animal trials were performed at the German 

Institute of Human Nutrition Potsdam-Rehbrücke (DIfE). 

II.2. Materials 

The register of equipment and materials is detailed in Table 5, and Table 6 and Table 7 

contain lists of chemicals and buffers, respectively. 

 



 

59 

Table 5. Register of equipment and materials. 

Type                         Name       Manufacturer 

Autoclave Varioklav HP Labortechnik GmbH, Germany 

Autoclave CV-EL 12L/18L CertoClav Sterilizer GmbH, Austria 

Autoclave VX-150 Systec GmbH, Germany 

Bead mill Bead mill 300 MM Retsch GmbH, Germany 

Blender HR3655/00 Standmixer Philips B. V., Netherlands 

Blotting paper Whatman paper Whatman Inc., UK 

Blotting membrane Amersham Protran nitrocellulose 
membranes 

VWR International, USA 

Blotting membrane PVDF membrane Millipore, USA 

Blotting device Trans Blot Cell Bio-Rad Inc., USA 

Chromatography device ÄKTA pure Cytiva, USA 

Chromatography 
column 

XK26/20 column Cytiva, USA 

Chromatography resin Chelating Sepharose Fast Flow resin Cytiva, USA 

Centrifuge 5415R Eppendorf AG, Germany 

Centrifuge Allegra 25R Beckman Coulter, USA 

Centrifuge Mikro 200R Hettich GmbH, Germany 

Centrifuge ROTINA 380 R Robotic Hettich GmbH, Germany 

Centrifugal concentrator Vivaspin 15R centrifugal concentrator 
with MWCO of 30 kDa 

Sartorius AG, Germany 

Clean-bench B-[MacPro]2-130 Berner International GmbH, Germany 

Clean-bench BioWizard Kojair Tech Oy, Finland 

Conductivity measuring 
cell 

TetraCon 325 WTW GmbH, Germany 

Conductometer Cond 315i Xylem Analytics Germany Sales GmbH & Co. KG, 

Germany 

Cryotube Cryo-conservation tube, 2.0 mL VWR International, USA 

Cuvette Cuvettes ROTILABO®, 1.6 ml  Carl Roth GmbH, Germany 

Depth filter Double-layer PDH4 depth filter, a 

combination of K700 and KS50 

Pall Corporation, USA 

Electrophoresis power 
supply 

PowerPac 300 Bio-Rad Inc., USA 

Electrophoresis power 
supply 

PowerPac Basic Bio-Rad Inc., USA 

Electrophoresis 
chamber 

XCell SureLock Mini-Cell Thermo Fischer Scientific Inc., USA 

Electrophoresis 
chamber 

XCell SureLock Midi-Cell Thermo Fischer Scientific Inc., USA 
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Type                         Name       Manufacturer 

Filter bag BP420 bag filter Fuhr, GmbH, Germany 

Filter paper Filter paper 42 mm Grade 1 Whatman Inc., UK 

Filter tissue MiraCloth 1R Merck KGaA, Germany 

Freezer GGU 1500, -20°C Liebherr AG, Switzerland 

Freezer GS58NAW40, -20°C Siemens AG, Germany 

Freezer HERAfreeze HFU 700 T, -80°C Thermo Fischer Scientific Inc., USA 

Homogenizer FastPrep-24 5G MP Biomedicals Inc., USA 

Gel electrophoresis 
chamber 

MiniSubCell GT Bio-Rad Inc., USA 

Gel scanning device Universal Hood II Bio-Rad Inc., USA 

Grinding beads Chrome-steel beads, 3 mm (CHR-003) Spherotech GmbH, Germany 

Incubator ISF1-X (Climo-Shaker) Kuhner GmbH, Germany 

Incubator Labthem LT-X Kuhner GmbH, Germany 

Incubator I-30 CLF Plant Climatics GmbH, Germany 

Mini centrifuge Sprout Heathrow Scientific LLC., USA 

Mini Protein Gels Invitrogen™ NuPAGE™ 4-12%, Bis-

Tris, 1.0–1.5 mm 

Thermo Fischer Scientific Inc., USA 

Microwave Micro Chef Fm 3515 Moulinex, France 

Magnetic stirrer KM02 IKA-Werke GmbH, Germany 

Magnetic stirrer RCT basic IKA-Werke GmbH, Germany 

Microplate 96-well CellStar flat clear F-bottom 
plate 

Greiner Bio-One International GmbH, Austria 

Microplate Microplate lids Standard, no cut edges Nalgene Nunc International Corporation, USA  

pH meter pH3110 Xylem Analytics Germany Sales GmbH & Co. KG, 

Germany 

pH electrode Minitrode Xylem Analytics Germany Sales GmbH & Co. KG, 

Germany 

Plate reader Tecan infinite M200 Tecan Group Ltd., Switzerland 

Photometer Biophotometer 6131 Eppendorf AG, Germany 

Peristaltic pump Masterflex L/S, 1-100 rpm Cole-Palmer Instrument Company LLC., USA 

Pipette Pipetman P20, 200, 1000 N Gilson Inc., USA 

Pipette Serological pipette 2 mL, 5 mL, 10 mL, 

50 mL 

Greiner Bio-One International GmbH, Austria 

PCR cycler 2720 Thermal cycler Applied Biosystems, USA 

Reaction tubes Tube 1.5 mL, 2.0 mL Sarstedt Inc., Germany 

Reaction tubes Tube 15 mL, 50 mL Greiner Bio-One International GmbH, Austria 

Refrigerator FKUV1610, 4°C Liebherr AG, Switzerland 

Refrigerator UK 1720, 4°C Liebherr AG, Switzerland 
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Type                         Name       Manufacturer 

Rocker Mini Gyro-Rocker SSM3 Cole-Palmer Instrument Company LLC., IL, USA 

Scale  AZ6101 Sartorius AG, Germany 

Scale  BP121S Sartorius AG, Germany 

Scale  BP610 Sartorius AG, Germany 

Scale  TE4100 Sartorius AG, Germany 

Scale  TE6100 Sartorius AG, Germany 

Scanner CanoScan 5600F Canon Inc., Japan 

Soil A 400 Stender GmbH, Germany 

Sterile filter Bottle-Top-Filter, 0.2 μm VWR International, USA 

Sterile filter Midisart 2000 air vent, 0.2 μm Sartorius AG, Germany 

Sterile filter Sartopore 2 Capsule (pore size of 0.45 

and 0.22 μm) 

Sartorius AG, Germany 

Syringe Omnifix, 1 mL Labomedic Medizin- und Labortechnik GmbH, 

Gemany 

Syringe Omnifix, 50 mL Labomedic Medizin- und Labortechnik GmbH, 

Germany 

Spectrometer NanoDrop ND-1000 Peqlab Biotechnologie GmbH, Germany 

Spectrometer Synergy HT microplate reader BioTek Instruments, USA 

Software AIDA Image Analyzer analysis Elysia-raytest GmbH, Germany 

Software Software Design Expert 11.0 State-Ease, USA 

Software Origin 2020b OriginLab, USA 

Tips Pipette tips, 10 μL Sarstedt GmbH, Germany 

Tips Pipette tips, 200 μL Sarstedt GmbH, Germany 

Tips Pipette tips, 1000 μL Sarstedt GmbH, Germany 

Tips Sterile filter tips, 10 μL Sarstedt GmbH, Germany 

Tips Sterile filter tips, 200 μL Sarstedt GmbH, Germany 

Tips Sterile filter tips, 1000 μL Sarstedt GmbH, Germany 

Turbidimeter Hach turbidimeter Hach Lange GmbH, Germany 

Temperature-controlled 
mixer 

Thermoshake Inheco GmbH, Germany 

Temperature-controlled 
mixer 

Thermomixer compact Eppendorf AG, Germany 

Temperature-controlled 
mixer 

Thermomixer E-5048 Eppendorf AG, Germany 

Ultrapure water device Arium Pro VF Sartorius AG, Germany 

Vacuum pump PC 600 series Chemistry pumping unit 

PC 611NT MD 4C NT CEE 

Vacuubrand GmbH & Co KG, Germany 

Vortex Vortex-Genie 2 Scientific Industries, USA 
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Table 6. List of chemicals. 

Type                         Name       Manufacturer 

Antibiotic Ampicillin Duchefa B. V., Netherlands 

Antibiotic Kanamycin Duchefa B. V., Netherlands 

Antibiotic Carbenicilin Duchefa B. V., Netherlands 

Antibiotic Cefotaxim Duchefa B. V., Netherlands 

Antibiotic Rifampicin Duchefa B. V., Netherlands 

Antibody Goat α -rabbit H+L AP Jackson ImmunoResearch Laboratories, USA 

Antibody Rabbit anti-DsRed MBL International Corporation, USA 

Antibody Polyclonal rabbit anti-His Hölzel Diagnostika Handels GmbH, Germany 

Antibody Polyclonal rabbit anti-human FGF21 
(CSB-PA06404A0Rb-100) 

Dianova GmbH, Germany 

Antibody goat anti-Rabbit IgG AP-conjugated 
antibody 

Jackson ImmunoResearch Laboratories, USA 

Antioxidant Sodium disulfate (Na2S2O5) Carl Roth GmbH, Germany 

Buffer component Ammonium nitrate (NH4NO3) Carl Roth GmbH, Germany 

Buffer component Calcium hypochlorite (Ca(ClO)₂) Carl Roth GmbH, Germany 

Buffer component Dimethyl sulfoxide (DMSO) Carl Roth GmbH, Germany 

Buffer component Disodium hydrogen phosphate 

dihydrate (Na₂HPO₄·2H2O) 

Carl Roth GmbH, Germany 

Buffer component Ethylenediaminetetraacetic acid 
(EDTA) 

Carl Roth GmbH, Germany 

Buffer component Ethanol Carl Roth GmbH, Germany 

Buffer component Glycine Carl Roth GmbH, Germany 

Buffer component Glycerol Duchefa B. V., Netherlands 

Buffer component Imidazole Carl Roth GmbH, Germany 

Buffer component Methanol Carl Roth GmbH, Germany 

Buffer component Magnesium sulfate (MgSO4) Sigma Aldrich Inc., USA 

Buffer component Magnesium chloride (MgCl₂) Carl Roth GmbH, Germany 

Buffer component Magnesium sulfate heptahydrate 
(MgSO4 7 H2O) 

Carl Roth GmbH, Germany 

Buffer component 2-(N-morpholino)ethanesulfonic acid 
(MES) monohydrate 

Sigma Aldrich Inc., USA 

Buffer component Nickel(II) sulphate hexahydrate (NiSO4 
6 H2O) 

Carl Roth GmbH, Germany 

Buffer component Potassium chloride (KCl) Carl Roth GmbH, Germany 

Buffer component Potassium dihydrogen phosphate 
(KH₂PO₄) 

Carl Roth GmbH, Germany 

Buffer component Sodium chloride (NaCl) Carl Roth GmbH, Germany 

Buffer component Sodium acetate (C₂H₃NaO₂) Carl Roth GmbH, Germany 

Buffer component Tris Carl Roth GmbH, Germany 

Buffer component Tween-20 Carl Roth GmbH, Germany 

Buffer component Trichloroacetic acid (TCA) Carl Roth GmbH, Germany 
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Type                         Name       Manufacturer 

Fertilizer Ferty 2 Mega H. Nitsch & Sohn GmbH, Germany 

Fertilizer Hakaphos Blue Compo Expert GmbH, Germany 

Fertilizer Hakaphos Red Compo Expert GmbH, Germany 

Fertilizer Wuxal Super Hermann Meyer GmbH, Germany 

Hormone 2,4-Dichlorophenoxyacetic acid Duchefa B. V., Netherlands 

LDS Gel staining SimplyBlue SafeStain Thermo Fischer Scientific Inc., USA 

Media component Agar Carl Roth GmbH, Germany 

Media component Agarose Carl Roth GmbH, Germany 

Media component B5-vitamine Duchefa B. V., Netherlands 

Media component Gamborg B5 Vitamin Mixture Duchefa B. V., Netherlands 

Media component 6-Benzylaminopurine (6-BAP) Sigma Aldrich Inc., USA 

Media component Fructose Duchefa B. V., Netherlands 

Media component Plant agar Duchefa B. V., Netherlands 

Media component Linsmaier and Skoog medium  
(including vitamins) (L0230) 

Duchefa B. V., Netherlands 

Media component Murashige & Skoog Basal Salts 
Mixture (M0221) 

Duchefa B. V., Netherlands 

Media component 1-Naphthaleneacetic acid (NAA) Sigma Aldrich Inc., USA 

Media component Sucrose Duchefa B. V., Netherlands 

Media component Soy peptone Carl Roth GmbH, Germany 

Media component Yeast extract Carl Roth GmbH, Germany 

Media component Tryptone Carl Roth GmbH, Germany 

pH adjustment Hydrochloride (HCl) Carl Roth GmbH, Germany 

pH adjustment Sodium hydroxide (NaOH) Carl Roth GmbH, Germany 

Phytohormone Acetosyringone Duchefa B. V., Netherlands 

Protein standard Bovine serum albumin (BSA) Thermo Fischer Scientific Inc., USA 

Protein quantification Pierce™ Bradford Plus Protein Assay 
Kit  

Thermo Fischer Scientific Inc., USA 

Protein quantification Human FGF21 ELISA Kit (ab222506) Abcam plc, UK 

Protein electrophoresis  NuPAGE MES SDS Running Buffer, 
20x 

Thermo Fischer Scientific Inc., USA 

Protein electrophoresis NuPAGE Sample Reducing Agent, 10x Thermo Fischer Scientific Inc., USA 

Protein electrophoresis NuPAGE Antioxidant Thermo Fischer Scientific Inc., USA 

Protein electrophoresis NuPAGE LDS Sample Buffer, 4x Thermo Fischer Scientific Inc., USA 

Western Blotting N, N-dimethylformamide (DMF) Carl Roth GmbH, Germany 

Western Blotting 5-bromo-4-chloro-3-indolyl-phosphate 

(BCIP) 

Carl Roth GmbH, Germany 

Western Blotting Nitro blue tetrazolium (NBT) Carl Roth GmbH, Germany 

Western Blotting SignalBoost™Immunoreaction 
Enhancer Kit 

Merck KGaA, Germany 

Technical buffer pH buffer 4, 7, 10 Xylem Analytics Germany Sales GmbH & Co. KG, 
Germany 
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Table 7. List of buffers. 

Name Component Final concentration  
[mM] / [g/L] Comment 

Lysogeny broth (LB) Tryptone - / 10.0 

Adjust pH to 7.0, then autoclave  Yeast extract - / 5.0 

 NaCl - / 10.0 

 Agar - / 15.0 Optional 

    

Peptone agrobacterium medium  

(PAM) 

Soy Peptone - / 20.0 

Adjust pH to 7.0, then autoclave 
Yeast extract - / 0.5 

 Fructose - / 5.0 

 MgSO4•7 H2O 4.0 / 1.0 

 Agar - /15.0 Optional 

    

Yeast extract broth (YEB) Beef extract - / 5.0 

Adjust pH to 7.0, then autoclave 

 Yeast extract - / 1.0 

 Peptone - / 5.0 

 Sucrose 14.5 / 5.0 

 MgSO4•7 H2O 2.0 /0.5 

 Agar - / 15.0 Optional 

    

Linsmaier and Skoog medium  
for Tabacco (LST) 

Linsmaier and Skoog medium  
(Including vitamins) (L0230) 

- / 4.4 

Adjust pH to 5.7, then autoclave  Sucrose - / 30.0 

 Plant agar - / 6.5 

    

B5 infection medium Gamborg B5 Vitamin Mixture - / 3.16 

Adjust pH to 5.7, then autoclave 
 NH4NO3 - / 0.25 

 MES Monohydrat - / 0.50 

 Sucrose - / 30.0 

    

ACB agar medium Murashige & Skoog medium  
Basal Salts Mixture (M0221) - / 4.32 

Adjust pH to 5.7, then autoclave 

 MES Monohydrat - / 0.5 

 Sucrose - / 30.0 

 Agarose - / 6.8 

 B5-vitamine 112 μg mL-1 

 6-Benzylaminopurine (6-BAP) 1 μg mL-1 

 1-Naphthaleneacetic acid (NAA) 0.1 μg mL-1 
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Name Component Final concentration  
[mM] / [g/L] Comment 

Infiltration buffer for MagnICON MES Monohydrat 10 / 2.1 Adjust pH to 5.5 

 MgSO4 10 / 1.2  

 A. tumefaciens pellet - / - Adjust OD600nm to 0.1-0.5 

    

Infiltration buffer for pTRAc 

 
Murashige & Skoog medium  
Basal Salts Mixture (M0221) - / 0.5 Adjust pH to 5.6 

 Acetosyringone (in DMSO) 0.2 / 0.0392  

 A. tumefaciens pellet - / - Adjust OD600nm to 0.1-0.5 

    

Extraction buffer Na2HPO4•2H2O 25.0 / 4.5 Adjust pH to 8.0 

 NaCl 500.0 / 29.2  

 Na2O5S2 10.0 / 1.9 Optional 

    

Blotting buffer Tris 25.0 / 3.0 

Adjust pH to 8.3  Glycine 192.0 / 14.4 

 Methanol - / 200.0 

    

phosphate-buffered saline (PBS) NaCl 137.0 / 8.0 

Adjust pH to 7.4 
 KCl 2.7 / 0.2 

 Na2HPO4•2H2O 10.1 / 1.80 

 KH2PO4 1.7 / 0.24 

PBS (-T) Tween-20 - / 1.0 Optional 

    

alkaline phosphatase (AP) bufferr Tris 100.0 / 12.1 

Adjust pH to 9.6  NaCl 100.0 / 5.8 

 MgCl2 5.0 /0.48 

    

nitro blue tetrazolium/5-bromo-4- 
chloro-3-indolyl-phosphate  
(NBT/BCIP) solution 

NBT - / 0.30 Dissolve in  
N, N-dimethylformamide  BCIP - / 0.15 

    

IMAC equilibration buffer Na2HPO4•2H2O 20.0 / 3.6 
Adjust pH to 7.6 

 NaCl 500.0 / 29.2 

    

IMAC wash buffer Na2HPO4•2H2O 20.0 / 3.6 

Adjust pH to 7.6  NaCl 500.0 / 29.2 

 imidazole 10.0 / 0.68 

    

IMAC elution buffer Na2HPO4•2H2O 20.0 / 3.6 

Adjust pH to 7.6  NaCl 500.0 / 29.2 

 imidazole 150.0 / 20.4 
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Name Component Final concentration  
[mM] / [g/L] Comment 

IMAC stripping buffer Na2HPO4•2H2O 20.0 / 3.6 

Adjust pH to 7.5  NaCl 500.0 / 29.2 

 EDTA 50.0 / 16.4 

    

IMAC – binding buffer Na2HPO4•2H2O 20.0 / 3.6 

Adjust pH to 7.5  NaCl 500.0 / 29.2 

 imidazole 30.0 / 2.0 

    

IMAC – 0.1 M NiSO4 NiSO4•6H2O 100.0 / 26.3  

    

IMAC – 1 M NaCl NaCl 1000.0 / 58.44  

    

IMAC – 1 M NaOH NaOH 1000.0 / 40.0  
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II.3. Methods 

II.3.1. Plant expression vectors 

For all FGF21-Tf fusion constructs, the design elements, amino acid sequences, cloning 

methods (p9U vector; MagnICON vectors: pICH29921 and pICH31160; pTRAc vector), and 

the A. tumefaciens strains (ICF320 (MagnICON); GV3101::pMP90RK (pTRAc)) are 

described elsewhere (Hou et al., 2022). The primer amino acid sequences are provided in 

Table 8, and the constructs for stable and transient expression of FGF21-Transferrin fusion 

proteins are illustrated in Figure 7. 

 

Table 8. Primers used in this study. 

Gene/plasmid type Primer AA sequence 

pICH29912-FGF21-F-IntN FGF21_Nt-fw 5’- TGGACTACCACCAGCATTACCAGAAC -3’ 

FGF21_Nt-rv 5’- GTGACCTACCTTGGGATGGACCAAC -3’ 

pICH31160-IntC-Tf Tf_Nt-fw 5’- CCCCAACTTTGCCAACTCTGTCC -3’ 

Tf_Nt-rv 5’- CATTGCGTCAGCCTCCCCATTC-3’ 

p9U-FGF21-Tf FGF21-fw_screen 5’- AGCATTACCAGAACCACCCG -3’ 

Tf-rv_ screen 5’- TGACGACTGCGACAGCATAG -3’ 

NtWBC1 gene NtWBC1 F 5’- CAA AGC GAT CAT TCA CTA ACT CGT G -3’ 

NtWBC1 R 5’- CGT TTC CCT CAT GAA AAT GTA CC -3’ 

pEX-K168 containing FGF21-Transferrin pEX-K168-fw 5’- TGCGGCATCAGAGCAGATT -3’ 

pEX-K168-rv 5’- GCTTCCGGCTCGTATGTTGT -3’ 

pEX-K248 containing FGF21-Transferrin pEX-K248-fw 5’- GTCGGGGCTGGCTTAACTAT -3’ 

pEX-K248-rv 5’- CATTAGGCACCCCAGGCTTT -3’ 

pTRAc containing FGF21-Transferrin FW(35SS_FI) 5’- TGACGCACAATCCCACTATC -3’ 

RV(35SSpA_RI) 5’- CCCTTATCTGGGAACTACTC -3’ 

NtWBC1 - Nicotiana tabacum ABC transporter of the White-Brown Compex subfamily 
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Figure 7. Constructs used for the stable and transient expression of FGF21-Transferrin fusion proteins. (A) 
p9U stable expression vector containing FGF21-F-Tf in N. tabacum SL632 and VG. (B) MagnICON transient 
expression vectors pICH29921 and pICH31120 containing FGF21-F-IntN and IntC-Tf, and (C) pTRAc transient 
expression vectors containing FGF21-F-Tf, FGF21-Tf-PLUS, FGF21-nTf338-PLUS and nTf338-FGF21-PLUS 
in N. benthamiana. SP – ER-targeting signal peptide from Calretikulin of Nicotiana plumbaginifolia (Acc. 
Z71395), MATQRRANPSSLHLITVFSLLVAVVSG; F – furin cleavage site, RRKRSV; GS linker – flexible 
linker, (GGGGS)3; 2xHis – double-His6 tag; SEKDEL – ER-retention signal; IntN and IntC – DnaB intein 
fragments; PLUS – liver-targeting peptide circumsporozoite protein (CSP), position 82-100; nTf338 – N-
terminal domain of Tf, position 1-338. 
 

II.3.2. Agrobacterium tumefaciens culture 

A. tumefaciens strain ICF320 (MagnICON) and A. tumefaciens strain GV3101::pMP90RK 

(pTRAc) were incubated either in LB containing antibiotics (50 μg mL-1 rifampicin and 50 μg 

mL-1 kanamycin) (Nausch et al., 2012b) or in PAM containing antibiotics (25 μg mL-1 

rifampin, 25 μg mL-1 kanamycin, and 50 μg mL-1 carbenicillin) (Houdelet et al., 2017) for 24-

48 h at 28 °C with orbital shaking at 150 rpm as pre- and main cultures with a final OD600 of 

5.0-10.0 in the main culture. 
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II.3.3. Plant in vitro tissue culture 

For in vitro tissue culture, tobacco seeds, such as those from N. tabacum cultivars Virginia 

Golta (VG) and SL632 (SL632), were surface sterilized using a saturated calcium 

hypochlorite solution supplemented with 0.1 % (m v-1) Triton X-100 for 5 min, followed by 

rinsing with sterile distilled water. The sterilized seeds were germinated on Petri dishes 

containing LST medium (4.4 g L-1 Linsmaier and Skoog (LS) including vitamins, 30 g L-1 

sucrose, 6.5 g L-1 plant agar, pH 5.7) (Duchefa B.V., Netherlands). The shoots were grown at 

24 °C/22 °C (day/night) with 16 h photoperiod. Subsequently, 2-week-old shoots were 

individually transferred to culture containers containing LST medium and continued to grow 

until intact plants were formed. For propagation, a series of apical bud cuttings were 

performed on intact plants, transferring the apical buds containing one smaller leaf to new 

LST medium culture containers until 50 % of the plants had flowered. 

II.3.4. Stable transformation 

Tobacco sterilized 4-week-old leaves were cut into leaf discs and wounded. Subsequently, the 

leaf discs were added to B5 infection medium (3.16 g L-1 Gamborg B5 Vitamin Mixture, 0.25 

g L-1 Ammonium nitrate, 0.5 g L-1 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate, 

30.0 g of L-1 sucrose, pH 5.7) (Duchefa B.V., Netherlands) containing Agrobacterium, co-

cultivated at 25 °C for 3 days, and then washed several times with sterile distilled water. 

Infected leaf discs were inoculated on ACB medium (4.32 g L-1 Murashige & Skoog Basal 

Salts Mixture, 0.5 g L-1 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate, 30 g L-1 

sucrose, 6.8 g L-1 agarose, 112 μg mL-1 B5-vitamine, 1 μg mL-1 6-Benzylaminopurine (6-

BAP) and 0.1 μg mL-1 1-Naphthaleneacetic acid (NAA), pH 5.7) containing 100 μg mL-1 

kanamycin and 500 μg mL-1 cefotaxim (Duchefa B.V., Netherlands) for 4-6 weeks to select 

regenerated shoots. Regenerated shoots were transferred to LST medium containing 100 μg 

mL-1 kanamycin and 500 μg mL-1 cefotaxim (Duchefa B. V., Netherlands). The integration of 

the transgene was confirmed by PCR, and regenerated transgenic T0 plants were directly 

transferred into 5-L pots containing peat soil (Stender GmbH, Germany) in the greenhouse for 

leaf or seed production. Information on Agrobacterium-mediated transformation of tobacco 

leaves is detailed elsewhere (Nausch et al., 2016). 
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II.3.5. Segregation analysis 

Tobacco sterilized seeds were plated simultaneously on LST medium, with or without 100 mg 

L-1 kanamycin (Duchefa B.V., Netherlands), to evaluate the antibiotic resistance of self-

pollinated T1 progenies and the viability of the seeds, respectively. The transgenic rate and 

seed viability rate were evaluated 6 weeks after germination. 

II.3.6. Plant cultivation in the greenhouse 

Regenerated shoots (transformants) were transferred to 5-L pots containing peat soil (Stender 

GmbH, Germany) in the greenhouse. The 3-week-old plants were fertilized with either 0.2 % 

(m v-1) Hakaphos Blue (Compo Expert GmbH, Germany) or 0.1 % (m v-1) Ferty 2 Mega (H. 

Nitsch & Sohn GmbH, Germany) until harvest. The entire plant harvest was conducted when 

flowers had 75 % mature capsules. 

II.3.7. Transient transformation 

The final OD600 of A. tumefaciens strain ICF320 (MagnICON) and A. tumefaciens strain 

GV3101::pMP90RK (pTRAc) in the main culture was 5.0-10.0 (Chapter III. 3.2.). The main 

culture was centrifuged (2,800× g, 10 min, 4 °C), and the Agrobacterium pellet was 

resuspended in 5-6 L of infiltration buffer (MagnICON vectors: 2.1 g L-1 2-(N-

morpholino)ethanesulfonic acid (MES) monohydrate, 1.2 g L-1 Magnesium sulfate, pH 5.5; 

pTRAc vectors: 0.5 g L-1 Murashige & Skoog Basal Salts Mixture, 0.04 g L-1 Acetosyringone, 

pH 5.6) to achieve a final OD600 of 0.1-0.5. The entire N. benthamiana plant was turned 

upside down and submerged in infiltration buffer, followed by the application of a vacuum of 

0.01 MPa (100 mbar) for 2 min. The infiltrated N. benthamiana plants were then grown at 24 

°C/22 °C (day/night) with 16 h photoperiod and harvested after 10 dpi for MagnICON vectors 

and 5 dpi for pTRAc vectors. 

II.3.8. Protein extraction 

Small-scale protein extraction as well as large-scale protein extraction methods are described 

elsewhere (Hou et al., 2022). In brief, plants were extracted using extraction buffer at a ratio 

of 10 v m−1 (small-scale extraction) and 3 v m−1 (large-scale extraction). Small-scale extracts, 

used only for protein analysis, were clarified by centrifugation three times (11,000 rpm, 10 

min, 4 °C). On the other hand, large-scale extracts, intended for protein purification, were first 

clarified using BP-410 bag filters (Fuhr, Germany), then using double-layer PDH4 depth 
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filters in combination with K700 and KS50 (Pall, Germany), and finally using Sartopore 2 

capsules (Sartorius AG, Germany), made from 0.45 μm and 0.20 μm filters. Turbidity, pH 

and conductivity of extracts and filtrate were measured. 

II.3.9. Turbidity measurement 

The NTU of the plant extract and clarified filtrate was measured by a Hach turbidimeter 

(Hach Lange GmbH, Germany) (Knödler et al., 2023; Opdensteinen et al., 2018; 

Opdensteinen et al., 2021b). 

II.3.10. Protein purification using immobilized metal ion affinity 

chromatography 

The His-tagged FGF21-Tf fusion protein was loaded onto an XP26/20 column containing 

Ni2+ Sepharose Fast Flow resin with a column volume of 58 mL, and IMAC purification was 

carried out using the ÄTKA pure system (Cytiva, USA). Purified His-tagged FGF21-Tf 

fusion proteins were subjected to PBS buffer exchange using a Vivaspin 15R centrifugal 

concentrator (Sartorius AG, Germany) with a 30,000 molecular weight cut-off (MWCO). The 

IMAC purification method as well as PBS buffer exchange method are described elsewhere 

(Hou et al., 2022). In brief, the column was equilibrated with 290 mL of IMAC equilibration 

buffer, followed by the application of 1000-4000 mL of the clarified and sterile filtrated 

extract, washing with 290 mL of IMAC wash buffer, and elution with 174 mL of IMAC 

elution buffer. 

II.3.11. Protein quantification 

The TSP concentration in the extract supernatant was determined using the Pierce Bradford 

Plus Protein Assay Kit (Thermo Fischer Scientific Inc., USA). Bovine serum albumin (BSA, 

2,000 μg mL-1) in the kit was diluted with PBS buffer to prepare 6 standards at concentrations 

of 1,500, 1,000, 750, 500, 250, 125, and 0 μg mL-1. In a clear 96-well CellStar F bottom plate 

(Greiner Bio-One International GmbH, Austria), 5 μL of each sample or BSA standard and 

195 μL of Bradford reagent were added per well, thoroughly mixed, and the samples were 

incubated at 22-24 °C for 10 min. The absorbance was measured at a wavelength of 595 nm 

using a Tecan Infinity M200 reader (Tecan Group Ltd., Switzerland). 
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II.3.12. TCA protein precipitation 

Each 100 μg or 10 μg TSP per sample was precipitated with 72 % (w v-1) trichloroacetic acid 

(TCA) to achieve a TCA concentration of 11 %. Samples were incubated on ice for at least 20 

min, then centrifuged twice (2,800 × g, 10 min, 4 °C). After centrifugation, the supernatant 

was removed, and the pellet was air-dried. 

II.3.13. LDS-PAGE 

Sample pellets were resuspended in NuPAGE LDS Sample Buffer (4x), NuPAGE Sample 

Reducing Agent (10x), and water, and run on NuPAGE 4-12 % Bis-Tris protein gels in 

NuPAGE MES SDS Running Buffer (Thermo Fischer Scientific Inc., USA) at 200 V at 22-24 

°C for 35 min. 

II.3.14. Coomassie-staining 

Protein gels (Chapter II.3.13.) were stained with SimplyBlue SafeStain (containing 

Coomassie G-250) (Thermo Fischer Scientific Inc., USA) at 22-24 °C overnight, then 

destained with water at 22-24 °C overnight. 

II.3.15. Western blot analysis 

Proteins separated from NuPAGE 4-12 % Bis-Tris protein gels (Chapter II.3.13.) in Blotting 

buffer were transferred onto Amersham Protran nitrocellulose membranes (VWR 

International, USA) using a Trans Blot Cell (Bio-Rad Inc., USA) at 50 V at 22-24 °C for 1 h. 

The membrane was initially blocking with PBST buffer (PBS buffer containing 0.05 % (w v-1) 

Tween-20) containing 5 % (w v-1) skimmed milk powder at 22-24 °C for 1 h. After washing 

three times with PBST buffer for 5 min, the membrane was incubated overnight at 4 °C with a 

polyclonal rabbit anti-His antibody (1:5,000, Hölzel Diagnostika Handels GmbH, Germany) 

or a polyclonal rabbit anti-FGF21 antibody (1:5,000, Dianova GmbH, Germany) in Signal 

Boost ImmunoReaction Enhancer solution I (Merck KGaA, Germany) as the primary 

antibody. After washing with PBST buffer, for the secondary antibody, the membrane was 

then incubated at 22-24 °C for 1 h with a goat anti-Rabbit IgG AP-conjugated antibody 

(1:5,000, Jackson ImmunoResearch Laboratories, USA) in Signal Boost Immune Response 

Enhancer Solution II (Merck KGaA, Germany). 
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II.3.16. Densitometric analysis 

Western blot membranes (Chapter II.3.15.) were scanned using CanoScan 5600F (Canon Inc., 

Japan), and Western blot signals were analyzed using the AIDA Image Analyzer analysis 

software (Elysia-raytest GmbH, Germany). 

II.3.17. FGF21 ELISA 

FGF21 accumulation in TSP in seed or leaf extracts was determined using the SimpleStep 

Human FGF21 ELISA kit (Abcam plc., UK). Recombinant FGF21 was quantified according 

to the manufacturer’s instructions. 

II.3.18. 3D Structure analysis 

Raptor X software was a software to identify dimensional structure analysis 

(http://raptorx.uchicago.edu/). 

II.3.19. DoE model building 

For the Design of Experiments (DoE) method, the software Design Expert 11.0 (State-Ease, 

USA) was used. 

II.3.20. Statistical analysis 

Origin 2020b (OriginLab, USA) was used for statistical analysis and to evaluate all 

experimental designs. Information on normal distribution, equal variance, and statistical 

analysis methods is detailed elsewhere (Hou et al., 2022). 
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III. Results 

Content of the following sections has been published on the 29.09.2022 as part of “Hou, 
H.W., Bishop, C.A., Huckauf, J., Broer, I., Klaus, S., Nausch, H., Buyel, J.F. (2022). 

Seed- and leaf-based expression of FGF21-transferrin fusion proteins for oral delivery 

and treatment of non-alcoholic steatohepatitis. Frontiers in Plant Science 13: 998596; 

10.3389/fpls.2022.998596” (doi: 10.3389/fpls.2022.998596). 
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Non-alcoholic steatohepatitis (NASH) is a global disease with no effective

medication. The fibroblast growth factor 21 (FGF21) can reverse this liver

dysfunction, but requires targeted delivery to the liver, which can be achieved

via oral administration. Therefore, we fused FGF21 to transferrin (Tf) via

a furin cleavage site (F), to promote uptake from the intestine into the

portal vein, yielding FGF21-F-Tf, and established its production in both

seeds and leaves of commercial Nicotiana tabacum cultivars, compared their

expression profile and tested the bioavailability and bioactivity in feeding

studies. Since biopharmaceuticals need to be produced in a contained

environment, e.g., greenhouses in case of plants, the seed production was

increased in this setting from 239 to 380 g m−2 a−1 seed mass with

costs of 1.64 € g−1 by side branch induction, whereas leaves yielded

8,193 g m−2 a−1 leave mass at 0.19 € g−1. FGF21-F-Tf expression in transgenic

seeds and leaves yielded 6.7 and 5.6 mg kg−1 intact fusion protein, but

also 4.5 and 2.3 mg kg−1 additional Tf degradation products. Removing

the furin site and introducing the liver-targeting peptide PLUS doubled

accumulation of intact FGF21-transferrin fusion protein when transiently

expressed in Nicotiana benthamiana from 0.8 to 1.6 mg kg−1, whereas

truncation of transferrin (nTf338) and reversing the order of FGF21 and nTf338

increased the accumulation to 2.1 mg kg−1 and decreased the degradation

products to 7% for nTf338-FGF21-PLUS. Application of partially purified
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nTf338-FGF21-PLUS to FGF21−/− mice by oral gavage proved its transfer from

the intestine into the blood circulation and acutely affected hepatic mRNA

expression. Hence, the medication of NASH via oral delivery of nTf338-FGF21-

PLUS containing plants seems possible.

KEYWORDS

bioencapsulation, furin cleavage site, liver-targeting PLUS peptide, transferrin-

mediated oral delivery, transient and stable transformation

Introduction

To date, non-alcoholic steatohepatitis (NASH) is a
widespread disease in developed countries with a total
prevalence of 0.4 billion patients (Weiß et al., 2014; Estes et al.,
2018; Asrani et al., 2019; Povsic et al., 2019; Younossi et al.,
2019; Kasper et al., 2020). NASH is characterized by an excessive
accumulation of fat in the liver, which induces inflammation,
leading to cirrhosis and liver failure (LaBrecque et al., 2014).
Besides liver transplantation, however, there are currently no
approved NASH therapeutics available (Moustafa et al., 2016;
Mullard, 2020; Albhaisi and Sanyal, 2021), and medication is
limited to symptom mitigation (Sharma et al., 2021).

A recently proposed drug candidate for the treatment of
NASH is the fibroblast growth factor 21 (FGF21) (Xu et al.,
2009; Dushay et al., 2010; Verzijl et al., 2020), an autocrine
hormone that induces fat oxidation and inhibits fat synthesis
in the liver (Nishimura et al., 2000; Badman et al., 2007;
Lundåsen et al., 2007; Feingold et al., 2012; Woo et al., 2013).
Though, a limiting factor is the 1−2 h half-life of FGF21 in
the blood stream (Kharitonenkov et al., 2005; Gimeno and
Moller, 2014; Zhen et al., 2016; Sonoda et al., 2017), and FGF21
analogs with half-lives of 24 and 98 h were developed by
fusing the protein to either IgG (PF-05231023, Pfizer) (Huang
et al., 2013; Giragossian et al., 2015; Talukdar et al., 2016)
or polyethylene glycol (BMS-986036, Bristol-Myers Squibb)
(Sanyal et al., 2018; Charles et al., 2019; Verzijl et al., 2020).
These analogs decreased the blood triglycerides up to 20% in
clinical trials after subcutaneous or intravenous administration
(Talukdar et al., 2016; Charles et al., 2019), but in the case
of PF-05231023, led to off-target effects such as altered bone
turnover (Talukdar et al., 2016). These off-target effects might
be reduced if FGF21 is directed exclusively to the liver via
oral delivery, rather than administered systemically, as proteins
are absorbed in the intestine and directly transported to the
liver via the portal vein before entering the blood circulation
(Schwegler and Lucius, 2022).

In contrast to other recombinant production platforms such
as bacteria, yeast, insect or mammalian cell cultures, transgenic
plants can be used for oral administration without the need
to purify the recombinant protein, since human pathogens do
not replicate in plants (Ghag et al., 2021). For example, feeding

tobacco leaves, expressing exendin-4 (Ex-4), to diabetic mice
led to a 25% reduction in blood glucose levels (Kwon et al.,
2013), whereby the uptake of Ex-4 from the intestine into the
blood stream was facilitated through a fusion with cholera toxin
B (CTB), mediating the mucosal transfer via the ganglioside
GM1 receptor. However, CTB is a strong immune trigger, which
limits the possibility of long-term application. Therefore, Ex-4
was fused to the non-immunogenic human iron-carrier protein
transferrin (Tf), enabling the uptake via the enterocyte Tf-
receptor. When applied orally, Ex-4-Tf reduced blood glucose
levels by 31% compared to the 25 and 20% achieved with Ex-
4-CTB and unmodified Ex-4, respectively (Choi et al., 2014).
In contrast, when the purified recombinant proteins were
administered intraperitoneally, Ex-4-Tf was 12% less effective
(44% reduction) than Ex-4 (56% reduction), showing that the
Tf domain can affect the bioactivity of the fusion protein.

In this context, plant seeds have been recognized as
particularly suitable for oral delivery in the past as they contain
80−350 g kg−1 protein per seed dry mass (SDM), compared to
10−20 g kg−1 protein per leaf fresh mass (LFM) [corresponding
to 83−167 g kg−1 leaf dry mass (LDM)] (Buyel, 2016), and
display a low protease activity in the development stage,
resulting in high recombinant protein yields (Benchabane et al.,
2008; Boothe et al., 2010). For example, whereas Tf accumulated
to 0.14 g kg−1 LFM in tobacco leaves (Brandsma et al.,
2010; Choi et al., 2014; Wang et al., 2014) [corresponding to
1.17 g kg−1 LDM], expression in rice seeds yielded 10.00 g kg−1

SDM (Zhang et al., 2010). Additionally, seeds produce few
secondary metabolites that could be regarded as potential
impurities and can be stored at ambient conditions after harvest
for at least six years (Benchabane et al., 2008; Boothe et al., 2010;
Cunha et al., 2011). Accordingly, commercial seed production
in greenhouses has already been established for rice (Ventria
Bioscience, Junction City, KS, USA1; Broz et al., 2013) and barley
(ORF Genetics, Kópavogur, Island2), and seeds have been used
for several oral vaccination trails. In some of the corresponding
feeding studies, tobacco seeds were used because the production
of recombinant proteins is well established in this system, and

1 https://ventria.com/

2 https://www.orfgenetics.com/
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they are edible due to the absence of alkaloids such as nicotine
(Rossi et al., 2013, 2014).

Here, we selected tobacco (Nicotiana tabacum) seeds of
commercial cultivars Virginia Golta (VG) and SL632 (SL632) as
a production platform as these were bred to high leaf and seed
biomass (NiCoTa GmbH Rheinstetten, Germany3; Sunchem
NL, Amsterdam, Netherlands4). We optimized the overall leaf
and seed yield per unit area and time in a greenhouse and
compared the biomass output of both production systems. For
oral delivery, we fused FGF21 to Tf via a furin cleavage site
and generated stably transformed plants, expressing the fusion
protein with the constitutively active 35S promoter/terminator
expression cassette from the Cauliflower Mosaic Virus (CaMV)
(Odell et al., 1985; Kay et al., 1987). In parallel, we optimized
the stability of the fusion protein by domain exchange and
shuffling via transient expression in Nicotiana benthamiana
using the same expression cassette. Finally, we analyzed the
in vivo bioavailability and bioactivity of the optimized FGF21-
Tf fusion protein by oral administration to FGF21 knockout
(FGF21−/−) mice.

Materials and methods

Cloning of FGF21-transferrin
expression constructs

The FGF21-Tf fusion constructs (Figures 1A–D and
Supplementary Figure 1) were designed using the following
elements: mature human FGF21 without signal peptide (SP)
and including the point mutation Ser167Ala to eliminate the
O-linked glycosylation site (Kharitonenkov et al., 2013), a GS
flexible linker [(GGGGS)3] (Choi et al., 2014), a furin cleavage
site (RRKRSV) (Duckert et al., 2004; Kwon et al., 2018), mature
human Tf or the N-terminal domain of Tf (nTf338) (Mason
et al., 1996), the N-terminal and C-terminal parts of the DnaB
intein (Evans et al., 2000; Sun et al., 2001; Kempe et al., 2009),
and the liver-targeting peptide PLUS of the circumsporozoite
protein CSP (Lu et al., 2014; Ma et al., 2014, 2017; Taverner
et al., 2020). The calreticulin SP of Nicotiana plumbaginifolia
and the ER retention signal (SEKDEL) were used for targeting
to the endoplasmic reticulum (ER). All constructs contained a
C-terminal double His-tag for Immobilized Metal Ion Affinity
Chromatography (IMAC) purification (Khan et al., 2006).

The amino acid sequences for the individual proteins
(Figures 1A,B and Supplementary Figure 1) were assembled
in silico and back-translated into a nucleotide sequence
and codon-optimized for N. tabacum using the Eurofins
gene optimizer software (Eurofins, Ebersberg, Germany).
BamHI/NruI, BsaI/BsaI, and NcoI/XbaI restriction sites were

3 http://nicota.de/de/index.html

4 https://sunchem.nl/

added to the 5′ and 3′ end of the final nucleotide sequence to
allow directional cloning into the p9U (DNA Cloning Service
e.K., Hamburg, Germany), the MagnICON vectors pICH29921
and pICH31160 (Gleba et al., 2005; Marillonnet et al., 2005;
Giritch et al., 2006) and the pTRAc vector (Maclean et al., 2007),
respectively. The final nucleotide sequences were synthesized by
Eurofins and delivered in pEX vectors from which they were
transferred into the target vectors via restriction/ligation. The
final vectors were verified by sequencing before introducing
them into the Agrobacterium tumefaciens strains C58C1 (p9U),
ICF320 (MagnICON) and GV3101:pMP90RK (pTRAc).

Stable transformation of Nicotiana
tabacum

Nicotiana tabacum cultivars VG and SL632 were used in this
study. The seeds were surface sterilized in a saturated calcium
hypochlorite solution with 0.1% (m v−1) Triton X-100 for 5min.
The seeds were rinsed with sterile distilled water several times
and then germinated on Linsmaier and Skoog (LS) medium
(Duchefa, Harleem, Netherands) supplemented with 30 g L−1

sucrose, 6.5 g L−1 plant agar and adjusted to pH 5.7. The
plants were maintained at 24/22◦C day/night temperature with
a 16 h photoperiod. Subsequently, 4-week-old tobacco leaves
were used for Agrobacterium-mediated transformation (Nausch
et al., 2016). Regenerated shoots were selected on LS medium
containing 0.1 g L−1 kanamycin and 0.5 g L−1 cefotaxim.
Transgene integration was confirmed by PCR using FGF21- and
Tf-specific primers (Supplementary Table 1).

Plant cultivation in the greenhouse

Transgenic individuals were transferred from tissue culture
4 weeks after the last subculture directly into 5-L pots containing
peat soil (Stender, Schermbeck, Germany). Plants were fertilized
twice a week using 0.2% (m v−1) Hakaphos Blue (Compo
Expert, Münster, Germany) or 0.1% (m v−1) Ferty 2 Mega
(Nitsch & Sohn, Kreuztal, Germany).

Transient transformation of Nicotiana
benthamiana

The N. benthamiana plants were grown in the greenhouse
until the age of 6−8 weeks in peat soil (Stender, Schermbeck,
Germany) and fertilized with 0.2% (m v−1) Hakaphos
Blue or 0.1% (m v−1) Ferty 2 Mega, in both cases with
additional illumination (140 μmol s−1 m−2) to ensure a 16 h
photoperiod. A. tumefaciens was cultivated either in lysogeny
broth (LB) (Nausch et al., 2012b) or peptone agrobacterium
medium (PAM) (Houdelet et al., 2017) containing antibiotics
(MagnICON – 50 mg L−1 rifampicin and 50 mg L−1
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FIGURE 1

Constructs and models used for the stable and transient expression of FGF21-transferrin fusion proteins. (A) p9U stable expression vector
containing FGF21-F-Tf in N. tabacum SL632 and VG. (B) MagnICON transient expression vectors pICH29921 and pICH31120 containing
FGF21-F-IntN and IntC-Tf and (C) pTRAc transient expression vectors containing FGF21-F-Tf, FGF21-Tf-PLUS, FGF21-nTf338-PLUS, and
nTf338-FGF21-PLUS in N. benthamiana. (D) The three-dimensional structures of different FGF21-Tf fusion proteins predicted by submitting the
amino acid sequence to the RaptorX software (http://raptorx.uchicago.edu/). SP, signal peptide; F, furin cleavage site, RRKRSV; GS linker, flexible
linker, (GGGGS)3; 2xHis, double-His6 tag; SEKDEL, ER-retention signal; IntN and IntC, DnaB intein fragments; PLUS, liver-targeting peptide
circumsporozoite protein (CSP), aa 82–100; nTf338, N-terminal domain of Tf, aa 1–338.
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kanamycin; pTRAc – 25 mg L−1 rifampicin, 25 mg L−1

kanamycin and 50 mg L−1 carbenicillin) for 24−48 h at
28◦C in an orbital shaker (150 rpm) before dilution 1:100
in the same medium. After another 24−48 h of incubation
at 28◦C, the bacteria were centrifuged (2,800 × g, 15 min,
22◦C) and resuspended in infiltration buffer [MagnICON –
10 mM 2-(N-morpholino)ethanesulfonic acid (MES), 10 mM
magnesium sulfate, pH 5.5; pTRAc – 0.5 g L−1 MS basal salts
and 0.2 mM acetosyringone, pH 5.6] to a final OD600nm of
0.1−0.5. For vacuum infiltration, N. benthamiana plants were
submerged upside down into the bacterial suspension, a vacuum
of 100 mbar applied for 2 min in a desiccator, and the plants
then returned to normal growth conditions. N. benthamiana
leaf material was harvested 10 days post-infection (dpi) for the
MagnICON vectors and 5 dpi for the pTRAc vectors.

Small-scale protein extraction

Each 100 mg seed or leaf material were homogenized
in extraction buffer (25 mM sodium phosphate, 500 mM
sodium chloride and 10 mM sodium bisulfite, pH 8.0) at
a biomass/buffer ratio of 1:10 and 1:3, respectively, using
a FastPrep-24 5G (MP Biomedicals, Irvine, CA, USA) and
0.5 g Zirconia/Silica beads for 3× at 8 Hz for 40 s
with 30 s breaks on ice in between. The homogenate was
clarified by 2 × centrifugation (13,520 × g, 20 min, 4◦C)
and the supernatant, containing the FGF21-transferrin fusion
protein, collected.

Large-scale protein extraction for
immobilized metal ion affinity
chromatography purification

The extraction and purification for IMAC was carried at
4◦C. Each 800 g leaf material was homogenized in extraction
buffer (25 mM sodium phosphate, 500 mM sodium chloride
and 10 mM sodium bisulfite, pH 8.0) at a ratio of 1:3
biomass using an HR3655/00 Standmixer (Philips, Amsterdam,
Netherlands) 3× for 30 s with 30 s breaks. In the standard
protocol, the homogenate was initially clarified by a BP420
bag filter (Fuhr, Klein-Winternheim, Germany), then passed
through a combination of K700 (6−15 μm nominal retention
rating) and KS50 (1 μm nominal retention rating) depth
filters (Pall Corporation, New York, NY, USA) or applied to
2 × ultracentrifugation (15,900 × g, 30 min, 4◦C) before final
sterile filtration using Sartopore 2 Capsule (pore size of 0.45 and
0.22 μM) (Sartorius, Göttingen, Germany). The clarified extract
(free of cell debris, which remained in the filter cake), containing
the FGF21-transferrin, was used for further purification.

His-tagged FGF21-transferrin was purified on an ÄTKA
pure system (GE Healthcare, Chicago, IL, USA) by applying
4 L filtrated extract to a XP26/20 column packed with 58 mL

IMAC Chelating Sepharose Fast Flow resin charged with Ni2+
ions. After washing with 5 column volume (CV) extraction
buffer, the FGF21-transferrin fusion protein was eluted with
3 CV elution buffer (25 mM sodium phosphate, 500 mM
sodium chloride and 150 mM imidazole, pH 7.6). A Vivaspin
15R centrifugal concentrator with a molecular weight cut
off (MWCO) of 30 kDa (Sartorius, Göttingen, Germany)
was used for buffer exchange into phosphate buffered saline
(PBS) (137 mM sodium chloride, 2.7 mM potassium chloride,
12.5 mM disodium hydrogen phosphate, 2.0 mM potassium
dihydrogen phosphate, pH 7.4).

Protein quantification, Western blot,
densitometric analysis, and ELISA

The total soluble protein (TSP) concentration in extracts
and supernatants, including the FGF21-transferrin fusion
protein and the host cell proteins (HCPs), was quantified via
Pierce Coomassie Protein Assay-Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

For Western blot analysis, 100 μg or 10 μg TSP per
sample were precipitated with trichloroacetic acid (TCA)
and resuspended in NuPAGE LDS sample buffer, optionally
supplemented with 0.5% (v v−1) β-mercaptoethanol and
100 mM dithiothreitol (DTT). Samples that were extracted
with the NuPAGE LDS sample buffer were directly applied
to Western blot analysis. The samples were denatured at
70◦C for 10 min, separated on Invitrogen Novex NuPAGE
4−12% (m v−1) Bis-Tris protein gels (Thermo Fisher Scientific,
Waltham, MA, USA) at 200 V at 22−24◦C for 35 min, and
transferred to Amersham Protran nitrocellulose membranes
(VWR, Radnor, PA, USA) at 50 V at 22−24◦C for 1 h
using a Trans Blot Cell (Bio-Rad Laboratories, Hercules,
CA, USA). The membrane was blocked with PBS containing
0.05% (m v−1) Tween-20 (PBST) and 5% (m v−1) skimmed
milk powder for 1 h at 22−24◦C. After washing 3×
with PBST for 5 min, the membrane was probed at 4◦C
overnight with a polyclonal rabbit anti-His antibody (Hölzel
Diagnostika Handels, Cologne, Germany) diluted 1:5,000
(0.1 mg L−1) or a polyclonal rabbit anti-FGF21 antibody
(Dianova, Hamburg, Germany) diluted 1:5,000 (0.2 mg L−1)
in Signal Boost ImmunoReaction Enhancer solution I (Merck,
Darmstadt, Germany). Following another wash in PBST, the
membrane was probed at 22−24◦C for 1 h with a horseradish
peroxidase (HRP)-conjugated goat anti-rabbit diluted 1:5,000
(0.06 mg L−1) in Signal Boost ImmunoReaction Enhancer
solution II. After another wash with PBST, the signal was
detected using the NBT/BCIP alkaline phosphatase system
(Thermo Fisher Scientific, Waltham, MA, USA). Densitometric
analysis of Western blot signals were conducted using
the AIDA Image Analyzer analysis software (Elysia-raytest,
Straubenhardt, Germany).
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TABLE 1 Plant traits of N. tabacum SL632 and VG under different cultivation strategies in the greenhouse.

N. tabacum
cultivar

Parameter Description Unit Uncut 1× top 1× cut

SL632 1 Treatment time dps na 62.0 ± 0.9
(a)

57.8 ± 1.0
(b)

2 Flowering of main stem dps 61.8 ± 0.8 na na

3 Side branches with
inflorescence

– 21.5 ± 4.7
(a)

28.4 ± 3.4
(b)

26.7 ± 3.4
(b)

4 Side branch inflorescence
flowering time after seeding

dps 61.8 ± 0.8
(a)

72.3 ± 3.2
(b)

82.0 ± 4.9
(c)

5 Plant height cm 219.5 ± 14.1
(a)

206.4 ± 11.5
(a)

206.6 ± 12.6
(a)

6 Seed harvest dps 135.6 ± 11.0
(a)

140.8 ± 12.2
(ab)

149.3 ± 6.2
(b)

7 Total SDM per plant g 42.7 ± 4.7
(a)

61.4 ± 6.6
(b)

67.9 ± 11.9
(b)

8 Seed productivity g d−1 ∼0.315 ∼0.436 ∼0.455

VG 1 Treatment time dps na 66.3 ± 1.6
(a)

62.0 ± 1.5
(b)

2 Flowering of main stem dps 65.0 ± 1.0 na na

3 Side branches with
inflorescence

– 18.9 ± 2.4
(ab)

15.4 ± 3.0
(a)

22.1 ± 5.6
(b)

4 Side branch inflorescence
flowering time after seeding

dps 65.0 ± 1.0
(a)

72.2 ± 6.7
(b)

86.3 ± 5.4
(c)

5 Plant height cm 197.8 ± 18.7
(a)

221.3 ± 17.5
(b)

217.6 ± 11.6
(b)

6 Seed harvest dps 107.4 ± 0.5
(a)

117.1 ± 4.1
(b)

127.8 ± 3.9
(c)

7 Total SDM per plant g 18.0 ± 4.9
(a)

24.4 ± 4.4
(a)

43.1 ± 8.7
(b)

8 Seed productivity g d−1 ∼0.168 ∼0.208 ∼0.337

Numbers represent mean ± SD. Significance was calculated by one-way ANOVA with Bonferroni correction with an alpha threshold of 0.05 and significance groups indicated by letters
(a, b, and c). The number of biologic replicates was n = 12 (parameter 1−6) and n = 4−5 (parameter 7). a, b, c – significance groups (p< 0.05). SDM, seed dry mass; dps, days post seeding;
na, not applicable.

The FGF21 ELISA was carried out using the SimpleStep
human FGF21 ELISA Kit (Abcam, Cambridge, UK) for both
in planta and in vivo quantifications.

Intact FGF21-transferrin fusion protein accumulation was
obtained through multiplying the ELISA-derived total product
concentration by the fraction of intact FGF21-transferrin
determined via anti-FGF21 Western blot analysis.

Animals and oral delivery experimental
setup

Oral delivery experiments were performed in adult
FGF21−/− mice generated previously (Ost et al., 2016) that
were group-housed and allowed ad libitum access to food and
water prior to experiment. Mice were maintained on a 12 h
light/dark cycle. Prior to oral gavage, mice were individually
housed and fasted for 16 h overnight. Since in previous studies
(Camporez et al., 2013; Emanuelli et al., 2014), 1 mg kg−1 d−1

was applied to mice to obtain an FGF21-mediated stimulation,

the FGF21-mice received a 0.5 mL bolus of partially purified
nTf338-FGF21-PLUS, i.e., freeze-dried FGF21-transferrin
that contained a substantial fraction of HCPs, dissolved in
water to a concentration of 50 μg L−1 FGF21 and 44 g L−1

HCP derived from IMAC purification of mock-infiltrated
N. benthamiana plants. The control mice were gavaged with
HCP only. After 4 h, mice were euthanized with an overdose
of Ketamine/Xylazine and Isoflurane and subsequent heart
puncture. Following blood collection, tissues were isolated and
snap frozen in liquid nitrogen. All experiments were approved
by the Ethics Committee of the Ministry for Environment,
Health and Consumer Protection of Brandenburg, Germany
(approval no. 2347-9-2020).

Plasma samples for the FGF21 ELISA were undiluted, and
30 mg ground tissue was homogenized in tissue extraction
buffer [10 mM Tris-HCl and 0.02% (m v−1) Triton X-100,
pH 7.4] at a ratio of 1:3 tissue mass using a TissueLyser LT
(Qiagen GmbH, Germany) for 3 min at 50 Hz, and subsequent
freeze-thaw (−20◦C overnight) and centrifugation (23,000 × g,
20 min, 4◦C).
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mRNA analysis was performed as previously described
(Weitkunat et al., 2016). Briefly, total RNA was extracted from
30 mg ground tissue using peqGOLD TriFast reagent (VWR,
Germany). Following DNase treatment, cDNA synthesis was
performed with 1 μg RNA to a final concentration of 5 mg L−1

according to suppliers’ protocol (LunaScript RT SuperMix, NEB,
Germany). Gene expression was calculated as ddCT, using B2m
as the normalizer gene (Supplementary Table 1), where the
control group was set to a value of 1.

Three-dimensional structure analysis

The three-dimensional structure analysis of the FGF21-
transferrin fusion proteins was conducted by submitting the
amino acid sequence to the RaptorX software5 (Källberg et al.,
2012).

Statistical methods

Statistical analysis was performed in Origin 2020b
(OriginLab, Northampton, MA, USA). The Shapiro–Wilk-
and F-test of OriginPro was used to ensure normal distribution
and equal variance of the dataset, followed by a univariate
ANOVA (including the post hoc Bonferroni test). p-Values of
0.05 (∗ and letters), 0.01 (∗∗) and 0.001 (∗∗∗) were considered to
indicate significant, strongly significant and highly significant
differences as indicated in the individual experiments. There
were no non-normal distributed data.

Results

Pruning increases tobacco seed yield
in the greenhouse

Biopharmaceutical safety is often ensured by the production
in contained environments, e.g., greenhouses in case of plants
(Holtz et al., 2015). The corresponding cultivation conditions
have been well established for the cultivar N. tabacum VG
(Nausch et al., 2016), which is why we selected this cultivar in
this study. The cultivar N. tabacum SL632 was also included in
this study (SunchemNL, Amsterdam, Netherlands) because this
cultivar is nicotine-free and has been bred to a high seed yield of
>9 tons SDM per hectare and year under open field conditions
(Sunchem NL, Amsterdam, Netherlands4). However, SL632 has
not yet been used for seed production in a greenhouse setting
and thus required cultivation strategy adaptation to increase
seed productivity.

Under standard cultivation conditions (uncut), both
tobacco cultivars grew up to a height of 1.98−2.20 m, and

5 http://raptorx.uchicago.edu/

when harvested after 136 and 107 days, SL632 yielded ∼43 g
SDM per plant compared to 18 g SDM per plant in case of
VG (Table 1). Noteworthy, the higher seed biomass of SL632
resulted from both an increased seed number and mass, e.g., a
thousand SDM of∼0.107 g (SL632) compared to∼0.082 g (VG)
(Supplementary Table 2). We reasoned that seed yields per
plant can be increased through additional side branches with
inflorescences. The latter are induced if the apical dominance
of the main shoot is suppressed, for example by removing the
tip of the main shoot either by cutting it at a height of ∼1 m
(1× cut) or by removing the top ∼0.2 m (1× top, Table 1).
Both approaches delayed the harvest time by 10−20% but
at the same time generated up to 30% more side branches,
which increased the seed yield by ∼50% in case of SL632
and ∼100% in case of VG (Table 1). We assume that the
1× cut effect on VG was more pronounced than for SL632
because VG formed less side branches in the uncut state than
SL632 (Table 1). Nevertheless, the absolute seed yield of SL632
was approximately twofold higher than that of VG, and the
production costs per seed biomass were lowest for cutting of
SL632 with 1.64 € g−1 (Table 2).

In contrast to seeds, the production of leaf biomass is well
established for tobacco (Conley et al., 2011; Nausch et al.,
2016) and N. benthamiana used for transient expression (Holtz
et al., 2015; Buyel et al., 2017; Huebbers and Buyel, 2021). In
this case, leaves can be harvested after ∼6 weeks compared
to the ∼21 weeks for seeds (without seed drying) required
for SL632 after cutting. Typical LFM yields were ∼340, ∼460,
and ∼155 g per plant for SL632, VG and N. benthamiana
with production costs of 0.19 € g−1 (SL632), 0.14 € g−1 (VG)
and 0.13 € g−1 (N. benthamiana) (Table 2). Moreover, due
to the 50% lower staff costs, leaf biomass production averaged
only 10% of the total costs of seed production (Table 2). In
this context semi-automated cultivation systems might be of
interest, which can reduce the cultivation costs by more than
90% (Huebbers and Buyel, 2021).

Accumulation of FGF21-F-Tf in
tobacco seeds was limited by in planta
degradation

For oral delivery of FGF21 via tobacco seeds, we used
mature human FGF21 without O-glycosylation site to obtain a
homogenous product as previously described (Kharitonenkov
et al., 2013) and fused the coding region of mature human
FGF21 to Tf, which mediates the transfer from the intestine
to the portal vein via the Tf-receptor (Figurea 1A–D and
Supplementary Figure 1; Choi et al., 2014). We included a
GS-linker to avoid steric hindrance between FGF21 and Tf,
and a furin cleavage site, yielding FGF21-F-Tf (Wilbers et al.,
2016). The furin cleavage site does not occur in plants but
should facilitate the release of FGF21 from Tf during uptake
in the enterocytes of the intestine. Since Tf requires disulfide
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bonds for authentic folding (Mason et al., 1996), the FGF21-
F-Tf fusion protein was targeted to the ER. Therefore, we
substituted the endogenous N-terminal SP of FGF21 with that
of calreticulin of N. plumbaginifolia, because the plant SP can
improve the accumulation level compared to the native one in
plants (Shaaltiel et al., 2007; De Marchis et al., 2011). We also
added the ER retention signal SEKDEL to the C-terminus of Tf
because the ER displays a lower proteolytic activity compared
to the apoplast (Benchabane et al., 2008), which might favor the
accumulation level. Finally, in order to compare accumulation
levels in seeds to leaves, and we employed the constitutive 35S
CaMV expression cassette (Figure 1A).

We first expressed the fusion protein transiently in
N. benthamiana using the MagnICON system (Figure 1B)
(Marillonnet et al., 2004, 2005; Giritch et al., 2006). FGF21
and Tf were co-expressed as separate proteins that were post-
translationally fused via an intein tag (Evans et al., 2000;
Sun et al., 2001; Kempe et al., 2009) as the insert size
of the viral replicon was limited to 2 kbp. FGF21 levels
measured with an ELISA indicated a yield of 2.1 mg kg−1

LFM (Table 3). However, while the anti-FGF21 Western blot
showed the expected FGF21-F-Tf full-length size (∼100 kDa),
the anti-His Western blot revealed the presence of free
Tf (∼80 kDa) (Supplementary Figure 2A). To identify
whether this observation was due to imperfect coupling of
Tf to FGF21 via the intein tag or a result of proteolytic
degradation, a pTRAc vector was used for expression, since
this vector facilitated the expression of FGF21-F-Tf as a
single in-frame fusion protein (Figure 1C). This approach
yielded 1.2 mg kg−1 LFM according to the anti-FGF21-ELISA
(Table 3) and degradation products were detected in addition
to the intact fusion protein both in anti-FGF21 (Figure 2A
and Supplementary Figure 2A) and anti-His (Figure 2B
and Supplementary Figure 2A) Western blots. Based on a
densitometric analysis, ∼33% of FGF21-F-Tf was degraded
in anti-FGF21 Western blot and ∼32% in anti-His Western
blot, reducing the accumulation level of intact FGF21-F-Tf
to 0.8 and 0.9 mg kg−1 LFM (Table 3, Figures 2A,B, and
Supplementary Figure 2A). Degraded product was found

even when extracting FGF21-F-Tf in denaturing LDS sample
buffer, suggesting that degradation occurred in planta and
not during the extraction process (Supplementary Figure 2B).
Nevertheless, we proceeded to the generation of transgenic
plants with the FGF21-F-Tf construct (Figure 1A) because
others studies indicated that seeds are a suitable platform to
produce recombinant proteins that are susceptible to proteolytic
degradation (Yao et al., 2015).

When cultivating SL632 in tissue culture before the
transformation, the first SL632 plants started to flower after
the second or third passage (with 3 weeks per passage), which
limited the vegetative propagation to six passages. On the other
hand, VG flowered only occasionally, was propagated for at least
19 passages and provided almost twice the number of positive
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FIGURE 2

Degree of degradation during extraction of optimized FGF21-transferrin fusion proteins in N. tabacum SL632 (SL1-1) and in N. benthamiana.
Relative fraction of the intact FGF21-Tf fusion proteins in plant extracts, detected by (A) anti-FGF21 and (B) anti-His Western blots and band
intensities quantified using the AIDA Image Analyzer analysis software. n = 3, biological replicates.

transformants (Supplementary Tables 3, 4). Noteworthy, in VG
the GFP control yielded twofold more positive transformants
compared to the FGF21-F-Tf, indicating a potential negative
impact on the cell viability (Supplementary Table 4). However,
the T0 seed viability was equal to the control (Supplementary
Table 5), which contradicts to that assumption.

While the highest FGF21-F-Tf accumulation in seeds of the
T0 transformant of SL632 was 2.2-fold higher compared to VG
(Figure 3A), the maximal FGF21-F-Tf yield was similar with
∼6.5 mg kg−1 SDM in seeds of the T1 descendants for both
cultivars (Figure 3B and Table 3). This complies with previous
studies in which the expression of C5a and IL6, produced in
seeds and leaves of transgenic tobacco, increased by about an
order of magnitude from T0 to T1 (Nausch et al., 2012a,b).
However, the increase in the FGF21-F-Tf was only observed
in each one T1 individual of SL632 and VG, while in the
other T1 plants the yield was similar or lower compared to the
T0 transformant.

Unexpectedly, FGF21-F-Tf degradation was even
higher in transgenic seeds, reaching ∼67% in the anti-His
Western blot (Figure 2 and Supplementary Figure 3), and
might be the reason for the low yield of intact FGF21-
F-Tf of ∼6.5 mg kg−1 SDM in both cultivars (Table 3).
Noteworthy, FGF21-F-Tf degradation in transgenic leaves
of the same plants was substantially lower with 41%
(Figure 2 and Supplementary Figure 3), and intact

FGF21-F-Tf accumulated at 5.6 (SL632) and 2.2 (VG) mg kg−1

LFM (Table 3).
However, when using a denaturing LDS sample buffer

instead of the extraction buffer (Supplementary Figure 3), the
ratio of intact to degraded FGF21-F-Tf was similar in leaves but
higher in seeds. This suggested that not all recombinant protein
was extracted from seeds and that a substantial fraction of intact
FGF21-F-Tf might be deposited in insoluble protein bodies or
protein storage vacuoles.

Nevertheless, only the soluble FGF21-F-Tf might be relevant
for the oral application. Accordingly, when combining the
accumulation levels of soluble FGF21-F-Tf with the biomass
productivity data (Tables 1, 2), yields of intact FGF21-F-Tf were
18-fold (SL632) and 16-fold (VG) higher in leaves compared
to seeds with a productivity of 45.86 (SL632) and 24.57 (VG)
mg m−2 a−1 in leaves compared to 2.55 (SL632) and 1.54 (VG)
mg m−2 a−1 in seeds (Table 3).

Fusion protein degradation was
reduced by furin cleavage site removal
and truncation of transferrin

We modified the fusion protein to minimize degradation
and to increase the FGF21 yield, and tested the new
fusion proteins via transient expression in N. benthamiana

Frontiers in Plant Science 10 frontiersin.org86



Hou et al. 10.3389/fpls.2022.998596

FIGURE 3

Intact FGF21-F-Tf fusion protein yield in seeds of T0 and T1 transformants in N. tabacum SL632 and VG. (A) Intact FGF21-F-Tf fusion protein
accumulation in seeds of T0 transformants. (B) Intact FGF21-F-Tf fusion protein accumulation in seeds of T1 descendants of selected T0
transformants 1, 27, and 49 of SL632 and 2, 50, and 51 of VG. Intact FGF21-F-Tf fusion protein accumulation was obtained through multiplying
the ELISA-derived total product concentration by the fraction of intact FGF21-F-Tf determined via anti-FGF21 Western blot analysis. n = 2,
biological replicates, i.e., different leave samples from the same plant. NIC, near-isogenic control plants.

(Figure 1C). We analyzed the structures of all fusion protein
variants in silico, by submitting the amino acid sequence
to the RaptorX software (see text footnote 5), to identify
potential steric hindrances prior to cloning, but did not observe
any problems (Figure 1D). First, we removed the furin site
from the fusion protein to rule out unintended degradation
in planta. Because this modification may increase serum half-
life of FGF21, triggering deleterious side effects (Talukdar et al.,
2016), we included the PLUS peptide that mediates exclusive
uptake by liver cells (Lu et al., 2014; Ma et al., 2014, 2017;
Taverner et al., 2020). The resulting FGF21-Tf-PLUS construct
(Figure 1) accumulated to 1.6 mg kg−1 LFM, which was twice
the concentration of FGF21-F-Tf (Table 3), and degradation was
reduced from 32 to 19% (Figure 2).

We also reasoned that the large size of the fusion protein
of >100 kDa may provide unnecessary protease cleavage sites

and could potentially limit accumulation, which has been
reported for other fusion proteins produced in transgenic
tobacco (Phan et al., 2014). Using only the first 338 n-terminal
amino acids (nTf338), which mediate Tf receptor binding
(Mason et al., 1996), did not increase the accumulation of
the resulting FGF21-nTf3338-PLUS fusion protein but reduced
degradation to 15% (Figure 2 and Table 3). Changing the
domain sequence (nTf338-FGF21-PLUS) lowered degradation
to 7%, while the accumulation of intact fusion protein increased
to 2.1 or 5.8 mg kg−1 LFMwhen only non-senescent leaves were
processed (Tables 3, 4).

However, the higher accumulation level might not only
result from an increased stability/reduced degradation of the
fusion proteins, but also from an increased expression for
which the mRNA level can be an indicator. The analysis of the
latter and testing different codon-optimized construct variants
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TABLE 4 Comparison of purification process performance for nTf338-FGF21-PLUS extracted from non-senescent, transiently transformed

N. benthamiana leaves, using filtration or centrifugation as the major clarification step.

Method Depth filtrationa Ultracentrifugationb

Process
stage

Overall
recovery (%)

Step
recovery (%)

Yield (μ
g kg−1

biomass)

Purity (%) Overall
recovery (%)

Step
recovery (%)

Yield (μ
g kg−1

biomass)

Purity (%)

Homogenate 100.00 – 2,930.1 ± 628.9 0.05 ± 0.02 100.00 – 5,779.0 ± 119.6 0.05 ± 0.00

Bag filtrate 76.3 ± 0.9 76.3 ± 0.9 2,234.5 ± 460.9 0.06 ± 0.03 55.5 ± 2.9 55.5 ± 2.9 3,206.7 ± 236.4 0.04 ± 0.00

Clarification
(centrifugation
or filtration)

4.2 ± 2.0 5.5 ± 2.6 121.3 ± 52.2 0.01 ± 0.00 52.5 ± 2.4 94.7 ± 0.7 3,035.3 ± 200.5 0.03 ± 0.00

Sterile filtrate 3.6 ± 1.7 85.5 ± 4.9 104.5 ± 46.1 0.01 ± 0.00 36.6 ± 0.4 69.9 ± 4.0 2,116.7 ± 19.5 0.02 ± 0.00

IMAC flow
through

2.8 ± 1.5 76.8 ± 11.0 82.4 ± 43.0 0.04 ± 0.02 35.2 ± 0.4 96.1 ± 0.1 2,033.2 ± 19.9 0.08 ± 0.01

IMAC wash 2.7 ± 1.5 95.8 ± 2.9 79.7 ± 42.6 0.06 ± 0.02 34.9 ± 0.4 99.1 ± 0.0 2,014.5 ± 20.1 0.08 ± 0.01

IMAC elution 2.3 ± 1.4 84.4 ± 11.2 58.7 ± 39.8 0.14 ± 0.04 31.7 ± 0.3 90.9 ± 0.0 1,324.8 ± 8.9 0.19 ± 0.00

Yield and purity were determined by FGF21-ELISA and Bradford assay. an = 3; bn = 2. IMAC, immobilized metal-ion affinity chromatography.

FIGURE 4

The mean bioavailability and bioactivity of the purified fusion
protein nTf338-FGF21-PLUS in an in vivo animal bolus feeding
trial. FGF21-/- knockout mice were starved for 16 h and gavaged
with a 0.5 mL bolus of partially purified nTf338-FGF21-PLUS
dissolved in water to a concentration of 50 μg L-1 FGF21 and
44 g L-1 HCP (FGF21 group) or HCP only (HCP group). After 4 h,
mice were sacrificed. (A) FGF21 concentration in the Vena cava,
liver and mucosa of via FGF21-ELISA. (B) mRNA expression levels
of the gene Srebf1, Fasn, Ppargc1a, Ppara, and Cpt1a,
determined in liver tissue via qPCR (primer are listed in
Supplementary Table 1). Numbers represent mean ± SD.
Significance was calculated by pair-sample t-test with *p < 0.05,
**p < 0.01, and ***p < 0.001. n = 4, biological replicates. ns, not
significant; nd, not detectable.

for the same fusion protein might be done in the future
to further improve the accumulation level of nTf338-FGF21-
PLUS.

In this context might replicating geminiviral vectors such
as the BeYDV (Diamos et al., 2020) be used as alternative
to the non-replicating pTRAc vector, used in the study, since
the geminiviral DNA replicon does not have an insert size
limitation as well and might increase the transgene copy
number, transcription rate and mRNA level.

Nevertheless, based on the sevenfold increase in the
accumulation of FGF21-F-Tf, when switching from transient
to transgenic expression in leaves (Table 3), we assume that
nTf338-FGF21-PLUS will exhibit a similar increase once stably
transformed into tobacco plants.

Depth filtration limited the recovery of
nTf338-FGF21-PLUS

The accumulation levels obtained in transiently and stably
transformed plants was not sufficient for animal feeding studies
for which the concentration needed to be>50 mg kg−1 biomass
in order to be able to apply 1 mg kg−1 d−1 of nTf338-FGF21-
PLUS per mice like in previous studies (Camporez et al., 2013;
Emanuelli et al., 2014). Hence, we purified transiently expressed
nTf338-FGF21-PLUS from N. benthamiana leaves, using a
previously reported protocol (Menzel et al., 2018; Opdensteinen
et al., 2021a,b). Whereas the step recovery average >75% for
most process steps, it was limited to∼5% for the depth filtration
(Table 4). Using flocculants in combination with wide-pore
filters or filters that are free of diatomaceous earth can help to
resolve this bottleneck in the future (Buyel and Fischer, 2014;
Buyel et al., 2015). However, even though knowing that this
operation can be difficult to scale up and may need replacement
in a large-scale process, in this proof-of-concept study, we
replaced depth filtration by ultracentrifugation, yielding a step
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recovery of ∼95%. This indicated that some nTf338-FGF21-
PLUS may be attached to particulate matter, which is retained
by the filters. Adding low concentrations of detergents, such
as Triton X-100, may help to increase the recovery in the
future. Nevertheless, the overall recovery of the centrifugation-
based process was ∼32% corresponding to ∼1.3 mg kg−1

LFM (Table 4).
Irrespective of the method, the purity remained below

0.2% FGF21 relative to the TSP after IMAC (Table 4
and Supplementary Figure 4). This was an unusual result
and the low initial nTf338-FGF21-PLUS concentration was
a likely reason for unspecific HCP binding to the resin,
reducing the product purity due to co-elution. In the future,
the purification might be simplified and/or improved by
incorporating alternative HCP precipitation strategies such as
heat or pH (Buyel et al., 2016; Opdensteinen et al., 2021a).

Because previous animal feeding trials have successfully
used freeze-dried, re-suspended leaf material, crude extracts or
partially purified recombinant protein, e.g., CTB-Ex-4 or Ex-4-
Tf, without any obvious negative impact of the impurities (Kwon
et al., 2013; Choi et al., 2014; Phan et al., 2020), we proceeded
with the partially purified nTf338-FGF21-PLUS

nTf338-FGF21-PLUS was bioactive and
enabled selective FGF21 uptake into
the liver without impacting bioactivity

The bioavailability and bioactivity of partially purified
nTf338-FGF21-PLUS was tested in vivo using FGF21−/−
knockout mice. When nTf338-FGF21-PLUS was dissolved in
water and orally gavaged (25 μg in 0.5 ml per mouse), FGF21
could be detected by ELISA in plasma obtained from the Vena
cava in three and in liver homogenates in two out of four treated
mice after 4 h (Figure 4A and Supplementary Figure 5A). In
none of the supplemented mice could FGF21 be detected in the
intestinal mucosa suggestive of an efficient transfer from the
intestine to the liver.

Gene expression analysis of the liver revealed that the
expression of the master regulator of fatty acid synthesis,
the sterol regulatory element binding transcription factor
1(Srebf1), was unaffected by FGF21, while its downstream
target, the fatty acid synthase (Fasn) (Horton et al., 2002),
seemed to be downregulated (Figure 4B and Supplementary
Figure 5B). Unexpectedly, the expression of the regulator of
fatty acid oxidation Ppara (peroxisome proliferator-activated
receptor alpha) seemed also to be downregulated, while
the expression of one of the targets of Ppara, Cpt1a
(carnitine palmitoyltransferase 1a), a key enzyme in β-oxidation,
(Ventura-Clapier et al., 2008) was unchanged (Figure 4B and
Supplementary Figure 5B). However, the expression of a
master regulator of mitochondrial biogenesis Ppargc1a, the gene
encoding peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1α) (Jornayvaz and Shulman, 2010),

even though not significant, seemed to be upregulated as
expected. These dara indicated that orally deliverd nTf338-
FGF21-PLUS can affect hepatic lipid metabolism.

Discussion

We showed that a plant-derived FGF21-transferrin fusion
protein can be used for oral delivery of FGF21 as a potential
therapeutic of NASH and provide an initial comparison of
different production options and associated costs in transgenic
seeds and leaves which both might be used for oral delivery.

We demonstrated for SL632 that the tobacco seed yield can
be improved by pruning to 380 g m−2 a−1 in a greenhouse
with manufacturing costs of 1.64 € g−1 SDM compared to
8,193 g m−2 a−1 and costs of 0.19 € g−1 LFM for leaves.

When comparing SL632 seeds and VG leaves as production
platforms, the biomass productivity per unit area and time was
up to 30-fold higher (Table 3) and the production costs up to
15-fold lower for leaves (Table 2). However, ∼98% of the costs
were labor costs and assuming that these can be reduced by 90%
when using semi-automated greenhouse facility (Huebbers and
Buyel, 2021), the overall seed and leave production costs might
be below 0.05 and 0.01 € g−1 (Nandi et al., 2005). Based on a
recent clinical study with rice seeds, 6 g can be sufficient for
oral vaccination (Yuki et al., 2021) and costs of <0.50 € per
dose would also be affordable for developing countries and thus
drastically lower compared to therapeutics, containing purified
recombinant protein from transiently transformed leaves of up
to 500 € per dosage (Tusé et al., 2014).

Independent from that, we produced an intact, bioactive
FGF21-F-Tf fusion protein, accumulating to 6.7 and 5.6mg kg−1

in transgenic tobacco seeds and leaves respectively, whereas
transient expression in N. benthamiana leaves generated up
to 2.1 mg kg−1. The yield of FGF21-F-Tf in seeds was 22-
fold higher compared to recombinant IL6 for which the
constitutive 35S CaMV expression cassette has been used as
well but substantially lower compared to other proteins that
were expressed with a seed-specific promotor/terminator in
tobacco seeds at accumulation levels of 190−6,500 mg kg−1

SDM (Supplementary Table 6; Fiedler and Conrad, 1995;
Kusnadi et al., 1998; De Jaeger et al., 2002; Cheung et al.,
2009; Zimmermann et al., 2009; Zhang et al., 2010; Nausch
et al., 2012b; Hensel et al., 2015; Hernandez-Velazquez et al.,
2015; Weichert et al., 2016; Ceballo et al., 2017; Queiroz et al.,
2019). Therefore, using a seed-specific expression cassette might
increase FGF21-Tf fusion protein yields in the future.

However, the accumulation of FGF21-F-Tf was limited
by proteolytic degradation (Figure 2 and Supplementary
Figures 2, 3) and the removal of the furin cleavage site reduced
the amount of degradation products. On the one hand, this
indicated that even though the mammalian protease furin
does not occur in plants (Wilbers et al., 2016), furin-like
plant proteases such as Kex2p may cleave furin sites (Kinal
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et al., 1995). This observation contradicts previous reports in
which recombinant proteins, containing a furin cleavage site,
did not exhibit degradation in plants (Verma et al., 2010;
Boyhan and Daniell, 2011; Kang et al., 2018; Kwon et al., 2018;
Mamedov et al., 2019; Margolin et al., 2020). On the other
hand, degradation may not be linked to the furin cleavage
site itself but to the GS-linker region surrounding the furin
site as observed for other fusion proteins (Benchabane et al.,
2008) and as reported for the GS-linker (Chen et al., 2012).
Such a non-exclusive cleavage is in agreement with our finding
that removing the furin cleavage site reduced but did not
completely prevent FGF21-transferrin degradation (Figure 2
and Supplementary Figure 2). In this respect, other linkers
could be tested in the future to increase FGF21-transferrin
fusion protein stability, e.g., a rigid EA-linker (Supplementary
Table 7; Amet et al., 2009; Kim et al., 2010; Fu et al., 2011;
Wang et al., 2011, 2014; Chen et al., 2012, 2018; Choi et al.,
2014; Liu et al., 2020). However, a linker may not be necessary
at all as we showed by using the liver-targeting PLUS peptide
(Lu et al., 2014; Ma et al., 2014, 2017; Taverner et al., 2020).
In a next step, the accumulation of this optimized construct
in combination with a seed-specific expression cassette should
be tested in transgenic seeds to obtain accumulation levels
sufficient for oral delivery.

Alternatively to tobacco, other crops such as rice, barley,
maize or pea and soybean can be used for the production
of FGF21-transferrin fusion proteins as well (Supplementary
Table 6), since these crops yield similar quantities of
recombinant protein. For example, Tf yielded 10.00 g kg−1 in
rice seeds (Supplementary Table 6). In addition, commercial,
semi-automated greenhouse facilities have been established for
rice (Ventria Bioscience, Junction City, KS, USA) (see text
footnote 1) and barley (ORF Genetics, Kópavogur, Island) (see
text footnote 2).

Importantly, more FGF21-F-Tf degradation was observed
in transgenic seeds (67%) than in transgenic leaves (41%)
(Figure 2), indicating that, opposed to the common notion
(Benchabane et al., 2008), protein expression in seeds may
not always be advantageous in terms of product stability and
accumulation. The reduced degradation of FGF21-F-Tf in leaves
might also explain why the yield in transgenic leaves was only
slightly lower compared to seeds with 5.6 mg kg−1 LFM and
6.7 mg kg−1 SDM for SL632 (Table 3), even though the 8- to
30-fold lower protein content in leaves, i.e., 1−2% protein per
LFM in leaves compared to 25−30% protein per SDM, would
suggest a drastically higher difference, assuming that the activity
of the CaMV expression cassette is similar in both tissues.
Therefore, transgenic leaves may be a more suitable platform
for the production of FGF21-transferrin fusion proteins than
seeds. Noteworthy, due to the higher accumulation, transgenic
leaves even outcompeted the transient transformation by up to
fivefold (Table 3).

Bioavailability and hepatic bioactivity of nTf3338-FGF21-
PLUS after oral delivery was evidenced by a first in vivo

trial using FGF21−/− mice (Figure 4). This is in agreement
with previous studies in which partially purified recombinant
protein has been used for oral delivery in mice without any
obvious negative impact of the plant-related impurities (Choi
et al., 2014). Our study also confirmed that Tf can be used
to mediate an uptake from the intestine to blood as shown
for Ex-4 (Choi et al., 2014), while the PLUS peptide enabled
exclusive delivery to the liver as demonstrated for endostatin
(Lu et al., 2014; Ma et al., 2014, 2017; Taverner et al., 2020).
The observed effects on liver gene expression are in line with the
known beneficial hepatic effects of FGF21 such as a reduction of
lipid accumulation and improvement of mitochondrial function
(Tillman and Rolph, 2020).
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Table S1. Primers used in this study. 
Primer Sequence 

FGF21_Nt-fw 5’-TGGACTACCACCAGCATTACCAGAAC-3’ 

FGF21_Nt-rv 5’-GTGACCTACCTTGGGATGGACCAAC-3’ 

Tf_Nt-fw 5’-CCCCAACTTTGCCAACTCTGTCC-3’ 

Tf_Nt-rv 5’-CATTGCGTCAGCCTCCCCATTC-3’ 

B2m-fw 5’-CCTTCAGCAAGGACTGGTCT-3’ 

B2m-rv 5’-TGTCTCGATCCCAGTAGACG-3’ 

Srebf1-fw 5’-GAGGATAGCCAGGTCAAAGC-3’ 

Srebf1-rv 5’-AGGATTGCAGGTCAGACACA-3’ 

Fasn-fw 5’-TTGATGATTCAGGGAGTGGA-3’ 

Fasn-rv 5’-TTACACCTTGCTCCTTGCTG-3’ 

Ppargc1a-fw 5’-AGCCGTGACCACTGACAACGAG-3’ 

Ppargc1a -rv 5’-GCTGCATGGTTCTGAGTGCTAAG-3’ 

Ppara-fw 5’-TGGCAAAGTCTTAGTGCCAGA-3’ 

Ppara-rv 5’-TCACTAGGTCACACAGCCTCT-3’ 

Cpt1a-fw 5’-CCAAACCCACCAGGCTACA-3’ 

Cpt1a-rv 5’-GCACTGCTTAGGGATGTCTCTATG-3’ 
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Table S2. Seed traits SL632 and VG. Numbers represent mean ± standard deviation. Significance was calculated 
by one-way ANOVA (Bonferroni) with * p < 0.05, ** p < 0.01 and *** p < 0.001. n=21-25, technical replicates. 

Parameter Unit 
N. tabacum cultivar 

SL632 VG Significance 

Seed length μm seed-1 799.2 ± 48.8 672.9 ± 43.6 *** 

Seed width μm seed-1 535.8 ± 49.4 501.4 ± 35.4 * 

Thousand SDM mg cultivar-1 106.6 ± 4.6 82.2 ± 3.8 *** 
SDM – seed dry mass. 

 

Table S3. Propagation of N. tabacum SL632 and VG. Numbers represent mean ± standard deviation. n=21, 
biological replicates. 

Propagation Unit 
N. tabacum cultivar 

SL632 VG 
Average length of passage in 
tissue culture day 21.0 ± 0.0 23.1 ± 2.7 

Maximum number of passages 
until 50% of the plants flowered number 6th >19th 

 

 

Table S4. Transgenic T0 events in N. tabacum SL632 and VG. Numbers represent mean ± standard deviation. 
n=2-3, biological replicates. 

Stable transformation Unit 
N. tabacum cultivar 

SL632 VG 
GFP FGF21-F-Tf GFP FGF21-F-Tf 

Shoot/Explant - 0.8 ± 0.1 1.1 ± 0.3 0.3 ± 0.1 0.6 ± 0.1 

Positive rooted shoots % 59% 62% 74% 37% 

Number of T0 events number 23 26 33 26 

 

 

Table S5. T1 segregation analysis of FGF21-F-Tf in N. tabacum SL632 and VG. Numbers represent mean ± 
standard deviation. n=3, biological replicates. 

N. tabacum 
cultivar T1 event Germinating seeds Km-resistant descendants 

SL632 NIC 87 ± 4% 0% 

 1 87 ± 6% 86 ± 8% 

 27 96 ± 4% 95 ± 5% 

 49 92 ± 4% 93 ± 7% 

VG NIC 85 ± 8% 0% 

 2 97 ± 2% 92 ± 4% 

 50 96 ± 2% 97 ± 3% 

 51 87 ± 6% 94 ± 4% 
NIC – near-isogenic control plants. Km – kanamycin.  
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Table S6. Yield of recombinant proteins in seeds of different crops. Numbers represent mean ± standard 
deviation. 

Plant Recombinant protein Promoter/Terminator 
Protein accumulation 

in seed 
[mg kg-1 SDM] 

Reference 

Tobacco 

FGF21-F-Tf p35s/t35s 6.7 ± 0.2 This study 

Interleukin 6 p35s/t35s 303 (Nausch et al., 
2012b) 

scFv antibody pLeb4/t35s 230 (Fiedler and Conrad, 
1995) 

Insulin-like growth factor 
binding protein-3 pPhas/tPhas 800 (Cheung et al., 

2009) 

Hemagglutinin pPhas/tArc 3,000 (Ceballo et al., 
2017) 

Anti-hepatitis B surface 
antigen antibody pPhas/tArc 6,500 

(Hernandez-
Velazquez et al., 
2015) 

FLAG multimeric protein pUSP/t35s 190 (Weichert et al., 
2016) 

Rice Transferrin pGt1/tNos 10,000 (Zhang et al., 2010) 

Barley Anti-HIV antibody pGlo1/tNos 1,200 (Hensel et al., 2015) 

Maize β‐glucuronidase pUbi/tPinII 1,300 (Kusnadi et al., 
1998) 

Pea Anti-Eimeria antibody pUSP/t35s 1,800 (Zimmermann et al., 
2009) 

Soybean Bone morphogenetic 
proteins 2 pCon/tCon 9,300 (Queiroz et al., 

2019) 

Arabidopsis murine single chain variable 
fragment G4 pPhas/tArc 10,000-15,000 (de Jaeger et al., 

2002) 
SDM – seed dry mass; p35 – CaMV promoter; pCon – -conglycinin -subunit promoter; pGlo1 – Avena sativa 
Globulin 1 promoter; pGt1 – Oryza sativa seed storage protein glutenin 1 promoter; pLeb4 Vicia faba Legumin 
B4 promotor of the 11S globulin; pPhas - Phaseolus vulgaris promoter of the 7S globulin; pUbi – Zea mays 
upquitin 1 promoter; pUSP – Vicia faba unknown seed protein promoter; t35s – CaMV terminator; tArc – 
Phaseolus vulgaris terminator of the arcelin 5-I seed storage protein; tCon – β-conglycinin α-subunit terminator; 
tNos – Agrobacterium tumefaciens nopalin synthase terminator; tPhas - Phaseolus vulgaris terminator of the 7S 
globulin; tPinII - Solanum tubersosum potato proteinase inhibitor II terminator. 
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Table S7. Linkers described for FGF21-transferrin fusion proteins. 

Linker Fusion 
protein 

Heterologous 
host Compartment Reference 

DDDDK* GFP-FGF21 Nicotiana 
benthamiana 

Cytosol (Fu et al., 2011) 

LE** ProINS-Tf HEK293 Extracellular 
space 

(Wang et al., 2011; 
Wang et al., 2014; Chen 
et al., 2018; Liu et al., 
2020) 

Oryza sativa 
seeds 

Apoplasm (Chen et al., 2018) 

(PEAPTD)2 GLP1-Tf Saccharomyces 
cerevisiae 

Extracellular 
space 

(Kim et al., 2010) 

Ex4-Tf Saccharomyces 
cerevisiae 

Extracellular 
space 

(Kim et al., 2010) 

(LEA(EAAAK)4ALEA 
(EAAAK)4ALE) 

G-CSF-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; Chen 
et al., 2012) 

FIX-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; Chen 
et al., 2012) 

(GGGGS)3 G-CSF-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; Chen 
et al., 2012) 

FIX-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; Chen 
et al., 2012) 

Ex4-Tf Nicotiana 
benthamiana 

ER (Choi et al., 2014) 

*enterokinase cleavage site. **XhoI – restriction site. 
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Supplementary Figures 

>p9U-FGF21-F-Tf 

MATQRRANPSSLHLITVFSLLVAVVSGHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQS
PESLLQLKALKPGVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKS
PHRDPAPRGPARFLPLPGLPPALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASRRKRSVGGGGSGGGGSG
GGGSVPDKTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRAIAANEADAVTLDAGLVYDAY
LAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNIPIGLLYCDLPEPRKPL
EKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFKCLKDGAGDVAFVKHSTIFENLANKADRD
QYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGKDKSKEFQLFSSPHGKDLLFK
DSAHGFLKVPPRMDAKMYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHHERLKCDEWSVNSVGKIECVSA
ETTEDCIAKIMNGEADAMSLDGGFVYIAGKCGLVPVLAENYNKSDNCEDTPEAGYFAIAVVKKSASDLTWDNLKG
KKSCHTAVGRTAGWNIPMGLLYNKINHCRFDEFFSEGCAPGSKKDSSLCKLCMGSGLNLCEPNNKEGYYGYTGAF
RCLVEKGDVAFVKHQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLARAPNHAVVTRKDKEAC
VHKILRQQQHLFGSNVTDCSGNFCLFRSETKDLLFRDDTVCLAKLHDRNTYEKYLGEEYVKAVGNLRKCSTSSLL
EACTFRRPLEHHHHHHSRAWRHPQFGGHHHHHHSEKDEL* 

 

>pICH29912-FGF21-F-IntN 
MATQRRANPSSLHLITVFSLLVAVVSGHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQS
PESLLQLKALKPGVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKS
PHRDPAPRGPARFLPLPGLPPALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASRRKRSVRESGCISGDSL
ISLASTGKRVSIKDLLDEKDFEIWAINEQTMKLESAKVSRVFCTGKKLVYILKTRLGRTIKATANHRFLTIDGWK
RLDELSLKEHIALPRKLESSSLQLGLEHHHHHHSRAWRHPQFGGHHHHHHSEKDEL* 

 

>pICH31120-IntC-Tf 
MATQRRANPSSLHLITVFSLLVAVVSGSPEIEKLSQSDIYWDSIVSITETGVEEVFDLTVPGPHNFVANDIIVHN
SIEQDGGGGSGGGGSGGGGSVPDKTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRAIAAN
EADAVTLDAGLVYDAYLAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNI
PIGLLYCDLPEPRKPLEKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFKCLKDGAGDVAFV
KHSTIFENLANKADRDQYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGKDKSK
EFQLFSSPHGKDLLFKDSAHGFLKVPPRMDAKMYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHHERLKC
DEWSVNSVGKIECVSAETTEDCIAKIMNGEADAMSLDGGFVYIAGKCGLVPVLAENYNKSDNCEDTPEAGYFAIA
VVKKSASDLTWDNLKGKKSCHTAVGRTAGWNIPMGLLYNKINHCRFDEFFSEGCAPGSKKDSSLCKLCMGSGLNL
CEPNNKEGYYGYTGAFRCLVEKGDVAFVKHQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLA
RAPNHAVVTRKDKEACVHKILRQQQHLFGSNVTDCSGNFCLFRSETKDLLFRDDTVCLAKLHDRNTYEKYLGEEY
VKAVGNLRKCSTSSLLEACTFRRPLEHHHHHHSRAWRHPQFGGHHHHHHSEKDEL* 

 

>pTRAc-FGF21-F-Tf 
MATQRRANPSSLHLITVFSLLVAVVSGHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQS
PESLLQLKALKPGVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKS
PHRDPAPRGPARFLPLPGLPPALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASRRKRSVGGGGSGGGGSG
GGGSVPDKTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRAIAANEADAVTLDAGLVYDAY
LAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNIPIGLLYCDLPEPRKPL
EKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFKCLKDGAGDVAFVKHSTIFENLANKADRD
QYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGKDKSKEFQLFSSPHGKDLLFK
DSAHGFLKVPPRMDAKMYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHHERLKCDEWSVNSVGKIECVSA
ETTEDCIAKIMNGEADAMSLDGGFVYIAGKCGLVPVLAENYNKSDNCEDTPEAGYFAIAVVKKSASDLTWDNLKG
KKSCHTAVGRTAGWNIPMGLLYNKINHCRFDEFFSEGCAPGSKKDSSLCKLCMGSGLNLCEPNNKEGYYGYTGAF
RCLVEKGDVAFVKHQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLARAPNHAVVTRKDKEAC
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VHKILRQQQHLFGSNVTDCSGNFCLFRSETKDLLFRDDTVCLAKLHDRNTYEKYLGEEYVKAVGNLRKCSTSSLL
EACTFRRPLEHHHHHHSRAWRHPQFGGHHHHHHSEKDEL* 

 

>pTRAc-FGF21-Tf-PLUS 
MATQRRANPSSLHLITVFSLLVAVVSGHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQSPESLLQLK
ALKPGVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKSPHRDPAPRGPARFLPL
PGLPPALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASGGGGSGGGGSGGGGSVPDKTVRWCAVSEHEATKCQSFRDHM
KSVIPSDGPSVACVKKASYLDCIRAIAANEADAVTLDAGLVYDAYLAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQM
NQLRGKKSCHTGLGRSAGWNIPIGLLYCDLPEPRKPLEKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAF
KCLKDGAGDVAFVKHSTIFENLANKADRDQYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGK
DKSKEFQLFSSPHGKDLLFKDSAHGFLKVPPRMDAKMYLGYEYVTAIRNLREGTCPEAPTDECKPVKWCALSHHERLKCDEWS
VNSVGKIECVSAETTEDCIAKIMNGEADAMSLDGGFVYIAGKCGLVPVLAENYNKSDNCEDTPEAGYFAIAVVKKSASDLTWD
NLKGKKSCHTAVGRTAGWNIPMGLLYNKINHCRFDEFFSEGCAPGSKKDSSLCKLCMGSGLNLCEPNNKEGYYGYTGAFRCLV
EKGDVAFVKHQTVPQNTGGKNPDPWAKNLNEKDYELLCLDGTRKPVEEYANCHLARAPNHAVVTRKDKEACVHKILRQQQHLF
GSNVTDCSGNFCLFRSETKDLLFRDDTVCLAKLHDRNTYEKYLGEEYVKAVGNLRKCSTSSLLEACTFRRPDNEKLRKPKHKK
LKQPADGLEHHHHHHSRAWRHPQFGGHHHHHHSEKDEL* 

 

>pTRAc-FGF21-nTf338-PLUS 
MATQRRANPSSLHLITVFSLLVAVVSGHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQSPESLLQLK
ALKPGVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKSPHRDPAPRGPARFLPL
PGLPPALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASGGGGSGGGGSGGGGSVPDKTVRWCAVSEHEATKCQSFRDHM
KSVIPSDGPSVACVKKASYLDCIRAIAANEADAVTLDAGLVYDAYLAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQM
NQLRGKKSCHTGLGRSAGWNIPIGLLYCDLPEPRKPLEKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAF
KCLKDGAGDVAFVKHSTIFENLANKADRDQYELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGK
DKSKEFQLFSSPHGKDLLFKDSAHGFLKVPPRMDAKMYDNEKLRKPKHKKLKQPADGLEHHHHHHSRAWRHPQFGGHHHHHHS
EKDEL* 

 

>pTRAc-nTf338-FGF21-PLUS 
MATQRRANPSSLHLITVFSLLVAVVSGVPDKTVRWCAVSEHEATKCQSFRDHMKSVIPSDGPSVACVKKASYLDCIRAIAANE
ADAVTLDAGLVYDAYLAPNNLKPVVAEFYGSKEDPQTFYYAVAVVKKDSGFQMNQLRGKKSCHTGLGRSAGWNIPIGLLYCDL
PEPRKPLEKAVANFFSGSCAPCADGTDFPQLCQLCPGCGCSTLNQYFGYSGAFKCLKDGAGDVAFVKHSTIFENLANKADRDQY
ELLCLDNTRKPVDEYKDCHLAQVPSHTVVARSMGGKEDLIWELLNQAQEHFGKDKSKEFQLFSSPHGKDLLFKDSAHGFLKVP
PRMDAKMYGGGGSGGGGSGGGGSHPIPDSSPLLQFGGQVRQRYLYTDDAQQTEAHLEIREDGTVGGAADQSPESLLQLKALKP
GVIQILGVKTSRFLCQRPDGALYGSLHFDPEACSFRELLLEDGYNVYQSEAHGLPLHLPGNKSPHRDPAPRGPARFLPLPGLP
PALPEPPGILAPQPPDVGSSDPLAMVGPSQGRSPSYASDNEKLRKPKHKKLKQPADGLEHHHHHHSRAWRHPQFGGHHHHHHS
EKDEL* 

 

Figure S1. Amino acids sequences of FGF21-transferrin fusion proteins used for the stable and transient 
expression. Light blue: ER-targeting signal peptide from Calreticulin of Nicotiana plumbaginifolia (Acc. 
Z71395); Orange: FGF21 mature protein with Ser167Ala mutation (underlined) to eliminate the O-glycosylation 
site; Green: Furin cleavage site to separate FGF21 from transferrin in the enterocytes to release FGF21 into the 
blood serum; Light red: GS-Linker to separate FGF21 and Tf; Black: Transferrin mature protein (n-terminal 
domain nTf338 double underlined); Dark purple: double His6-Tag; Dark blue: ER retention signal; Dark Red: 
Extensin from DnaB for transplicing; Light purple: PLUS liver targeting peptide of the CSP protein. 
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Figure S2. Western blot analysis of modified FGF21-transferrin fusion proteins produced in N. 
benthamiana using magnICON and pTRAc systems. MagnICON transient expression: co-expression of 
FGF21-F-IntN plus IntC-Tf. and pTRAc transient system: single expression of FGF21-F-Tf, FGF21-Tf-PLUS, 
FGF21-nTf338-PLUS and nTf338-FGF21-PLUS. Each 100 mg leaf materials were extracted in (A) extraction 
buffer (Extra) or (B) LDS buffer (LDS). Leaf crude extracts under extraction and LDS buffer containing 100 μg 
of total soluble protein and 20 μL of total volume were subjected to NuPAGE 4–12% Bis-Tris protein gels, 
respectively. The electroblotted proteins were probe with primary anti-FGF21/-His6 rabbit polyclonal antibody 
(1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate (AP)-conjugated antibody (1:5,000). Green 
arrows: intact fusion protein, red arrows: degraded fusion protein.  
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Figure S3. Western blot analysis of FGF21-transferrin fusion proteins in N. tabacum SL632. Transgenic 
seed (A) and transgenic leaf (B). Each 100 mg plant material was extracted in extraction buffer (Extra) or LDS 
buffer (LDS). Seed and leaf crude extracts under extraction and LDS buffer containing 100 μg of total soluble 
protein and 20 μL of total volume were subjected to NuPAGE 4–12% Bis-Tris protein gels, respectively. The 
electroblotted proteins were probe with primary anti-FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then 
secondary goat anti-Rabbit IgG alkaline phosphate (AP)-conjugated antibody (1:5,000). Green arrows: intact 
fusion protein, red arrows: degraded fusion protein.  
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Figure S4. Coomassie-stained NuPAGE LDS gel and Western blot analysis of purification process fractions 
for nTF338-FGF21-PLUS extracted from non-senescent, transiently transformed N. benthamiana leaves, 
using depth filtration for clarification. Each 800 g leaf material was homogenized in extraction buffer and 
purified by Immobilized Metal Ion Affinity Chromatography (IMAC). Leaf samples containing 100 μg of total 
soluble protein (TSP) were subjected to NuPAGE 4–12% Bis-Tris protein gels. (A) Coomassie stained gel, (B) 
FGF21-Western blot and (C) His-Western blot. The electroblotted proteins were probed with primary anti-
FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate 
(AP)-conjugated antibody (1:5,000). Green arrows: intact fusion protein, red arrows: degraded fusion protein. 
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Figure S5. The bioavailability and bioactivity of the purified fusion protein nTf338-FGF21-PLUS of 
individual mice in an in vivo animal bolus feeding trial after 4 h. FGF21-/- knockout mice were starved for 16 
h and gavaged with a 0.5 mL bolus of partially purified nTf338-FGF21-PLUS dissolved in water to a 
concentration of 50 μg L-1 FGF21 and 44 g L-1 HCP (FGF21 group) or HCP only (HCP group). After 4 h, mice 
were killed. (A) FGF21 concentration in the Vena cava, liver and mucosa of via FGF21-ELISA. (B) mRNA 
expression levels of the gene Srebf1, Fasn, Ppargc1a, Ppara and Cpt1a were determined in liver tissue via qPCR 
(primer are listed in Table S7). Mice 1-4: feeded with HCP (IMAC-purified plant host cell proteins from N. 
benthamiana leaves), mice 5-8: gavaged with FGF21 (IMAC-purified nTf338-FGF21-PLUS from N. 
benthamiana leaves). 
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III.1. Optimization tobacco seed yield in contained greenhouses 

The production of PD (biopharmaceutical) needs to be carried out in a controlled 

environment, such as a plant greenhouse (Holtz et al., 2015). Tobacco has not yet been used 

for greenhouse seed production and appropriate cultivation strategies need to be developed to 

maximize seed yield. 

III.1.1. Seed-rich cultivar SL632 was selected for seed production in the 

greenhouse 

For seed production, I chose the N. tabacum cultivar SL632 (Sunchem N.L., Netherlands) due 

to its nicotine-free nature and specifically bred high seed yield in field conditions (Chapter 

I.4.3.). Additionally, I included the N. tabacum cultivar VG, predominantly used in 

greenhouses for leaf production (Conley et al., 2011; Nausch et al., 2016). VG, however, is 

cultivated for high leaf yield rather than high seed yield, serving as a comparative reference 

(NiCoTa GmbH, Germany). 

Regarding seed traits, SL632 displayed dimensions of 799.2 μm in length, 535.8 μm in width, 

and a thousand seed dry mass (SDM) of 106.6 mg, surpassing VG, which measured 672.9 μm 

in length, 501.4 μm in width, and had an SDM of 82.2 mg (Table 9). 

 

Table 9. Seed traits SL632 and VG. Numbers represent mean ± standard deviation. Significance was calculated 
by one-way ANOVA (Bonferroni) with * p < 0.05, ** p < 0.01 and *** p < 0.001. n=21-25, technical replicates. 

Parameter Unit 
N. tabacum cultivar 

SL632 VG Significance 

Seed length μm seed-1 799.2 ± 48.8 672.9 ± 43.6 *** 

Seed width μm seed-1 535.8 ± 49.4 501.4 ± 35.4 * 

Thousand SDM mg cultivar-1 106.6 ± 4.6 82.2 ± 3.8 *** 

SDM – seed dry mass. 

 

Since the focus in the past was on producing tobacco leaves, tobacco seeds were collected for 

the next germination by covering only one inflorescence with a bag and removing the others. 

However, the aim of study was to maximize the harvest of tobacco inflorescences, and 

standard bags might not have been the most suitable choice for this purpose. Hence, I 

compared 2 types of tobacco bags, the Vlies bag (size: 40 x 60 mm, Baumann 

Saatzuchtbedarf GmbH, Germany) (Figure 8A) and the Crispac-Beutel bag (Super-Micro-
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Lochung 0.5mm, size: 330 x 500 mm, Baumann Saatzuchtbedarf GmbH, Germany) (Figure 

8B). The Vlies bag, heavier and opaque, increased inflorescence mass, caused breakage, and 

demanded frequent openings during cultivation for seed development checks. Due to these 

drawbacks, I opted for the Crispac-Beutel bag in subsequent fertilization and cultivation trials 

when the inflorescence bloomed. 

In summary: 1) SL632 exhibits advantageous large and heavy seed properties, rendering it an 

ideal protein expression platform for producing FGF21. 2) The Crispac-Beutel bag's 

effectiveness in reducing humidity and fouling inside the bag, consequently preventing mold 

in the seed capsules. 

 

 

Figure 8. Different types of bags used in the greenhouse for tobacco cultivation. Photos illustrating (A) Vlies 
bag and (B) Crispac-Beutel bag. 
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III.1.2. Greenhouse cultivation strategies for tobacco focus on leaf 

production 

Since greenhouse tobacco was grown only for leaf production and not seed production, 

greenhouse tobacco cultivation strategies were tailored for maximum leaf yield rather than 

seed yield. The aim of the study was to achieve high tobacco seed yields in the greenhouse. I 

analyzed the seed yield and time per unit area of untransformed SL632 and VG under 

standard cultivation (uncut), and studied different cultivation strategies (1× top, 1× cut, 6× 

cut) to maximize seed production. 

In order to determine a suitable greenhouse setting for tobacco cultivation, I analyzed two 

typical greenhouse setting systems for tobacco leaf production at the University of Rostock 

(UR) in Rostock and Fraunhofer IME (IME) in Aachen (Table 10). Additionally, I 

documented the UR and IME greenhouse maps (Figure 9) and their timelines detailing their 

cultivation processes, including seeding, shoot transfer, topping/cutting, flowering, and 

harvest times (Figure 10). 

The typical greenhouse cultivation practices for tobacco focus on leaf production rather than 

seed production. Specifically, tobacco is common cultivated in the greenhouse under standard 

cultivation (uncut) to yield leaves. Seeds are initially sown in smaller pots, and after 

germination, each shoot is transplanted into larger pots. These pots are then placed onto tables 

with a watering system, and the plants are provided with additional illumination. The 

cultivation process involves no cutting, with leaf harvesting from the main stem and/or one 

inflorescence (uncut), etc. 

With respect to the fertilizers, the NPK ratio represents the volume percent of nitrogen 

(chemical symbol N), phosphorus (P) and potassium (K) in the product, and it affects leaf and 

seed yield. In general, tobacco leaf production requires high N content, and fertilizers like 

Hakaphos Blue (NPK 15+10+15) or Ferty 2 Mega (NPK ratio, 16+06+26) for high biomass-

forming crops and Wuxal Super (NPK 8+8+6) for low biomass-forming crops are used. On 

the other hand, tobacco seed production requires high K content, such as Hakaphos Red (NPK 

8+12+24).
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Table 10. Greenhouse tobacco parameter settings. 

Trial 1st Fertilization 1st Cultivation 2nd Cultivation 3nd Cultivation 4th Cultivation 

Cultivation location UR, Rostock UR, Rostock IME, Aachen IME, Aachen IME, Aachen 

Geographic position 
(Latitude/Longitude) 

54°05′19″N/ 
12°08′25″E 

54°05′19″N/ 
12°08′25″E 

50°46′35″N/ 
6°05′00″E 

50°46′35″N/ 
6°05′00″E 

50°46′35″N/ 
6°05′00″E 

Harvest product Leaf Seed Seed Seed Seed 

Cultivation strategy uncut 1× top 1× cut, 
uncut 

1× cut, 
6× cut 

1× cut, 
1× top 
uncut 

Seed age 7 months 7 months 3 months 3 months 3 months 

Plant pot for seeding 2.2-L pot 2.2-L pot 1.7-L pot Tissue culture MS 
plate and 8.7-L 
plant growing tray 

1.7-L pot 

Plant pot for cultivation 5.0-L pot  5.0-L pot  5.0-L pot  5.0-L pot  5.0-L pot  

Plant distance 15-60 cm 15-60 cm 60 cm 60 cm 60 cm 

Table size (L/W/H) 450/162/44 cm 450/162/44 cm 600/152/94 cm 600/152/94 cm 600/152/94 cm 

Lamp and table distance 160 cm 160 cm 260 cm 260 cm 260 cm 

Lamp light source Metal halide lamp, 
Philips MASTER 
HPI-T E40 400W - 
645 coldwhite 

Metal halide lamp, 
Philips MASTER 
HPI-T E40 400W - 
645 coldwhite 

Sodium vapour 
lamp, MASTER 
SON-T PIA Plus 
400W 

Sodium vapour 
lamp, MASTER 
SON-T PIA Plus 
400W 

Sodium vapour 
lamp, MASTER 
SON-T PIA Plus 
400W 

Soil composition A 400, 
NPK mineral trace 
elements, pH ~5.5-
6.0, Salinity ~0.9 g 
L-1 

A 400, 
NPK mineral trace 
elements, pH ~5.5-
6.0, Salinity ~0.9 g 
L-1 

A 400, 
NPK mineral trace 
elements, pH ~5.5-
6.0, Salinity ~0.9 g 
L-1 

A 400, 
NPK mineral trace 
elements, pH ~5.5-
6.0, Salinity ~0.9 g 
L-1 

A 400, 
NPK mineral trace 
elements, pH ~5.5-
6.0, Salinity ~0.9 g 
L-1 

Fertilizer composition  
and concentration 

Wuxal Super, 
NPK 8+8+6,  
0.5 % (m v-1) 
 
Hakaphos Red, 
NPK 8+12+24,  
0.2 % (m v-1) 

Hakaphos Blue, 
NPK 15+10+15,  
0.2 % (m v-1) 

Ferty 2 Mega, 
NPK 16+06+26, 
0.1 % (m v-1) 

Ferty 2 Mega, 
NPK 16+06+26, 
0.1 % (m v-1) 

Ferty 2 Mega 
NPK 16+06+26, 
0.1 % (m v-1) 

Fertilization system Hand irrigation Hand irrigation Flood irrigation 

Drip irrigation 

Drip irrigation Drip irrigation 

Fertilization position Table Table Table 

Ground 

Table Table 

Fertilization frequency Once a week, 
manually  

Twice a week, 
manually 

Daily, 
automatically 

Daily, 
automatically 

Daily, 
automatically 

UR – University of Rostock; IME – Fraunhofer IME. 1× top and 1× cut – removing the tip of the main shoot 
either by removing the top ~0.2 m or cutting it at a height of ~1 m; 6× cut – after 1× cut, subsequent removing 
new growth side branches; NPK – nitrogen, phosphorus and potassium. 
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Figure 9. Map desgin for four cultivation trials in the greenhouse. The 1st cultivation trial was conducted at 
the University of Rostock in Rostock, and the subsequent 2nd-4th cultivation trials were conducted at Fraunhofer 
IME in Aachen. (A) The 1st cultivation trial (1× top, on the table, n=10), (B) the 2nd cultivation trial (uncut and 
1× cut, on the table and on the ground, n=10), (C) the 3rd cultivation trial (1× cut and 6× cut, on the table, n=4), 
and (D) the 4th cultivation trial (uncut, 1× cut and 1× top, on the table, n=4). The wide downward diagonal 
pattern depicted in the figures symbolizes the direction of sunlight entering the greenhouse. Tt – 1× top on the 
table; Ct – 1× cut on the table; Cg – 1× cut on the ground; Ug – uncut on the ground; 6Ct – 6× cut on the table; 
Ut – uncut on the table.  
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Figure 10. Timetable for four cultivation trials in the greenhouse. The timeline includes: 1) Seeding: 
Designated as S(pot1) for seeding in specific pot sizes, like 2.2-L or 1.7-L pots, or S(TCP) for seeding in tissue 
culture MS plates. 2) Shoot Transfer: Indicated as P(pot2) for transferring shoots to larger pot sizes, such as 5-L 
pots, or P(tray) for transferring them to 8.7-L plant growing trays. 3) Topping/Cutting: Denoted as T for topping 
and C for cutting. 4) Flowering: Represented by F, marking the stage when plant starts to produce flowers. 5) 
Harvest: Marked as H, indicating the time when plant is harvested. (H). (A, B, and D) In the 1st, 2nd, and 4th 
cultivation trials, each shoot initially grown in a 2.2-L or 1.7-L pot was transferred individually to a 5-L pot after 
3 weeks. (C) In the 3rd cultivation trial, all shoots from tissue culture MS plates were first transferred collectively 
to 8.7-L plant growth trays. After a week of shoot growth, each individual shoot was then transferred to a 5-L 
pot. Following the transfer to the 5-L pot, each shoot was fertilized after 2 weeks. 
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III.1.3. For tobacco seed production, a nitrogen-rich fertilizer is optimal 

Since fertilizer composition affected tobacco leaf and seed yield, I studied which fertilizer 

(NPK ratio) (Chapter III.1.2.) was suitable for tobacco seed production (Table 6, 1st 

Fertilization in UR). First, according to Nausch et al (2016), I chose Hakaphos Blue fertilizer 

with an NPK ratio of 15+10+15. Under SL632 and VG standard cultivation conditions 

(uncut), it took ~9 wps and 12 wps until mature seed could be harvested from the 

inflorescence of the main stem (data not shown). Most notably, after the uncut tobacco plants 

on the table at 12 wps had grown to a height of 2 m (both SL632 and VG), the upper part of 

the inflorescence was burnt by the light (data not shown), so I did not determine the seed 

yield. Nevertheless, seed capsules from unburned inflorescences showed that when Hakaphos 

Blue was used, SL632 produced 0 % shrunken seed capsules, 29 % undeveloped seed 

capsules, and 71 % fully developed seed capsules, while VG produced 0 % shrunken seed 

capsules, 5 % undeveloped seed capsules, and 95 % fully developed seed capsules (Figure 

11). 

 

Figure 11. Seed capsule type in N. tabacum SL632 and VG under different fertilizer conditions. Under the 
fertilizers with NPK ratios of 8+8+6 (Wuxal Super), 8+12+14 (Hakaphos Red), and 15+10+15 (Hakaphos Blue), 
plants were harvested at  ~10 wps for SL632 with Wuxal Super, ~12 wps for VG with Wuxal Super, ~10 wps for 
SL632 with Hakaphos Red, ~15 wps for VG with Hakaphos Red, and at 12 wps for both SL632 and VG with 
Hakaphos Blue. n=1-3 biological replicates. Fully developed – full developed seed capsule; Undeveloped – 
undeveloped seed capsule; Shrink – shrink seed capsule (without seeds); wps – weeks post seeding. 
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As an alternative to Hakaphos Blue, I then used a common tobacco fertilizer with an NPK 

ratio of 8+8+6 (Wuxal Super). With Wuxal Super, the main stem harvest time for mature 

seeds was ~10 wps for SL632 and ~12 wps for VG (data not shown). Notably, using this 

fertilizer resulted in a reduction in plant height by ~0.4 m for SL632 and VG (data not 

shown), possibly due to the lower overall NPK content. When the leaves and seeds were 

harvested together at 12 wps, I observed that the leaves were senescent (data not shown), so I 

harvested seeds instead of leaves. In terms of seed capsule types, SL632 under Wuxal showed 

19 % shrunken seed capsules, 20 % undeveloped seed capsules, and 61 % fully developed 

seed capsules, while SL632 under Hakaphos Blue showed 0 % shrunken seed capsules, 29 % 

undeveloped seed capsules, and 71 % fully developed seed capsule (Figure 11). VG under 

Wuxal showed 23 % shrunken seed capsules, 34 % undeveloped seed capsules, and 44 % 

fully developed seed capsules, while VG under Hakaphos Blue showed 0 % shrunken seed 

capsules, 5 % undeveloped seed capsules, and 95 % fully developed seed capsules (Figure 

11). 

As another alternative fertilizer, I also used a fertilizer with increased K content, i.e., an NPK 

ratio of 8+12+14 (Hakaphos Red). In this case, the main stem harvest time for mature seeds 

was ~10 wps for SL632 and ~ 15 wps for VG (data not shown). Similar to Wuxal Super, 

seeds were harvested at 12 wps when leaves became senescent. SL632 under Hakaphos Red 

had 21 % shrunken seed capsules, 38 % undeveloped seed capsules, and 41 % fully developed 

seed capsules, while SL632 under Hakaphos Blue had 0 % shrunken seed capsules, 29 % 

undeveloped seed capsules and 71 % fully developed seed capsules (Figure 11). On the other 

hand, VG under Hakaphos Red had 19 % shrunken seed capsules, 22 % undeveloped seed 

capsules, and 59 % fully developed seed capsules, while VG under Hakaphos Blue had 0 % 

shrunken seed capsules, 5 % undeveloped seed capsules, and 95 % fully developed seed 

capsule (Figure 11). 

In summary, 1) when tobacco SL632 and VG were grown under standard cultivation (uncut) 

in the greenhouse using high N fertilizers and harvested until the seeds mature, it was not 

possible to harvest leaves and seeds at the same time. 2) Wuxal and Hakaphos Red as 

fertilizers yielded shrunken seeds, which was not the case for Hakaphos Blue with high N and 

high K. Consequently, Hakaphos Blue should be preferred for seed production. 3) Without 

cutting, tobacco plants grew so high that the inflorescences were burnt by the lights in the 

greenhouse, reducing the overall seed yield, and alternative cutting strategies were required. 

Hence, different cultivation strategies such as topping and cutting might offer the opportunity 

to harvest both leaves and seeds in parallel and increase the seed yield. 
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Notably, when grown with Hakaphos Blue, SL632 had more shrunken seeds than VG, 

possibly because SL632 continuously produced new flowers, whereas VG did not exhibit the 

same continuous flowering. 

III.1.4. Seed production can be increased in principle via topping and 

cutting 

To improve seed yield in the greenhouse and prevent the burning of the inflorescences 

(Chapter III 1.3.), I conducted four cultivation strategies: 1× top (1st cultivation), 1× cut (2nd 

cultivation), 6× cut (3rd cultivation), and a side-by-side comparison (4th cultivation, uncut, 1× 

cut, and 1× top) (Figure 12). The purpose was to break apical dominance and induce multiple 

side branches to obtain multiple inflorescences per plant instead of just one inflorescence per 

plant. 

 

 

Figure 12. The definition of cultivation strategy in the greenhouse. Illustrations of the uncut, 1× top, 1× cut, 
and 6× cut cultivation treatments. 

 

III.1.4.1. Seed yield of 1× top SL632 was ~4-fold higher compared to 1× top VG but 

inflorescences grew into the lights and leaves could not be harvested in parallel 

Since Hakaphos Blue fertilizer with an NPK ratio of 15+10+15 had proven suitable for seed 

production in SL632 and VG cultivation (Chapter III 1.3.), I used this fertilizer in the 1st 

cultivation trial in the UR greenhouse (Figure 9A, Figure 10A). The aim of this 1st cultivation 

trial was to understand 2 questions: 1) Whether green leaves and seeds could be harvested in 

parallel to produce recombinant protein in leaves and seeds via topping (unlike the uncut 

plants, Chapter III.1.3.). 2) Whether SL632 produced more seeds than the conventional 

cultivar VG. 

To enhance both LFM and SDM productivities, the 1st cultivation strategy (1× top) was to 

break apical dominance of the main stem during the vegetative stage and induce multiple side 
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branches not only to obtain more leaves but also to yield more inflorescences per plant that 

could be harvested in parallel instead of the conventional strategy of one inflorescence per 

plant. At the time point when the first inflorescence appeared, I had cut off the first ~0.2 m of 

the inflorescence at the top (1× top, Figure 13A) to have a main stem as high as possible, so 

that as many side branches as possible could be formed. 

In terms of plant traits, 1× top VG with height of ~2 m per plant was 0.7 m taller than 1× top 

SL632 with a height of 1.3 m per plant, and VG was still burnt by the lights. Independent of 

that, 1× top SL632 was 3.7 wps faster than 1× top VG in terms of topping treatment and side 

branches starting flowering, but both had similar numbers of side branches with inflorescence 

per plant. The harvest time was when SL632 finished seed production, I harvested both 

SL632 and VG cultivars together at 22 wps, however, at that time, VG had not finished seed 

production (Table 11). 

Regarding LFM productivity, 1× top VG yielded as high as 872.6 g LFM per plant and was 

1.6-fold higher than 1× top SL632 with 541.3 g LFM per plant. However, the leaves were 

yellow, not green, at the 22 wps harvest (data not shown). In contrast, concerning SDM 

productivity, 1× top SL632 yielded as high as 10.0 g SDM per plant and was ~4-fold higher 

than 1× top VG with 2.3 g SDM per plant, indicating that 1× top SL632 seemed to have 

produced more seeds than 1× top VG (Table 11). 

In summary, there were three problems in 1st cultivation trial (1× top): 1) It was not possible 

to harvest green leaves and seeds together since when seeds matured, the leaves became 

senescent, indicating protein degradation. Hence, focus should be solely on seed production. 

2) Both 1× top SL632 and VG were still so tall on the table that the upper part of the 

inflorescence was burned by the lamp lights, resulting in reduced seed production. 3) 1× top 

delayed seed production. Most importantly, 1× top did not seem to increase the seed yield 

since it broke the apical dominance in the late vegetative stage, hindering the formation of 

multiple side-branches. Considering an alternative to topping, cutting might be suitable for 

increasing seed production. 
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III.1.4.2. Cutting can be used to limit the plant height 

Considering the three problems related to height, growth stage, and the fact that both seeds 

and leaves could not be harvest in parallel in the 1st cultivation trial (1× top) in the UR 

greenhouse (Chapter III 1.4.1.), I designed the 2nd cultivation trial (1× cut, Figure 9B, Figure 

10B), the 3rd cultivation trial (6× cut, Figure 9C, Figure 10C), and a side-by-side comparison 

of the different strategies (4th cultivation trial, uncut, 1× cut, and 1× top, Figure 9D, Figure 

10D, Figure 12) in the IME greenhouse. 

Notably, in the 2nd-4th cultivation trials in the IME greenhouse, in terms of fertilizers, I used 

Ferty 2 Mega (NPK ratio, 16+06+26), similar to Hakaphos Blue (NPK ratio, 15+10+15), for 

SL632 and VG cultivation. The harvest time was defined as when flowers had 75 % mature 

capsules, and the entire tobacco plant was then harvested. 

III.1.4.2.1. 1× cut increased the seed yield of SL632 and VG by 1.5-fold 

The 2nd cultivation strategy (1× cut) in the IME greenhouse aimed to cut tobacco plants when 

they reached a height of 1 m (1× cut, Figure 13B). This strategy might also prevent the 

problem of tobacco plants reaching a height of 2 m. While topping broke the apical 

dominance at the late vegetative stage, focusing only on seed production might be worthwhile 

to break the apical dominance directly at the beginning of the vegetative growth phase, 

allowing more time for side branch production. Cutting at a 1 m height could achieve this. 

Moreover, since the leaves on the side branches were newly formed, they might not have been 

senescing at the time of harvest. 

In SL632 and VG cultivation, to solve the problem that the plants on the table grew too high 

on the table, reaching the lamps and resulting in burned flowers and reduced SDM 

productivity, I developed a solution by designing plants both on the ground (uncut and 1× cut) 

and on the table (1× cut) (Figure 9B, Figure 10B). To grow the plants on the ground, I used 

drip irrigation as a fertilization system instead of flood irrigation for table plants. By 

employing these three settings, the SDM per plant of the table plants (uncut) could be 

calculated, providing further insight into how high SDM per plant could be achieved in 

SL632 (Table 11). 

For the plants on the ground (uncut and 1× cut), in terms of plant height, uncut SL632 and 1× 

cut SL632 had similar heights, while uncut VG with a height of ~2.3 m per plant was 1.1-fold 

lower than the 1× cut VG with a height of ~2.4 m per plant. Moreover, in the case of SL632, 
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the 1× cut plants were a week earlier than the uncut plants in the timing of the cutting 

treatment, while the 1× cut plants were 2 weeks later than the uncut plants in side branches 

starting flowering and seed harvest, similar to VG. Nevertheless, both cultivars had similar 

numbers of side branches with inflorescence per plant. Regarding SDM productivity, 1× cut 

SL632 and 1× cut VG yielded up to 65.3 g and 46.1 g SDM per plant, while uncut SL632 and 

uncut VG produced 42.7 g and 31.7 g SDM per plant. Both cultivars showed a 1.5-fold 

increase in SDM per plant after the cutting process (Table 11). 

For the plants on the table and ground (1× cut), regarding plant height, both SL632 and VG 

plants on the table (1× cut) and on ground (1× cut) were ~2.2 m and ~2.4 m, respectively, but 

the 9-week treatment time was the same. In terms of side branch inflorescence flowering time 

after seeding, plants on the table (1× cut) were ~1 week earlier than plants on ground (1× cut). 

Additionally, plant on the table (1×cut) had relatively 60 % and 77 % more side branches with 

inflorescences compared to plants on the ground (1× cut), corresponding to 34.9 (SL632, 1× 

cut, table) and 20.9 (SL632, 1× cut, ground), as well as 29.9 (VG, 1× cut, table) and 23.0 

(VG, 1× cut, ground). However, their harvest times were similar, ~20 wps (SL632) and ~19 

wps (VG). In terms of SDM productivity, 1× cut SL632 on the table and 1× cut VG on the 

table yielded up to 46.1 g and 49.9 g SDM per plant (Table 11). 

Using these three SDM per plant data from these conditions (e.g., uncut plants on the ground, 

1× cut on the ground, and 1× cut on the table), uncut SL632 and VG on the table were 30.2 g 

SDM per plant and 34.3 g SDM per plant. 

In summary, the 2nd cultivation trial (1× cut) showed that 1× cut increased the seed yield of 

both SL632 and VG compared with uncut condition. Based on this, cutting not just once but 

multiple times might solve the problem of the height and further increase seed yield. 
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Figure 13. 1× top and 1× cut strategies in the greenhouse. (A) Illustration and photos of the 1× top treatment. 
The 1× top strategy was to cut off the first ~0.2 m inflorescence at the top (as shown in the right photo, 1× top 
inflorescence image). (B) Illustration and photos of the 1× cut treatment. The 1× cut strategy was to cut when the 
tobacco plants reached a height of 1 m (as shown in the right photo, 1× cut inflorescence image). 
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Table 11. Plant traits in N. tabacum SL632 and VG under 3 cultivation strategies in the greenhouse. 
Numbers represent mean ± standard deviation. Significance was calculated by one-way ANOVA (Bonferroni) 
with letter < 0.05 and significance groups indicated in letters (a, b, c). The number of biologic replicates was 
n=8-9 (1st-2nd trials) and n=3 (3rd trial). 

N. tabacum 
cultivar Parameter Description Unit 

1st 2nd 2nd 2nd 3rd 3rd 
table +  
1x top 

ground + 
uncut 

ground +  
1x cut 

table +  
1x cut 

table +  
1x cut 

table +  
6x cut 

n=10 n=9 n=8 n=9 n=3 n=3 

SL632 1 Treatment time dps 64.2 ± 1.3 na 59.5 ± 1.7  
(a) 

58.1 ± 1.1  
(a) 

92.0 ± 0.0  
(a) 

92.0 ± 0.0  
(a) 

 2 1st cutting side 
branch dps na na na na na 106.0 ± 0.0 

  5th cutting side 
branch dps na na na na na 123.0 ± 0.0 

 3 Flowering of 
main stem dps na 66.4 ± 1.7 na na na na 

 4 
Side branches 

with 
inflorescence 

- 5.4 ± 2.1 17.9 ± 2.3  
(b) 

20.9 ± 3.5  
(b) 

34.9 ± 4.5  
(a) 

53.3 ± 3.5  
(a) 

39.0 ± 4.6  
(b) 

 5 

Side branch 
inflorescence 

flowering time 
after seeding 

dps 85.6 ± 3.0 66.4 ± 1.7 
(c) 

82.1 ± 1.1  
(b) 

72.3 ± 5.9  
(a) 

109.0 ± 0.0 
(a) 

130.0 ± 0.0 
(b) 

 6 Plant height cm 132.7 ± 10.3 232.0 ± 9.4 
(a) 

243.8 ± 14.4 
(a) 

226.1 ± 20.8 
(a) 

264.0 ± 5.3 
(a) 

247.7 ± 17.8 
(a) 

 7 Seed harvest dps 154.0 ± 0.0 124.3 ± 0.7 
(c) 

138.0 ± 0.0 
(b) 

141.0 ± 1.6 
(a) 

189.0 ± 0.0 
(a) 

189.0 ± 0.0 
(a) 

 8 Total SDM per 
plant g 10.0 ± 4.0 42.7 ± 10.1 

(a) 
65.3 ± 12.2 

(b) 
46.1 ± 10.7 

(a) 
51.8 ± 6.1  

(a) 
39.0 ± 17.5 

(a) 
          

N. tabacum 
cultivar Parameter Description Unit 

1st 2nd 2nd 2nd 3rd 3rd 
table +  
1x top 

ground + 
uncut 

ground +  
1x cut 

table +  
1x cut 

table +  
1x cut 

table +  
6x cut 

n=10 n=10 n=8 n=9 n=3 n=3 

VG 1 Treatment time dps 89.9 ± 2.0 na 63.4 ± 1.2  
(b) 

61.1 ± 1.8  
(a) 

86.0 ± 0.0  
(a) 

86.0 ± 0.0  
(a) 

 2 1st cutting side 
branch dps na na na na na 97.0 ± 0.0 

  5th cutting side 
branch dps na na na na na 128.0 ± 0.0 

 3 Flowering of 
main stem dps na 72.2 ± 0.6 na na na na 

 4 
Side branches 

with 
inflorescence 

- 4.9 ± 1.0 18.5 ± 2.5  
(c) 

23.0 ± 3.0  
(b) 

29.9 ± 5.3  
(a) 

44.3 ± 2.5  
(a) 

17.7 ± 3.2  
(b) 

 5 

Side branch 
inflorescence 

flowering time 
after seeding 

dps 112.7 ± 5.5 72.2 ± 0.6 
(a) 

88.5 ± 2.4  
(b) 

75.4 ± 7.4  
(a) 

110.0 ± 0.0 
(a) 

131.0 ± 0.0 
(b) 

 6 Plant height cm 200.3 ± 26.8 228.2 ± 13.2 
(ab) 

243.1 ± 4.5 
(b) 

213.0 ± 20.9 
(a) 

265.3 ± 8.5 
(a) 

268.3 ± 62.5 
(a) 

 7 Seed harvest dps 154.0 ± 0.0 118.6 ± 0.5 
(c) 

131.0 ± 0.0 
(b) 

133.0 ± 0.0 
(a) 

169.0 ± 0.0 
(a) 

169.0 ± 0.0 
(a) 

 8 Total SDM per 
plant g 2.3 ± 1.2 31.7 ± 4.9  

(b) 
46.1 ± 14.5 

(a) 
49.9 ± 11.6 

(a) 
48.0 ± 2.1  

(a) 
6.8 ± 2.5  

(b) 
a, b, c – significance groups (p < 0.05); SDM – seed dry mass; dps – days post seeding; na – not applicable.
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III.1.4.2.2. 6× cut had no benefit on the seed yield compared to 1× cut 

The 3rd cultivation strategy (6× cut) in the IME greenhouse was to make multiple cuts on the 

plants on the table to test whether 1) plant height could be reduced and 2) the seed production 

could be increased (6× cut, Figure 9C, Figure 10C). Multiple cutting was to cut continuously 

all side branches that grew to the light to direct resources to the lower side branches. The 

definition of 6× cut consisted of 1× cutting of the main stem (1× cut) followed by 5× cutting 

of the secondary main stems (5× cut). The 1× cut aimed to remove the tip of the main shoot 

by cutting it at a height of ~1 m to break apical dominance during the vegetative stage, 

whereas the 6× cut was to prevent the formation of secondary main stems (Figure 12). 

In this trial, SL632 or VG plants were treated at the same time, such as treatment time and 

harvest time, so the 3rd cultivation trial was used as a pre-test. Even with 1× cut and 6× cut 

treatments, the height of SL632 and VG was still more than 2.2 m. Overall, SL632 grew 

slower, resulting in the seed harvest being delayed by 2.9 weeks compared to VG. Notably, 

under the 6× cut treatment, SL632 and VG showed a significant reduction, with 73 % and 40 

% fewer side branches with inflorescences, compared to the 1× cut. In terms of SDM 

productivity for SL632, 6× cut yielded up to 39.0 g SDM per plant, which was 1.3-fold lower 

than 1× cut with 51.8 g SDM per plant. The impact was even more pronounced for VG, as the 

6× cut drastically reduced the SDM from 48.0 g SDM per plant (1× cut) to 6.8 g SDM per 

plant (6× cut) (Table 11). 

In summary, there were two problems in the 3rd cultivation trial (6× cut): 1) Despite the 6× cut 

treatment, both SL632 and VG plants on the table remained tall (more than 2 m). 2) The 6× 

cut significantly decreased SDM productivity in comparison to the 1× cut, indicating a 

substantial reduction in seed yield potential. Consequently, the 6× cut did not increase seed 

yield, because 6× cut might inhibit the formation of side branch with inflorescence, resulting 

in lower seed yield, whereas 1× cut should be used to increase seed yield. 

III.1.4.3. Side-by-side comparison of different strategies showed that 1× cut yielded the 

highest seed biomass with SL632 producing more 1.6-fold more seeds than VG 

Since multiple greenhouse parameters such as different locations (UR/Rostock and 

IME/Aachen) and cultivation conditions (including soil type, fertilizer type, fertilizer 

frequency, and fertilizer system) affected the comparability of the different trials, I conducted 

a side-by-side experiment (4th cultivation trial, all plants on the table) in the IME greenhouse. 
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This trial aimed to directly compare different cultivation strategies, such as uncut, 1× cut and 

1× top (Figure 9D, Figure 10D, Figure 12). 

Under uncut cultivation conditions, both SL632 and VG cultivars grew up to a height of ~2 m 

and had similar times of flowering of main stem and numbers of side branches with 

inflorescence. However, they showed different seed harvest times and seed yields at 19 wps 

with 42.7 g SDM per plant (SL632, uncut) and 15 wps with 18.0 g SDM per plant (VG, 

uncut) (Table 12). 

In the case of SL632, 1× cut and 1× top plants failed to reduce plant height below 2 m. 

Compared to uncut, side branches starting flowering delayed by 2-3 weeks but induced 1.2-

fold and 1.3-fold more side branches. They also delayed the harvest time from 19 wps to 21 

wps (SL632, 1× cut) and 20 wps (SL632, 1× top), yielded 1.6-fold and 1.5-fold more seeds 

with 67.9 g and 61.4 g SDM per plant (Table 12). 

Similar to SL632, VG plants under 1× cut and 1× top conditions were more than 2 m tall, but 

both strategies delayed the side branches starting flowering time and increased the number of 

side branches. They also delayed harvest time from 15 wps to 18 wps (VG, 1× cut) and 17 

wps (VG, 1× top). VG also increased relative seed yield by 2.4-fold and 1.4-fold, yielding up 

to 43.1 g and 24.4 g SDM per plant, but still lower absolute yield than SL632 (Table 12). The 

more pronounced effect in VG in case of 1× cut might be explained by the fact that uncut 

SL632 formed 2.4-fold more side branches than uncut VG. This indicated that the apical 

dominance seemed to be reduced in SL632 and thus cutting and topping were less effective. 

Additionally, combining data from SDM per plant and seed harvest time, SL632 had higher 

seed productivity than VG regardless of cultivation strategy. For example, SL632 was ~0.315 

g per day (uncut), ~0.436 g per day (1× top) and ~0.455 g per day (1× cut), while VG was 

~0.168 g per day (uncut), ~0.208 per day (1× top) and ~0.337 g per day (1× cut). In terms of 

the seed yield per unit area and time of untransformed tobacco under different greenhouse 

cultivation conditions, the SDM productivity for SL632 was 0.24 kg m-2 a-1 (uncut), 0.34 kg 

m-2 a-1 (1× top), and 0.38 kg m-2 a-1 (1× cut). Whereas VG was 0.10 kg m-2 a-1 (uncut), 0.14 kg 

m-2 a-1 (1× top), and 0.24 kg m-2 a-1 (1× cut) (Table 12). 

In summary, in side-by-side experiment, 1× top seemed to be less effective than 1× cut in 

SDM productivity, and 1× cut had the highest seed yield in SL632 and VG. For example, 1× 

cut SL632 had a seed yield of 67.9 g SDM per plant, which was 1.6-fold higher than 1× cut 

VG with 43.1 g SDM per plant. This demonstrated that SL632 is suitable to produce PD in 

seeds in a greenhouse setting. 
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Table 12. Plant traits of N. tabacum SL632 and VG under different cultivation strategies in the 
greenhouse. The area of each plant in the greenhouse is 0.36 m2. Numbers represent mean ± standard deviation. 
Significance was calculated by one-way ANOVA with Bonferroni correction with an alpha threshold of 0.05 and 
significance groups indicated by letters (a, b, c). The number of biologic replicates was n=12 (parameter 1-6) and 
n=4-5 (parameter 7). 

N. tabacum 
cultivar Parameter Description Unit uncut 1x top 1x cut 

SL632 1 Treatment 
time dps na 62.0 ± 0.9 

(a) 
57.8 ± 1.0 

(b) 

 2 Flowering of 
main stem dps 61.8 ± 0.8 na na 

 3 

Side 
branches 

with 
inflorescence 

- 21.5 ± 4.7 
(a) 

28.4 ± 3.4 
(b) 

26.7 ± 3.4 
(b) 

 4 

Side branch 
inflorescence 

flowering 
time after 
seeding 

dps 61.8 ± 0.8 
(a) 

72.3 ± 3.2 
(b) 

82.0 ± 4.9  
(c) 

 5 Plant height cm 219.5 ± 14.1 
(a) 

206.4 ± 11.5 
(a) 

206.6 ± 12.6 
(a) 

 6 Seed harvest dps 135.6 ± 11.0 
(a) 

140.8 ± 12.2 
(ab) 

149.3 ± 6.2 
(b) 

 7 Total SDM 
per plant g 42.7 ± 4.7 

(a) 
61.4 ± 6.6 

(b) 
67.9 ± 11.9 

(b) 

 8 Seed 
productivity g d-1 ~0.315 ~0.436 ~0.455 

 9 
Seed yield 

per unit area 
and time 

kg m-2 a-1 0.24 0.34 0.38 

VG 1 Treatment 
time dps na 66.3 ± 1.6 

(a) 
62.0 ± 1.5 

(b) 

 2 Flowering of 
main stem dps 65.0 ± 1.0 na na 

 3 

Side 
branches 

with 
inflorescence 

- 18.9 ± 2.4 
(ab) 

15.4 ± 3.0 
(a) 

22.1 ± 5.6 
(b) 

 4 

Side branch 
inflorescence 

flowering 
time after 
seeding 

dps 65.0 ± 1.0 
(a) 

72.2 ± 6.7 
(b) 

86.3 ± 5.4 
(c) 

 5 Plant height cm 197.8 ± 18.7 
(a) 

221.3 ± 17.5 
(b) 

217.6 ± 11.6 
(b) 

 6 Seed harvest dps 107.4 ± 0.5 
(a) 

117.1 ± 4.1 
(b) 

127.8 ± 3.9 
(c) 

 7 Total SDM 
per plant g 18.0 ± 4.9 

(a) 
24.4 ± 4.4 

(a) 
43.1 ± 8.7 

(b) 

 8 Seed 
productivity g d-1 ~0.168 ~0.208 ~0.337 

 9 
Seed yield 

per unit area 
and time 

kg m-2 a-1 0.10 0.14 0.24 

a, b, c – significance groups (p < 0.05); SDM – seed dry mass; dps – days post seeding; na – not applicable. 
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III.1.5. The cost for seed production were 11- to 36-fold higher compared to 

the leaf production, but this might be compensated by the fact that no 

processing of seeds is required for oral delivery 

Generally, tobacco is used for greenhouse tobacco leaf production, and tobacco leaf biomass 

has been established (Conley et al., 2011; Nausch et al., 2016). To calculate production costs 

for PD production in stably transformed N. tabacum plants under different strategies in the 

greenhouse, I considered both seed and leaf productivity. As reference I further included data 

for transiently transformed N. benthamiana. In terms of production costs per SDM, SL632 

and VG and N. benthamiana were economically compared under different cultivation 

strategies (uncut, 1× top, and 1× cut, Table 13), while in terms of production costs per LFM 

only the uncut cultivation was considered. The production costs included costs for capital 

investment (CAPEX) and operating expenses (OPEX). However, in this study, I excluded the 

CAPEX costs because I considered the greenhouse as a given. 

OPEX could be separated into costs for consumables and labor costs. First, consumable costs 

included water, soil (0.10 € L-1, Stender GmbH, Germany), fertilizer (2.10 € kg-1, H. Nitsch & 

Sohn GmbH, Germany), water (2.12 € m-3, STAWAG Energie GmbH, Germany), and energy 

costs (0.23 € kWh-1, STATISTA GmbH, Germany), totaling ~100 € per batch. The costs per 

plant were calculated per batch based on a batch size of 72 plants for SL632 and VG and 400 

plants for N. benthamiana. Accordingly, consumable costs per plant were 1.40 € per SL632 or 

VG plant and 0.30 € per N. benthamiana plant. The SDM production time included the time 

from sowing to harvest and seed drying, totaling 28-30 wps for SL632 and 24-27 wps for VG. 

However, the LFM production time for SL632, VG and N. benthamiana was 6 wps (Table 

13). 

Next, in labor costs, I referred to the costs of technical assistants in Germany, which was 87 € 

h-1 (costs in 2022). The weekly labor working hour included time for sowing, separation from 

the plant tray to the pot, fixing plants with ropes and bamboo sticks, performing cutting 

treatments, inspecting plants, and harvesting. The weekly labor working hours for SDM and 

LFM for SL632 and VG were 1.0-1.3 h (transgenic seed, uncut, 1× top, and 1× cut) and 0.7 h 

(transgenic leaf, uncut), respectively, while LFM of N. benthamiana was 0.2 h (uncut), 

corresponding to labor costs per plant were 90-110 €, 63 € and 21 €, respectively (Table 13). 

By combining total costs per plants and SDM/LFM yield per plants, I calculated costs per 

SDM and costs per LFM (Table 13). 
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In terms of SDM production, 1× cut had the highest seed yield in SL632 and VG, with SL632 

having ~2-fold higher seed yield (69.7 g per plant, 1.3 h) than VG (43.1 g per plant, 1.3 h). 

Accordingly, 1× cut SL632 had the lowest production cost per SDM at 1.64 € g-1 compared to 

2.58 € g-1 for VG (Table 13). 

For SL632, the ~1.6-fold higher SDM per plant compensated for the 1.3-fold higher staff 

effort associated with 1× cut (67.9 g per plant, 1.3 h) compared to uncut (42.7 g per plant, 1.0 

h), and the SDM production costs were reduced from 2.14 € g-1 (uncut) to 1.64 € g-1 (1× cut), 

respectively. For VG, the ~2.4-fold higher SDM per plant compensated the 1.3-fold higher 

staff effort that was associated with the 1× cut (43.1 g per plant, 1.3 h) compared to uncut 

(18.0 g per plant, 1.0 h) and the SDM production costs were reduced from 5.07 € g-1 (uncut) 

to 2.58 € g-1 (1× cut), respectively (Table 13). 

In addition, the SDM yield per unit area and time of 1× cut plants was ~1.6-2.4 times higher 

than that of uncut plants, ranging from 0.38 kg m-2 a-1 (1× cut SL632) to 0.24 kg m-2 a-1 (uncut 

SL632) and 0.24 kg m-2 a-1 (1× cut VG) to 0.10 kg m-2 a-1 (uncut VG) (Table 13). In contrast 

to SDM, the LFM yields of uncut plants at 6 wps were 340.3 g (SL632), 464.2 g (VG) and 

155.0 per plant (N. benthamiana), respectively, with LFM production costs of 0.19 € g-1 

(SL632), 0.14 € g-1 (VG) and 0.13 € g-1 (N. benthamiana). Additionally, the LFM yield per 

unit area and time of uncut plants were 8.19 kg m-2 a-1 (SL632), 11.17 kg m-2 a-1 (VG) and 

11.94 kg m-2 a-1 (N. benthamiana) (Table 13). 

In summary, 1) the LFM production costs were almost the same for uncut VG (0.13 € g-1) and 

uncut N. benthamiana (0.14 € g-1) compared to uncut SL632 (0.19 € g-1). 2) Compared with 

the LFM production costs, the SDM production costs of VG (1× cut) and SL632 (1× cut) 

were 11.3-fold and 36.2-fold higher, corresponding to 2.58 € g-1 and 1.64 € g-1. However, 

these higher production costs might be compensated by the fact that seeds do not need to be 

processed for application, which makes up to 80 % of the overall production costs. 
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Table 13. Operating expenses (OPEX) for tobacco seed and leaf biomass production per plant in the 
greenhouse via different cultivation strategies. Costs per plant were calculated per batch based on a batch size 
of 72 plants for N. tabacum cv. SL632 (SL632) and VG (VG) and 400 plants for N. benthamiana. Labor costs 
were those of a technical assistant in Germany (2021; 87 € h-1; full overhead calculation). Consumables covered 
water, soil, fertilizer and energy expenses. 

Tobacco 
cultivar 

Biomass 
type 

Cultivation 
strategy 

Seed and 
leaf 

production* 

Working 
hours  

Labor 
costs 

Consumable 
costs 

Total 
costs per 

plant 

SDM/
LFM 
Yield 
per 

plant 

Costs per 
SDM/LFM 

Biomass per 
unit area and 

time 
 

   [week] [h] [€] [€] [€] [g] [€ g-1
] [kg m-2 a-1] 

SL632 Transgenic 
seed 

Uncut 28 1.0 89.9 1.4 91.3 42.7 2.14 0.24 

 Transgenic 
seed 

1× Top 29 1.2 107.7 1.4 109.1 61.4 1.78 0.34 

 Transgenic 
seed 

1× Cut 30 1.3 109.9 1.4 111.3 67.9 1.64 0.38 

 Transgenic 
leaf 

Uncut 6 0.7 62.6 1.4 64.0 340.3 0.19 8.19 

VG Transgenic 
seed 

Uncut 24 1.0 89.9 1.4 91.3 18.0 5.07 0.10 

 Transgenic 
seed 

1× Top 25 1.2 107.7 1.4 109.1 24.4 4.47 0.14 

 Transgenic 
seed 

1× Cut 27 1.3 109.9 1.4 111.3 43.1 2.58 0.24 

 Transgenic 
leaf 

Uncut 6 0.7 62.6 1.4 64.0 464.2 0.14 11.17 

N. 
benthamiana 

Transient  
leaf 

Uncut 6 0.2 20.6 0.3 20.8 155.0 0.13 11.94 

LFM – leaf fresh mass; SDM – seed dry mass; SL632 – N. tabacum cv. SL632; VG – N. tabacum cv. VG. *Seed 
production includes plant growth until seed harvest (Table 8) and seed drying 8 weeks. 
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III.2. Stable FGF21-Transferrin expression in seeds of N. tabacum 

SL632 

For establishing oral delivery of FGF21, I aimed to specifically target FGF21 to the liver. To 

achieve this goal, FGF21 needs to be protected from the acidic conditions in the stomach and 

transported through the enterocytes from the intestine to the portal vein. Therefore, I 

established a seed-based oral delivery system for FGF21. 

III.2.1. An FGF21-F-Tf fusion protein with a molecular mass of 100 kDa 

was designed with no steric hindrance between the fusion partners 

FGF21 is a protein with several PTMs such disulfide bridges an O-glycosylation (Chapter 

I.2.1.). Since O-glycosylation was not necessary for its biological activity and O-

glycosylation is completely different between plants and mammals, a point mutation 

Ser167Ala was introduced (Chapter I.2.4.). To facilitate FGF21 uptake into the bloodstream, 

it was fused with Tf, inducing transcytosis from the intestine to the portal vein via the Tf 

receptor (Chapter I.3.1.), resulting in the construct named FGF21-Transferrin (FGF21-Tf). 

However, Tf also prolongs the serum half-life of the fusion protein and promotes blood 

circulation (Chapter I.3.2.). To separate it after translocation, Furin protease was used. Furin, 

expressed in mammalian enterocytes but absent in plants, facilitates the release of FGF21 

from Tf in intestinal enterocytes. Furin, expressed in mammalian enterocytes but absent in 

plants, facilitates the release of FGF21 from Tf in intestinal enterocytes. 

To achieve this, a furin cleavage site (F) that is absent in plants (Chapter I.3.3.) was inserted 

between FGF21 and Tf, resulting in the construct named FGF21-F-Tf (Figure 14A). 

Additionally, an additional GS-linker, composed of 3 repeats of GGGGS (Choi et al., 2014), 

was included to prevent steric hindrance between FGF21 and Tf and ensure the accessibility 

of the Furin cleavage site. 

The idea was that the FGF21-F-Tf fusion protein is cut into free FGF21 and F-Tf after uptake 

into the small intestine. FGF21 not taken up by the liver is rapidly degraded due to its short 

half-life. Since Tf requires disulfide bridges to fold into its native conformation, the FGF21-

F-Tf fusion protein was targeted to the ER (Mason et al., 1996) using the N-terminal signal 

peptide from the Calreticulin of N. plumbaginifolia (Acc. Z71395) 
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(MATQRRANPSSLHLITVFSLLVAVVSG) and C-terminal retention signal (SEKDEL) 

(Chapter I.3.1.). 

For Western blot detection and IMAC purification, a double His6 tag was added to the C-

terminal Tf (Figure 14A). Before cloning, I submitted the amino acid sequence to Raptor X 

software to assess potential steric hindrance by analyzing the in silico structure of FGF21-F-

Tf. When compared with native FGF21, no steric hindrance was observed in the alpha helix 

and beta-sheet regions (Figure 14B). 

The final FGF21-F-Tf fusion protein had a molecular mass of 100 kDa, corresponding to a 

coding region of 2.0 kb. 

 

 

Figure 14. Construct and model used for the stable expression of FGF21-Transferrin fusion protein. (A) 
p9U stable expression vector containing FGF21-F-Tf in N. tabacum SL632 and VG. (B) The 3D structures of 
FGF21 and FGF21-Tf fusion protein predicted by submitting the amino acid sequence to the RaptorX software 
(http://raptorx.uchicago.edu/). SP – ER-targeting signal peptide from Calreticulin of Nicotiana plumbaginifolia 
(Acc. Z71395), MATQRRANPSSLHLITVFSLLVAVVSG; F – furin cleavage site, RRKRSV; GS linker – 
flexible linker, (GGGGS)3; 2xHis – double-His6 tag; SEKDEL – ER-retention signal. 

 

III.2.2. In vitro plant tissue culture of SL632 is limited by rapid flowering 

For stable transformation, the plants needed to be grown in vitro under sterile conditions. 

Since SL632 was bred to have a short vegetative period and rapid seed production, I analyzed 

the duration and propagation frequency of one passage/transformant in both SL632 and VG. 

The strategy during tissue culture propagation was to cut off one leaf containing the stem 

from SL632 or VG when their leaves reached the top lid of the LST media container and 

transfered it to the new LST medium. This cutting process continued until the plants flowered, 

with the maximum number of passages defined as when 50 % of the plants flowered. 
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The average passage time of tissue culture for SL632 was 21 days, ~2 days faster than the 23 

days of VG. SL632 showed an early flowering phenomenon, allowing up to 6 passages. The 

seed-rich SL632 started flowering after two passages, and flowering plants did not produce 

new leaves. Therefore, further passage was not possible. In contrast, the leaf-rich VG could 

grow in tissue cultured with continuous passaging every 23 days and could be cultivated for at 

least 19 passages with only occasional flowering (Table 14). 

In summary, SL632 propagation was impacted by early flowering for only 6 generations. This 

indicates that SL632 was difficult to maintain in tissue culture for transformation usage. 

 

Table 14. Propagation of N. tabacum SL632 and VG. Numbers represent mean ± standard deviation. 
Significance was calculated by one-way ANOVA (Bonferroni) with * p < 0.05, ** p < 0.01** and *** p < 
0.001. n=21, technical replicates. 

Propagation Unit 
N. tabacum cultivar 

SL632 VG Significance 
Average length of passage in 
tissue culture 

day 21.0 ± 0.0 23.1 ± 2.7 *** 

Maximum number of passages 
until 50 % of the plants flowered number 6th >19th *** 

 

III.2.3. Stable transformation efficacy of FGF21-F-Tf in SL632 was similar 

to VG 

In tobacco stable transformation, the non-toxic green fluorescent protein (GFP) as a control 

and the target FGF21-F-Tf were transformed into SL632 and VG using the A. tumefaciens 

strain C58C1. To express FGF21-F-Tf in the whole plants, I used the constitutive cauliflower 

mosaic virus (CaMV) 35S promoter. Therefore, FGF21-F-Tf and GFP were cloned into the 

stable transformation T-DNA vector pLH9000 (Acc. AF458478) with the CaMV double 

enhancer, the 35S core promoter, and 35S terminator, called p9U-FGF21-F-Tf (Figure 14A), 

and p9U-GFP vectors (data not shown). 

The T0 transgenic GFP and FGF21-F-Tf plants were selected on kanamycin-containing 

medium, as the T-DNA vector contained the Neomycin Phosphotransferase II selectable 

marker gene (nptII), conferring kanamycin resistance. Total genomic DNA was isolated from 

crude leaf extracts of T0 transgenic plants and control non-transgenic plants. Subsequently, 

polymerase chain reaction (PCR) screening was performed to confirm the presence of the 
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GFP or FGF21-F-Tf gene, along with the control endogenous tobacco gene NtWBC1 (N. 

tabacum ABC transporter of the White-Brown Complex subfamily) (data not shown). 

In terms of GFP transformation efficiency, SL632 yielded lower numbers of regenerated 

shoots (2.2) and percentage of positive rooted shoots (59%) compared to VG (2.9 and 74%, 

respectively). Notably, VG showed a higher number of positive shoots per explant (2.2) 

compared to SL632 (1.3). For GFP transformation, SL632 produced 23 T0 transformants 

while VG generated 33 T0 transformants (Table 15). 

In terms of FGF21-F-Tf transformation efficiency, both SL632 and VG exhibited lower 

numbers of regenerated shoots, with 0.6 and 1.1, respectively. However, SL632 showed a 

higher percentage of positive rooted shoots at 62 % compared to VG’s 37 %. Remarkably, 

when considering the number of positive shoots per explant, both SL632 and VG showed 

similar transformation efficiencies of 0.4. Both SL632 and VG yielded an equal count of 26 

transformants each for FGF21-F-Tf (Table 15). 

In summary, both SL632 and VG yielded 26 transformants for FGF21-F-Tf. 

 

Table 15. Transgenic T0 events in N. tabacum SL632 and VG. Numbers represent mean ± standard deviation. 
n=2-3, biological replicates. 

Stable transformation Unit 
N. tabacum cultivar 

SL632 VG 

GFP FGF21-F-Tf GFP FGF21-F-Tf 

Shoot/Explant - 2.2 ± 1.7 0.6 ± 0.1 2.9 ± 1.8 1.1 ± 0.3 

Positive rooted shoots % 59 % 62 % 74 % 37 % 

Positive shoots/Explant - 1.3 0.4 2.2 0.4 

Number of T0 events number 23 26 33 26 

 

III.2.4. FGF21-F-Tf accumulation in stably transformed SL632 and VG 

For animal feeding studies, previous studies demonstrated the application of 1 mg kg-1 d-1 of 

FGF21 per mouse (Camporez et al., 2013; Emanuelli et al., 2014). Therefore, FGF21-F-Tf 

concentrations required >50 mg kg-1 biomass. Hence, I aimed to search for T0 transformants 

that achieved this accumulation level or, if suitable T0 plants were not available, to increase 

the accumulation level via breeding. 
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III.2.4.1. Intact FGF21-F-Tf accumulation in seeds achieved to 6.7 mg kg-1 SDM 

III.2.4.1.1. T0 seeds yielded 1.44 mg kg-1 SDM 

The 26 FGF21-F-Tf transgenic events from SL632 and VG were individually cultivated in the 

greenhouse to produce T0 seeds (Figure 15A, Table 15). To quantify total FGF21-F-Tf fusion 

protein accumulation in T0 seeds, seed material was homogenized in extraction buffer at a 

ratio of 1:10 and quantified via FGF21-ELISA. In the T0 seed events in SL632 and VG, total 

FGF21-F-Tf fusion protein yielded in the three elite events: 0.47 mg kg-1 SDM (SL632, event 

1), 0.89 mg kg-1 SDM (SL632, event 49) and 1.44 mg kg-1 SDM (SL632, event 27), as well as 

0.26 mg kg-1 SDM (VG, event 50), 0.32 mg kg-1 SDM (VG, event 2) and 0.63 mg kg-1 SDM 

(VG, event 51). Among them, SL632 event 27 (1.44 mg kg-1 SDM) and VG event 51 (0.63 

mg kg-1 SDM) had the highest total accumulation levels (Figure 15A). 

To determine the protein integrity of the FGF21-F-Tf fusion protein, 100 μg of the TSP of the 

seed extract was applied to Western blots with anti-FGF21 and anti-His antibodies. 

Considering the detection limit of the anti-His antibody and anti-FGF21 antibody, the total 

FGF21-F-Tf fusion protein should have been higher than 90 ng in 100 μg TSP. This means 

that FGF21-F-Tf should have had an accumulation level of at least 9.0 mg kg-1 SDM. 

However, I did not perform anti-His and anti-FGF21 Western blots as the total FGF21-F-Tf 

fusion protein with 1.44 mg kg-1 SDM in T0 seeds was below that limit (Figure 15A). 

III.2.4.1.2. T1 seeds yielded 6.7 mg kg-1 SDM 

To increase FGF21-F-Tf accumulation for animal feeding studies, I selected 3 best-

performing T0 events in SL632 (event 1, 27, and 49) and VG (event 2, 50, and 51) for T1 

seed production (Figure 15A). After T1 breeding, the highest accumulation of total FGF21-F-

Tf fusion protein in T1 seeds reached 9.1 mg kg-1 SDM (SL632, event 1-1) and 8.7 mg kg-1 

SDM (VG, event 2-1) (Figure 15B). Compared to T0 seeds containing 0.47 mg kg-1 SDM 

(SL632, event 1) and 0.32 mg kg-1 SDM (VG, event 2), there was a 19-fold increase for 

SL632 event 1-1 (reaching 9.1 mg kg-1 SDM) and a 27-fold increase for VG event 2-1 

(reaching 8.7 mg kg-1 SDM). 

To assess the protein integrity of FGF21-F-Tf, I conducted Western blots on transgenic 

SL632 T1 seeds (SL632, event 1-1) (Extra, Figure 16A). The FGF21-ELISA results indicated 

that this event yielded 9.1 mg kg-1 SDM (Figure 15B). However, while the anti-FGF21 

Western blot revealed intact FGF21-F-Tf fusion protein with 100 kDa and free FGF21-(F)-
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(GS) with 19-21 kDa, the anti-His Western blot only showed a band corresponding to the size 

of FGF21-F-Tf degradation products (F-GS-Tf, GS-Tf, or Tf) with 79-80 kDa (Extra, Figure 

16A). 

Since the FGF21-ELISA measures total FGF21-F-Tf fusion proteins, including both intact 

and degraded forms, the amount determined by the ELISA must be corrected with the help of 

the Western blot data. For example, 9.1 mg kg-1 SDM were detected by the FGF21-ELISA in 

the SL632 elite event (SL632, event 1-1). 

Based on densitometry analysis of the anti-FGF21 Western blots, the intact FGF21-F-Tf form 

made up 74 %, while the FGF21 degradation product accounted for 26 %, corresponding to 

6.7 mg kg-1 SDM and 2.4 mg kg-1 SDM for SL632, respectively (Extra, Figure 17A, Table 

16). In the anti-His Western Blot, the intact FGF21-F-Tf form made up 33 %, while the Tf 

degradation product accounted for 67 %. Based on the 6.7 mg kg-1 SDM calculated in the 

anti-FGF21 Western blot for the intact form and the Tf degradation product, these percentages 

corresponded to 2.2 mg kg-1 SDM and 4.5 mg kg-1 SDM (Extra, Figure 17B, Table 16). Based 

on this calculation definition, VG T1 seeds (VG, event 2-1) with 8.7 mg kg-1 SDM yielded the 

intact form at 6.4 mg kg-1 SDM, the FGF21 degradation product at 2.3 mg kg-1 SDM, and the 

Tf degradation product at 4.3 mg kg-1 SDM (Table 16). 

In summary, the highest accumulation of intact FGF21-F-Tf fusion protein in T1 seeds 

reached 6.7 mg kg-1 SDM (SL632, event 1-1) and 6.4 mg kg-1 SDM (VG, event 2-1). These 

findings are consistent with previous studies, demonstrating that plant breeding increases leaf 

protein accumulation (Nausch et al., 2012a, 2012b). However, they were ~10-fold lower 

compared to the necessary accumulation level of >50 mg kg-1 biomass for animal trials 

(Chapter III.2.4.). Despite this, given the observed increase between T0 and T1 plants, 

achieving this level might be possible through selective breeding in the T2 or T3 generation. 

Nevertheless, as the instability of FGF21-F-Tf compromised accumulation in tobacco seeds, it 

might be more meaningful to design a more stable fusion protein for expression in seeds. 



 

133 

 
Figure 15. Total FGF21-Transferrin fusion protein yield in seeds of N. tabacum SL632 and VG. (A) Total 
FGF21 fusion protein accumulation in seeds of T0 transformants. (B) Total FGF21 fusion protein accumulation 
in seeds of T1 descendants of 3 selected T0 transformants. Total FGF21 fusion protein accumulation was 
obtained by FGF21-ELISA data. n=2, biological replicates. NIC – near-isogenic control plants. 
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Figure 16. Western blot analysis of FGF21-Transferrin fusion proteins in N. tabacum SL632 (event 1-1). 
Each 100 mg transgenic seed (A) and transgenic leaf (B) expressing FGF21-F-Tf were extracted in extraction 
buffer or LDS buffer. Seed and leaf crude extracts containing 100 μg of total soluble protein and 20 μL of total 
volume were subjected to NuPAGE 4-12 % Bis-Tris protein gels. The electroblotted proteins were probe with 
primary anti-FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline 
phosphate (AP)-conjugated antibody (1:5,000). Extra – extraction buffer; LDS – LDS buffer. 
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Figure 17. Degree of degradation during extraction of FGF21-Transferrin fusion proteins in N. tabacum 
SL632 (event 1-1). Relative fraction of the FGF21-Tf fusion proteins in plant extracts, detected by (A) anti-
FGF21 and (B) anti-His Western blots. Each 100 mg transgenic seeds and leaves expressing FGF21-F-Tf were 
extracted in extraction buffer or LDS buffer. Extract samples containing 100 μg of total soluble protein and 20 
μL of total volume were subjected to NuPAGE 4-12 % Bis-Tris protein gels, respectively. The electroblotted 
proteins were probe with primary anti-FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat 
anti-Rabbit IgG alkaline phosphate (AP)-conjugated antibody (1:5,000). Western blots band intensities were 
quantified using the AIDA Image Analyzer analysis software. n=2, biological replicates. Extra – extraction 
buffer; LDS – LDS buffer. 



136

T
ab

le
 1

6.
 F

G
F2

1 
ac

cu
m

ul
at

io
n 

le
ve

l o
f 

FG
F2

1-
T

ra
ns

fe
rr

in
 fu

si
on

 c
on

st
ru

ct
s 

in
 c

ru
de

 e
xt

ra
ct

. N
um

be
rs

 re
pr

es
en

t m
ea

n 
± 

st
an

da
rd

 d
ev

ia
tio

n.
 T

ot
al

 F
G

F2
1 

fu
si

on
 p

ro
te

in
 

w
as

 d
et

er
m

in
ed

 b
y 

th
e 

FG
F2

1 
EL

IS
A

 a
nd

 in
ta

ct
 F

G
F2

1 
fu

sio
n 

pr
ot

ei
n 

w
as

 o
bt

ai
ne

d 
by

 c
or

re
ct

in
g 

EL
IS

A
 d

at
a 

by
 a

nt
i-F

G
F2

1 
an

d 
an

ti-
H

is
 W

es
te

rn
 b

lo
t a

na
ly

si
s 

an
d 

es
tim

at
io

n 
of

 th
e 

re
la

tiv
e 

am
ou

nt
 o

f i
nt

ac
t f

us
io

n 
pr

ot
ei

n 
an

d 
cl

ea
ve

d 
FG

F2
1.

FG
F2

1-
E

L
IS

A
A

nt
i-F

G
F2

1 
W

B
A

nt
i-H

is
 W

B

Pl
an

t
T

yp
ea

V
ec

to
r

T
ot

al
 F

G
F2

1 
fu

si
on

 p
ro

te
in

 
pe

r 
T

SP

T
ot

al
 F

G
F2

1 
fu

si
on

 p
ro

te
in

 
in

 c
ru

de
 

ex
tr

ac
t 

In
ta

ct
 F

G
F2

1 
fu

si
on

 
pr

ot
ei

n 
in

 c
ru

de
 e

xt
ra

ct
D

eg
ra

de
d 

FG
F2

1 
fu

si
on

 
pr

ot
ei

n 
in

 c
ru

de
 e

xt
ra

ct
In

ta
ct

 F
G

F2
1 

fu
si

on
 p

ro
te

in
 

in
 c

ru
de

 e
xt

ra
ct

T
f d

eg
ra

da
tio

n 
pr

od
uc

t i
n 

cr
ud

e 
ex

tr
ac

t
B

io
lo

gi
ca

l 
re

pl
ic

at
es

B
io

m
as

s
In

ta
ct

 
FG

F2
1 

yi
el

d

[m
g 

kg
-1

T
SP

]
[m

g 
kg

-1

bi
om

as
s]

[m
g 

kg
-1

bi
om

as
s]

[%
]

[m
g 

kg
-1

bi
om

as
s]

[%
]

[m
g 

kg
-1

bi
om

as
s]

[%
]

[m
g 

kg
-1

bi
om

as
s]

[%
]

-
[k

g 
m

-2
a-1

]
[m

g 
m

-2
a-1

]

N
. t

ab
ac

um
SL

63
2

Tr
an

sg
en

ic
se

ed
p9

U
FG

F2
1-

F-
Tf

63
.6

± 
2.

1
9.

1
± 

0.
3

6.
7

± 
0.

2
74

2.
4 

±
0.

1
26

2.
2 

± 
0.

1
33

4.
5

± 
0.

1
67

2
0.

38
2.

55

N
. t

ab
ac

um
SL

63
2

Tr
an

sg
en

ic
le

af
p9

U
FG

F2
1-

F-
Tf

68
.5

± 
1.

8
6.

1
± 

0.
2

5.
6

± 
0.

2
92

0.
5 

± 
0.

0
8

3.
3

± 
0.

1
59

2.
3

± 
0.

1
41

2
8.

19
45

.8
6

N
.t

ab
ac

um
V

G
Tr

an
sg

en
ic

se
ed

p9
U

FG
F2

1-
F-

Tf
84

.2
± 

0.
3

8.
7

± 
0.

0
6.

4
± 

0.
0

74
2.

3
± 

0.
0

26
2.

1
± 

0.
0

33
4.

3
±

0.
0

67
2

0.
24

1.
54

N
.t

ab
ac

um
V

G
Tr

an
sg

en
ic

le
af

p9
U

FG
F2

1-
F-

Tf
10

5.
5

± 
1.

4
2.

4
± 

0.
0

2.
2

± 
0.

0
92

0.
2

± 
0.

0
8

2.
0

± 
0.

0
92

0.
2

± 
0.

0
8

2
11

.1
7

24
.5

7

a
nu

m
be

r f
or

 tr
an

sg
en

ic
 p

la
nt

s r
ef

er
s t

o 
se

ed
s o

f t
he

 T
1 

ge
ne

ra
tio

n 
an

d 
le

av
es

 o
f t

he
 T

2 
ge

ne
ra

tio
n.

 W
B

 –
W

es
te

rn
 b

lo
t.



 

137 

III.2.4.2. Transgenic FGF21-F-Tf transformants were events with multiple integrations 

but showed normal seed viability (multi-copy-events) 

The aim in plant breeding and animal studies was to select transgene single integration events. 

In the case of multi-copy events, the copy number of the progeny might change due to 

segregation, thereby affecting the expression of the target protein in the progeny. To address 

this, I conducted T1 segregation analysis on 6 T0 transgenic tobacco progenies, e.g., SL632 

(events 1, 27, and 49) and VG (events 2, 50, and 51) (Table 17). 

 

Table 17. T1 segregation analysis of FGF21-F-Tf in N. tabacum SL632 and VG. Numbers represent mean ± 
standard deviation. n=3, biological replicates. 

N. tabacum 
cultivar T1 event Germinating seeds Km-resistant descendants 

SL632 NIC 87 ± 4 % 0 % 

 1 87 ± 6 % 86 ± 8 % 

 27 96 ± 4 % 95 ± 5 % 

 49 92 ± 4 % 93 ± 7 % 

VG NIC 85 ± 8 % 0 % 

 2 97 ± 2 % 92 ± 4 % 

 50 96 ± 2 % 97 ± 3 % 

 51 87 ± 6 % 94 ± 4 % 

NIC – near-isogenic control plants; Km – kanamycin. 

 

During the T1 segregation analysis, T0 seeds were cultivated for 6 weeks in kanamycin-

containing LST medium, utilizing the nptII selectable marker gene within the T-DNA for 

kanamycin resistance. This property was utilized to estimate the number of functional 

insertions integrated into the genome. After 6 weeks of T1 segregation, null-segregants died 

in the kanamycin medium. A transgenic rate (kanamycin-resistant descendants) equal to 75 % 

indicates a single integration event, while a rate exceeding 75 % suggests a multiple 

integration event. 

In the T1 segregation of transgenic FGF21-F-Tf plants, both SL632 events or VG events 

showed transgenic rates exceeding 75 %, ranging from 86 % to 95 % (SL632, event 1, 27, 
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and 49) and 92 % to 97 % (VG, event 2, 50 and 51). Additionally, beyond the T1 segregation 

analysis, I assessed the impact of FGF21-F-Tf on seed viability by examining the germination 

rate (germinating seeds) of the 6 transgenic tobacco events. These seeds were cultivated for 6 

weeks in a kanamycin-free medium (Table 17). 

The 6 FGF21-F-Tf T1 events demonstrated higher survival rates compared to the 2 near-

isogenic control (NIC) controls with an empty vector. The survival rates ranged from 87 % to 

96 % (SL632, event 1, 27, and 49) and 87 % (SL632, event NIC), as well as 87% to 97 % 

(VG, event 2, 50, and 51) and 85 % (VG, event NIC) (Table 17). 

In summary, the analysis revealed that all 6 transgenic tobacco events were multiple 

integration events, and it was observed that the FGF21-F-Tf protein had no effect on seed 

viability. 

III.2.4.3. FGF21-F-Tf degradation was less in leaves than in seeds and degradation 

occurred during plant production 

Similar to the analysis conducted on seeds (Chapter III.2.4.1.), I also investigated the 

accumulation of total and intact FGF21-F-Tf in leaves. The use of a constitutive CaMV 35S 

expression cassette for stable transformation of FGF21-F-Tf suggested its presence not only 

in seeds but also in leaves. Considering that proteases tend to increase with leaf age, and to 

understand the impact of leaf age on FGF21-F-Tf fusion protein accumulation, I chose T1 

transformants SL632 (event 1-1) and VG (event 2-1) to generate T2 leaves. 

I harvested T2 leaves at different ages, including 4 wps (whole leaves), 6 wps (top, middle, 

and bottom leaves), and 8 wps (top, middle, and bottom leaves). The terms "top", "middle" 

and "bottom" leaves were defined respectively as developing, fully-developed mature, and 

senescing leaves (Figure 18). 

In SL632 T2 leaves (event 1-1), total FGF21-F-Tf fusion protein accumulation, as measured 

by FGF21-ELISA, reached up to 0.5 mg kg-1 LFM in whole leaves at 4 wps. This compared 

to 1.7 mg kg-1 LFM in top leaves, 1.0 mg kg-1 LFM in middle leaves, and 0.3 mg kg-1 LFM in 

bottom leaves at 6 wps. Furthermore, at 8 wps, the accumulation was 6.1 mg kg-1 LFM in top 

leaves, 1.3 mg kg-1 LFM in middle leaves, and 0.4 mg kg-1 LFM in bottom leaves (Figure 

18). 

In VG T2 leaves (event 2-2), similar total FGF21-F-Tf fusion protein accumulation was 

observed. For instance, at 4 wps, the accumulation was 0.4 mg kg-1 LFM in whole leaves at 4 
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wps, contrasting with 1.8 mg kg-1 LFM in top leaves, 0.8 mg kg-1 LFM in middle leaves, and 

0.2 mg kg-1 LFM in bottom leaves at 6 wps. Furthermore, at 8 wps, the accumulation was 2.4 

mg kg-1 LFM in top leaves, 1.1 mg kg-1 LFM in middle leaves, and 0.2 mg kg-1 LFM in 

bottom leaves (Figure 18). 

In the end, the total FGF21-F-Tf fusion protein in 8 wps top leaves accumulated up to 6.1 mg 

kg-1 LFM (SL632, event 1-1) and 2.4 mg kg-1 LFM (VG, event 2-2) (Figure 18). This 

indicates a potential reduction in protein expression, an increase in protease activity, or a 

combination of both during leaf aging, transitioning from young, developing (top) to old, 

mature/senescing (bottom) leaves. 

Next, I determined the protein integrity of the FGF21-F-Tf fusion protein via Western blot 

analysis. In SL632 T2 leaves (event 1-1, 8 wps top) (Extra, Figure 16FigureB), based on 

densitometry analysis of the anti-FGF21 Western blots, the intact FGF21-F-Tf form made up 

92 % and the FGF21 degradation product made up 8 %, which corresponded to 5.6 mg kg-1 

LFM and 0.5 mg kg-1 LFM, respectively (Extra, Figure 17A, Table 16). In contrast, in 

densitometric analysis of the anti-His Western blots, the intact FGF21-F-Tf form yielded 59 

%, and the Tf degradation product accounted for 41 %, with 3.3 mg kg-1 LFM and 2.3 mg kg-

1 LFM (Extra, Figure 17B, Table 16). In VG T2 leaves (event 2-1, 8 wps top), the intact form 

yielded 2.2 mg kg-1 LFM, the FGF21 degradation product amounted to 0.2 mg kg-1 LFM, and 

the Tf degradation product also measured 0.2 mg kg-1 LFM (Table 16). 

III.2.4.4. FGF21-F-Tf degradation occurs in planta and not during extraction 

Since FGF21-F-Tf degradation occurred in seeds and leaves, I further determined when the 

FGF21-F-Tf fusion protein was degraded. Protein degradation may occur during plant 

production or extraction, and to exclude protein degradation during extraction, SL632 (event 

1-1) seeds and leaves were extracted directly in LDS buffer instead of extraction buffer 

(LDS, Figure 17). 

The LDS buffer increased the intact FGF21-F-Tf form from 74 % to 96 % in transgenic seeds 

but not in transgenic leaves, as the intact FGF21-F-Tf form remained at the same level, 92 % 

(Extra and LDS, Figure 17A). However, in the His-Western blots, LDS buffer and extraction 

buffer showed similar intact FGF21-F-Tf forms in transgenic seeds and leaves, with 33 % 

and 34 % (seeds) and 59 % and 65 % (leaves) (Extra and LDS, Figure 17B). 
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In summary, FGF21-F-Tf degradation occurred in planta and was even less in transgenic 

leaves, according to the anti-FGF21 Western blot with 8 % (leaves) and 26 % (seeds), as well 

as the anti-His Western blot with 41 % (leaves) and 67 % (seeds). This indicates that protein 

expression in seeds might not have always been advantageous in terms of product stability 

and accumulation. Nevertheless, protein degradation of FGF21-F-Tf predominantly occurred 

during plant production, not the extraction process. 

 

 

Figure 18. Total FGF21-Transferrin fusion protein yield in leaves of N. tabacum SL632 and VG. Total 
FGF21 fusion protein accumulation in leaves of T2 descendants of one selected T1 transformants. Total FGF21 
fusion protein accumulation was obtained by FGF21-ELISA data. n=2, biological replicates. NIC – near-
isogenic control plants. 
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III.3. Transient FGF21-F-Tf expression in leaves of N. 

benthamiana 

An unexpectly high degree of degradation of FGF21-F-Tf was observed in seeds and leaves 

(Chapter III.2.4.4.). The latter demonstrated that the stability of FGF21-F-Tf in seeds could 

be optimized in leaves. In this context, leaf constructs could be rapidly tested by transient 

expression in N. benthamiana. 

III.3.1. Transient expression of FGF21-F-Tf using magnICON vector 

system 

For high-yield transient expression, I expressed FGF21-F-Tf fusion protein using the 

replicating viral magnICON vector system (Table 18). For example, the pICH29912, based 

on crucifer-infecting tobamovirus/turnip vein‐clearing virus (cr-TMV/TVCV) RdRP, and the 

pICH31160, based on PVX RdRP, with subgenomic promoter and terminator, achieved 

accumulation levels of up to 6 g kg-1 LFM (Castilho et al., 2014). However, it can only 

accommodate coding regions of up to 2.0 kb (Chapter I.5.1.2.) (Gleba et al., 2005; 

Marillonnet et al., 2005), whereas the fgf21-f-tf coding region is ~2.8 kb in length. Therefore, 

I split fgf21-f-tf into two fragments (e.g., fgf21-f and tf) and fused them to the N- and C-

terminal parts of the DnaB intein coding sequence. Both had an ER retention signal at the C-

terminus, resulting in FGF21-F-IntN (pICH29912-FGF21-F-IntN) (Figure 19A) and IntC-Tf 

(pICH31160-IntC-Tf) constructs (Figure 19B). 

 

Figure 19. Constructs used for the transient expression of FGF21-Transferrin fusion protein. MagnICON 
transient expression vectors pICH29921 and pICH31120 containing (A) FGF21-F-IntN and (B) IntC-Tf. (C) 
Co-expression of FGF21-IntN and IntC-Tf in a cell of N. benthamiana. SP – ER-targeting signal peptide from 
Calretikulin of Nicotiana plumbaginifolia (Acc. Z71395), MATQRRANPSSLHLITVFSLLVAVVSG; F – furin 
cleavage site, RRKRSV; GS linker – flexible linker, (GGGGS)3; 2xHis – double-His6 tag; SEKDEL – ER-
retention signal; IntN and IntC – DnaB intein fragments. 
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After transient expression of co-expressed FGF21-IntN and IntC-Tf in a cell of N. 

benthamiana, the two ER-retained FGF21-F-IntN and IntC-Tf proteins underwent post-

translational fusion through the intein tag in the plant ER, using intein-mediated trans-

splicing mechanisms (Figure 19C) (Evans, JR et al., 2000; Kempe et al., 2009; Sun et al., 

2001). 

This strategy yielded 2.1 mg FGF21 kg-1 FLM, as measured by FGF21-ELISA (magnICON, 

FGF21-F-Tf, Table 18). In the Western blot, after co-expression of FGF21-F-IntN and IntC-

Tf at 10 dpi, two different fragments were detected: the FGF21-antibody detected a 101 kDa 

fragment corresponding to the anticipated size of the intact FGF21-F-Tf fusion protein, 

whereas the His-antibody detected an 86 kDa fragment, corresponding to the size of IntC-Tf 

or its degradation product (Figure 20). 

Based on this, there were two possible explanations: 1) The first possibility is that FGF21-F-

IntN accumulated at lower levels than IntC-Tf, so that not all IntC-Tf fused with FGF21-F-

IntN, resulting in only excess IntC-Tf being detected. 2) The second possibility is that 

FGF21-F-IntN and IntC-Tf accumulated at similar levels, fused but then split again into 

FGF21(-F) and Tf, whereby the FGF21 fragment is rapidly degraded. This might result either 

from an intrinsic instability of the linker or by cleavage of the linker region by endogenous 

plant proteases. However, I also expressed the fusion partners FGF21-IntN and IntC-Tf alone 

and could not detect both of them in the Western blot (Figure 20). 

This implies that the fusion partners alone accumulated at substantially lower levels than the 

fusion proteins, which in turn implies that both fragments were unstable. This assumption 

makes the second possibility more likely. Hence, FGF21-F-Tf expression as a single fusion 

protein needs to be achieved. 
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Figure 20. Western blot analysis of modified FGF21-Transferrin fusion proteins produced in 
N.benthamiana using magnICON. MagnICON transient expression: single expression FGF21-F-IntN and 
IntC-Tf and co-expression of FGF21-F-IntN plus IntC-Tf. Leaf samples were harvest at 4-14 dpi. Each 100 mg 
leaf materials were extracted in extraction buffer. Leaf samples under extraction buffer containing 100 μg of 
total soluble protein and 20 μL of total volume were subjected to NuPAGE 4-12 % Bis-Tris protein gels, 
respectively. The electroblotted proteins were probe with primary anti-FGF21/-His6 rabbit polyclonal antibody 
(1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate (AP)-conjugated antibody (1:5,000). dpi – 
days post infiltration; Extra – extraction buffer. 
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III.3.2. Transient expression of FGF21-F-Tf using pTRAc vector system 

To obtain the intact fusion protein, FGF21-F-Tf as a single in-frame fusion protein was 

cloned into a non-viral pTRAc vector, which can contain >8 kbp inserts. Additionally, the 

pTRAc vector contained a double enhanced CaMV 35S promoter and a polyadenylation 

signal/terminator from CaMV provided by pPAM (GenBank AY027531) derivative, similar 

to the expression cassette of p9U vector. To construct the pTRAc vector, I used the sequence 

from the stable transformation vector p9U-FGF21-F-Tf (Chapter III.2.3.) (Figure 21A). 

This approach yielded 1.2 mg kg-1 LFM in the FGF21-ELISA (pTRAc, FGF21-F-Tf, Table 

18). However, intact FGF21-F-Tf form with 100 kDa and its degradation product (F-GS-Tf, 

GS-Tf or Tf) with 79-81 kDa were detected in the anti-FGF21 and the anti-His Western blot 

(Extra, Figure 22A). Based on densitometry analysis of the anti-FGF21-Western blots, the 

intact form made up 67 % and the FGF21 degradation product 33 %, which corresponded to 

0.8 mg kg-1 leaf LFM and 0.4 mg kg-1 leaf LFM, respectively (Extra, Figure 23A, Table 18). 

In the anti-His Western blot, the intact form and the Tf degradation product were 68 % and 

32 %, and since the 68 % were equal to 0.5 mg kg-1 LFM, the 32 % for Tf degradation 

product corresponded to 0.3 mg kg-1 LFM (Extra, Figure 23B, Table 18). 

To determine protein degradation during extraction similar to that of stable seeds (Chapter 

III.2.4.1.) and stable leaves (Chapter III.2.4.3.), transiently transformed N. benthamiana 

leaves were directly extracted in LDS buffer, whereas FGF21-F-Tf degradation products with 

19-20 kDa (FGF21-F-GS, FGF21-F, or FGF21) and 79-81 kDa (F-GS-Tf, GS-Tf, or Tf) were 

still present in the anti-FGF21- and anti-His-Western blots (LDS, Figure 22B). Based on 

densitometric analysis of the FGF21-Western blot, LDS buffer increased the the intact 

FGF21-F-Tf form from 67 % to 92 % (Extra and LDS, Figure 23A), while in the His-Western 

blot, LDS buffer and extraction buffer yielded similar amounts of the intact FGF21-F-Tf form 

with 66 % and 68 % (Extra and LDS, Figure 23B). 

Noteworthy, the degree of degradation of transiently transformed leaves with 33 % (Extra, 

anti-FGF21-Western blot) and 32 % (Extra, anti-His Western blot) degradation products 

seemed to be higher than that of stable transformed leaves with 8 % (Extra, anti-FGF21-

Western blot) and 41 % (Extra, anti-His Western blot) degradation products (Chapter 

III.2.4.3.). 
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In summary, the transient expression of FGF21-F-Tf as one protein with the pTRAc vector 

system confirmed that degradation occurred in planta and not during the extraction process. 

Nevertheless, using the pTRAc vector system made it possible to produce intact FGF21-F-Tf. 

 

 
Figure 21. Constructs and models used for the transient expression of FGF21-Transferrin fusion proteins. 
(A) pTRAc transient expression vectors containing FGF21-F-Tf, FGF21-Tf-PLUS, Tf-FGF21-PLUS, FGF21-
nTf338-PLUS, and nTf338-FGF21-PLUS in N. benthamiana. (B) The 3D structures of different FGF21-Tf 
fusion proteins predicted by submitting the amino acid sequence to the RaptorX software 
(http://raptorx.uchicago.edu/). SP – ER-targeting signal peptide from Calretikulin of Nicotiana plumbaginifolia 
(Acc. Z71395), MATQRRANPSSLHLITVFSLLVAVVSG; F – furin cleavage site, RRKRSV; GS linker – 
flexible linker, (GGGGS)3; 2xHis – double-His6 tag; SEKDEL – ER-retention signal; IntN and IntC – DnaB 
intein fragments; PLUS – liver-targeting peptide circumsporozoite protein (CSP), position 82-100; nTf338 – N-
terminal domain of Tf, position 1-338. 
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Figure 22. Western blot analysis of modified FGF21-Transferrin fusion proteins produced in N. 
benthamiana using pTRAc systems. pTRAc transient system: single expression of FGF21-F-Tf, FGF21-Tf-
PLUS, FGF21-nTf338-PLUS, and nTf338-FGF21-PLUS. Leaf samples were harvest at 5 dpi. Each 100 mg leaf 
materials were extracted in (A) extraction buffer or (B) LDS buffer. Leaf samples under extraction buffer and 
LDS buffer containing 100 μg of total soluble protein and 20 μL of total volume were subjected to NuPAGE 4-
12 % Bis-Tris protein gels, respectively. The electroblotted proteins were probe with primary anti-FGF21/-His6 
rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate (AP)-
conjugated antibody (1:5,000). dpi – days post infiltration; Extra – extraction buffer; LDS – LDS buffer. 
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III.3.3. Optimization of FGF21-F-Tf to improve accumulation and stability 

Although previous studies have shown that the furin cleavage site was not recognized in 

plants, the FGF21-F-Tf fusion protein was degraded in stably and transiently transformed 

plants (Chapters III 2.4. and III 3.2.), which suggests that there are also furin-like proteases in 

plants that may cleave the furin cleavage site. 

III.3.3.1. FGF21 fused to full-length Tf without furin cleavage site reduced the amount 

of degradation products 

To test this hypothesis, I first investigated whether the degraded fragments were caused by 

accidental cleavage of the furin site (F) in planta and removed the sequence from the fusion 

protein, named as FGF21-Tf. However, since removing the furin cleavage site might increase 

the serum half-life of FGF21 when it enters the bloodstream via Tf fusion partner, thus 

promoting systemic distribution and unintended side effects (Chapter I 2.4.), I added the 

PLUS peptide to the C-terminus of FGF21-Tf, which mediated exclusive uptake by the liver, 

resulting in the FGF21-Tf-PLUS construct (Figure 21A) (Chapter III 2.1.). 

The PLUS peptide (19 AA, DNEKLRKPKHKKLKQPADG, 2.09 kDa) was derived from the 

N-end of the circumsporozoite protein (CSP) that coated the malarial sporozoite 

(Plasmodium falsiparum) and targeted the liver for infection by binding to the highly sulfated 

heparan sulfate proteoglycans found on liver cells (Lu et al., 2014; Ma et al., 2014; Taverner 

et al., 2020; Yan et al., 2017). Previous studies have also shown that the PLUS fusion 

proteins had no apparent toxicological effects (Zeng et al., 2017) compared to full-length 

CSP (Iyori et al., 2013). For FGF21-Tf-PLUS, I identified potential steric hindrance prior to 

cloning and analyzed its structure in silico by submitting the amino acid sequence to Raptor 

X software. After comparing with native FGF21, I did not observe any problems based on 

alpha helix and beta-sheet (Figure 21B). 

The resulting FGF21-Tf-PLUS construct accumulated at 1.6 mg kg-1 LFM (intact form) in 

transiently transformed N. benthamiana compared to 0.8 mg kg-1 LFM (intact form) for 

FGF21-F-Tf construct (Table 18). The level of FGF21 degradation products was reduced 

from 33 % to 25 % (anti-FGF21 Western blot), whereas the level of Tf degradation products 

was reduced 32 % to 19 % (anti-His Western blot) (Extra, Figure 22A, Extra, Figure 23). 
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Next, to determine an optimal fusion orientation for the maximal activity of FGF21, I also 

considered changing the order of FGF21 and full-length Tf (named as Tf-FGF21-PLUS 

construct) (Figure 21A). However, Raptor X software analysis showed that Tf-FGF21-PLUS 

lost the alpha helix and beta-sheet structure of FGF21, so I did not clone this construct 

(Figure 21B). 

In summary, the removal of the furin cleavage site increased accumulation levels and 

improved the degradation of the FGF21-Tf fusion protein. 

 

 

Figure 23. Degree of degradation during extraction of optimized FGF21-Transferrin fusion proteins in N. 
benthamiana. Relative fraction of the FGF21-Tf fusion proteins in leaf crude extracts, detected by (A) anti-
FGF21 and (B) anti-His Western blots in leaf crude extract. Transient leaves expressing FGF21-F-Tf, FGF21-
Tf-PLUS, FGF21-nTf338-PLUS, and nTf338-FGF21-PLUS were extracted in extraction buffer or LDS buffer. 
Extract samples containing 100 μg of total soluble protein and 20 μL of total volume were subjected to 
NuPAGE 4-12 % Bis-Tris protein gels, respectively. The electroblotted proteins were probe with primary anti-
FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate 
(AP)-conjugated antibody (1:5,000). n=3, biological replicates. Extra – extraction buffer; LDS – LDS buffer. 
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III.3.3.2. FGF21 fused to the C-terminal domain of nTf338 without furin cleavage site 

had substantial impact 

I also reasoned that the large size of the fusion protein of >100 kDa might limit the 

accumulation, since in previous studies recombinant proteins with a size of 20-50 kDa 

consistently showed higher accumulation levels than targets with a size of 50-100 kDa 

(University of Rostock, unpublished data). In addition, other studies have shown that fusion 

proteins produced in transgenic tobacco provide unnecessary protease cleavage sites, which 

may limit the accumulation (Phan et al., 2014). 

In this context, a previous study showed that the N-terminal half molecule of Tf (nTf, 

position 1-338 from 679 AA of the mature protein), when expressed in P. pastoris, was 

correctly folded and retained the ability to bind iron (Mason et al., 1996). Further studies 

showed that the decisive TfR binding motif was located in this N-terminal part of Tf 

(Eckenroth et al., 2011; Steere et al., 2012), demonstrating that the truncated nTf fusion 

proteins were efficiently taken up by cells through TfR-mediated endocytosis (Qi et al., 

2018). 

Since nTf338 also mediated TfR binding (Mason et al., 1996) (Chapter I.3.), I truncated the 

full-length Tf (679 AA) to the N-terminal 338 AA (nTf338, position 1-338 from 679 AA), 

resulting in FGF21-nTf3338-PLUS (Figure 21A). Replacing full-length Tf (669 AA) with the 

truncated nTf (338 AA) reduced the size of the fusion protein by 38 kDa, from 103 kDa to 65 

kDa for the unprocessed protein, and from 100 kDa to 62 kDa for the ER retrieved variant. 

Moreover, since another study, in which FGF21 has been fused to the Fc domain of an IgG1 

antibody either at the N- or C-terminus, yielding Fc-FGF21 and FGF21-Fc, and FGF21 was 

only active when Fc was fused to the N-terminus of FGF21 (Fc-FGF21) (Hecht et al., 2012) 

(Chapter I.2.1.), I therefore investigated the fusion orientation of nTf338 and changed the 

order of FGF21 and nTf338, resulting in the nTf3338-FGF21-PLUS construct (Figure 21A). 

Additionally, I analyzed the alpha helix and beta-sheet structures of two truncated FGF21-Tf 

fusion proteins (FGF21-nTf3338-PLUS and nTf3338-FGF21-PLUS) in silico by the Raptor 

X software. After comparing with native FGF21, I observed that their alpha helix and beta-

sheet structures were no problem (Figure 21B). 

Unlike expected, FGF21-nTf338-PLUS did not affect the accumulation of the intact fusion 

protein, but reduced the degradation products to 21 % (anti-FGF21 Western blot) and 15 % 
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(anti-His Western blot). In contrast, nTf338-FGF21-PLUS reduced degradation to 9 % (anti-

FGF21 Western blot) and 7 % (anti-His Western blot) and increased intact nTf338-FGF21 

accumulation level up to 2.1 mg kg-1 LFM (Extra, Figure 22A, Extra, Figure 23, Table 18). In 

transiently transformed N. benthamiana leaves of nTf338-FGF21-PLUS, even up to 5.8 mg 

kg-1 LFM was obtained when older leaves with symptoms of senescence were excluded, and 

only green leaves were used for processing (Table 21). 

In summary, FGF21 fused to the C-terminus of nTf338 (nTf338-FGF21-PLUS) could 

improve the accumulation of the intact fusion protein and reduce degradation product.
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III.4. Purification of nTf338-FGF21-PLUS for proof-of-concept 

bioavailability and bioactivity studies 

Recombinant proteins, such as PD, partially purified from tobacco leaves via His-tag/IMAC, 

have been successfully used in oral administration trials with animals like mice, 

demonstrating that the impurities caused no significant side effects (Choi et al., 2014). Since 

the accumulation levels of the modified FGF21-Tf fusion protein obtained in transiently and 

stably transformed plants were insufficient for animal feeding studies, I partially purified 

modified FGF21-Tf fusion proteins from transient leaves for use in animal feeding studies. 

III.4.1. nTf338-FGF21-PLUS was stable in crude extract for 6 h at 20 °C 

In terms of FGF21 bioactivity, it is crucial for the modified FGF21-Tf fusion proteins to 

remain intact during extraction. Since the four FGF21-Tf fusion proteins (FGF21-F-Tf, 

FGF21-Tf-PLUS, FGF21-nTf338-PLUS, and nTf338-FGF21-PLUS) seemed to be instable in 

leaf crude extracts (Chapter III.3.), I determined whether they could be purified at large-scale 

without substantial degradation via DoE in a D-optimal response surface design with 36 runs 

and a fraction of design space (FDS) of 1.0, if the effect-to-noise ratio is >1.7, i.e., an effect 

can be detected with a 95 % likelihood, if the effect size is >1.7-fold compared to the standard 

deviation (Table 19). 

Leaf crude extracts of four FGF21-Tf fusion proteins were incubated at different temperatures 

(4 °C and 20 °C) and times (0 h, 24 h, 48 h, and 72 h) and the accumulation levels of the four 

FGF21-Tf fusion proteins were analyzed by the FGF21-ELISA. 

For the accumulation of the four FGF21-Tf fusion proteins, a significant reduced cubic model 

with a non-significant Lack of Fit and a R2 = 0.86, an adjusted R2 = 0.85, and a predicted R2 = 

0.82 (Table 19), indicating that the model could fit the measured accumulation data and 

predict the impact of the different factors on it. In this model, the temperature (factor A), time 

(factor B), their interaction (AB), and B2 were found to be significant. 
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Table 19. Characterization of the D-optimal design model for relative stability in crude leaf extracts of 
four FGF21-Tf fusion proteins incubated at different temperatures and times. Factors with F-value and p-
value. Significance was calculated by one-way ANOVA (Bonferroni) with p < 0.05. 

Design Summary     

File Version 11.0.0.3    

Study Type Response Surface  Subtype Randomized 

Design Type D-optimal Point Exchange Runs 36 

Design Model Reduced Cubic  Block No Blocks 

 
Relative stability [%]  

Source  df F-value p-value  

Model 4 48.66 <0.0001 significant 

A-Temperature 1 76.02 <0.0001  

B-Time 1 94.78 <0.0001  

AB 1 15.68 0.0004  

B2 1 6.22 0.0181  

Lack of Fit 24   not significant 

     

R² 0.8626    

Adjusted R² 0.8449    

Predicted R² 0.8186    
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Figure 24. Stability testing by the D-optimal design of four FGF21-Transferrin fusion proteins. Four fusion 
proteins (A) FGF21-F-Tf, (B) FGF21-Tf-PLUS, (C) FGF21-nTf338-PLUS, and (D) nTf338-FGF21-PLUS. Leaf 
samples were harvested at 5 dpi. Each 10 g leaf materials were extracted in 30 mL of extraction buffer at a ratio 
of 1:3. Leaf crude extracts were under incubation temperature at 4 °C and 20 °C and time at 0 h, 24 h, 48 h, and 
72 h. The accumulation levels of the four FGF21-Transferrin fusion proteins were analyzed by FGF21-ELISA. 
The stability of all fusion proteins was analyzed in a D-optimal design by submitting relative stability, incubation 
temperature, and incubation time to the DoE software. dpi – days post infiltration; DoE – design of experiments. 

 

At 4 °C, only ~0-20 % of the four FGF21-Tf fusion proteins degraded within 24 h, which 

increased to ~30-35 % degradation products within 72 h. In contrast, at 20 °C, the four 

FGF21-Tf fusion proteins degraded more rapidly with ~30-75 % degradation products within 

24 h and ~70-85 % degradation products within 72 h. However, FGF21-F-Tf and FGF21-Tf-

PLUS degraded more rapidly within 24 h at 20 °C with ~65-75 % degradation products 

compared to ~30-70 % for FGF21-nTf338-PLUS and nTf338-FGF21-PLUS (Figure 24). 

Due to the higher stability of two truncated FGF21-Tf fusion proteins FGF21-nTf338-PLUS 

and nTf338-FGF21-PLUS in leaf crude extracts, I focused on them and performed further 

stability testing at higher temporal resolution by anti-FGF21 and anti-His Western blots, e.g., 

at 0 h, 1 h, 3 h, 6 h, 24 h, 48 h, and 72 h at 4 °C and 20 °C, respectively, and also determined 

the fraction of intact fusion protein and FGF21/Tf degradation products. 
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Figure 25. Stability testing by Western blot analysis of two truncated FGF21-Tf fusion proteins. (A) 
FGF21-nTf338-PLUS and (B) nTf338-FGF21-PLUS were conducted the stability test. Leaf samples were 
harvested at 5 dpi. Each 10 g leaf materials were extracted in 30 mL of extraction buffer at a ratio of 1:3. Leaf 
crude extracts were under incubation temperature at 4 °C and 20 °C and time at 0 h, 1 h, 3 h, 6 h, 24 h, 48 h, and 
72 h. Leaf crude extracts containing 100 μg of total soluble protein and 20 μL of total volume were subjected to 
NuPAGE 4-12 % Bis-Tris protein gels, respectively. The electroblotted proteins were probe with primary anti-
FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate 
(AP)-conjugated antibody (1:5,000). dpi – days post infiltration; Extra – extraction buffer. 
 

At 0 h, both for FGF21-nTf338-PLUS and nTf338-FGF21-PLUS degradation products were 

not detected in the anti-FGF21 and ant-His-Western blot with a size of 19-20 kDa for FGF21-

(GS), 25-26 kDa for (GS)-FGF21-PLUS-His, and 43-44 kDa for (GS)-nTf338-PLUS-His 

(Figure 25). 

In the anti-FGF21 Western blots, at 4 °C, the intact forms of both FGF21-nTf338-PLUS and 

nTf338-FGF21-PLUS remained constant within 48 h at 100 %, but within 72 h, the 

degradation products of FGF21-nTf338-PLUS (e.g., 19-20 kDa for FGF21-(GS)) increased to 

~40 %, whereas the amount of degradation products of nTf338-FGF21-PLUS (e.g., 25-26 

kDa for (GS)-FGF21-PLUS-His) remained at 0 %. At 20 °C, FGF21-nTf338-PLUS remained 

constant at 100 % within 6 h, but degradation products increased to ~20 % at 24 h, ~25 % at 
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48 h, and ~40 % at 72 h. However, nTf338-FGF21-PLUS degradation products increased to 

~5 % at 1 h, ~20 % at 3 h, ~30 % at 6 h, ~50 % at 24 h, ~40 % at 48 h and ~50 % at 72 h 

(Figure 26A). 

In the anti-His Western blots, at 4 °C, FGF21-nTf338-PLUS was degraded by ~10 % within 

48 h (e.g., 43-44 kDa (GS)-nTf338-PLUS-His degradation product), while nTf338-FGF21-

PLUS was not degraded (e.g., 25-26 kDa (GS)-FGF21-PLUS-His degradation product), but 

both were degraded by ~20 % within 72 h. At 20 °C, FGF21-nTf338-PLUS was not degraded 

at 6 h, but degraded by ~30 % within 24 h, ~50 % within 48 h, and ~50 % within 72 h. 

However, nTf338-FGF21-PLUS was degraded by ~30 % within 6 h, ~50 % within 24 h, 

~50% within 48 h and ~60 % within 72 h (Figure 26B). 

In summary, nTf338-FGF21-PLUS was less stable in the crude leaf extract compared to 

FGF21-nTf338-PLUS. Hence, for large-scale purification without substantial degradation, 

leaf crude extracts of FGF21-nTf338-PLUS and nTf338-FGF21-PLUS need to be performed 

either within 48 h at 4 °C or within 6 h at 20 °C. 

 

 
Figure 26. Degree of relative stability during stability testing of two truncated FGF21-Tf fusion proteins. 
Relative fraction of the two truncated FGF21-Tf fusion proteins in plant extracts, detected by (A) anti-FGF21 
and (B) anti-His Western blots. Leaf crude extract samples containing 100 μg of total soluble protein were 
subjected to NuPAGE 4-12 % Bis-Tris protein gels. The electroblotted proteins were probe with primary anti-
FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then secondary goat anti-Rabbit IgG alkaline phosphate 
(AP)-conjugated antibody (1:5,000). Western blots band intensities were quantified using the AIDA Image 
Analyzer analysis software. n=1, biological replicate. 
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III.4.2. Large-scale purification of nTf338-FGF21-PLUS was impacted by 

substantial loss during depth filtrations 

Taking into account the previous study, which demonstrated that the C-terminal of FGF21 is 

crucial for receptor binding to FGF21 and should not be blocked by a fusion partner (Hecht et 

al., 2012) (Chapter I.2.1.). In this study, I selected nTf338-FGF21-PLUS for large-scale 

purification. 

III.4.2.1 Intracellular expression of nTf3338-F-PLUS required tissue homogenization 

and clarification to remove solid particles that result from the cell lysis 

I purified transiently expressed nTf338-FGF21-PLUS from leaves of N. benthamiana. Due to 

the instability of nTf338-FGF21-PLUS in the crude leaf extract (Chapter III.4.1.), the extract 

was kept at 4 °C during extraction and purification. 

Since nTf338-FGF21-PLUS accumulated in the ER of the plant cells, the plant tissue needed 

to be homogenized for cell lysis, using a blade-based homogenizer. However, tissue 

homogenization and cell lysis also generated large amounts of insoluble, dispersed particles in 

the crude extract, which are measured as turbidimetric turbidity units (NTU). These particles 

are incompatible with chromatography-based purification methods like IMAC for His-tagged 

proteins, and typical concentrations of 10,000-40,000 NTU in the crude extracts need to be 

reduced down to 10 NTU (Carvalho et al., 2019) (Chapter I.5.2.). Therefore, I used a 

previously reported protocol based on lab-scale equipment (Menzel et al., 2016; Opdensteinen 

et al., 2021b; Opdensteinen et al., 2021a). 

However, for large-scale removal of the insoluble particles from the nTf338-FGF21-PLUS 

containing leaf extracts, I compared lab-scale with large-scale clarification and filtration 

equipment: 1) Pre-filtration via miracloth filter (22-25 μm) (lab-scale) and bag filter (1-800 

μm) (large-scale), 2) Centrifugation via ultracentrifugation (16.000 × g, for 20 min at 4 °C) 

(lab-scale) and depth filtration via depth filter (6-15 μm) (large-scale), and 3) Microfiltration 

via sterile filter (0.45 μm and 0.22 μm) (lab-scale) and bottle-top filter (0.22 μm) (large-

scale). In terms of particle removal efficiency using crude extracts from WT N. benthamiana 

plants, which had NTU values in the crude extract range from 10,120 to 14,240 NTU (average 

11,840.0 ± 1,684.0 NTU) (Table 20). 
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Table 20. Removal of insoluble particles with different filtration methods. The contamination with solid 
particles was measured via nephelometric turbidity units (NTU) and the relative particle removal calculated as 
%. Numbers represent mean ± standard deviation. n=1-3, biological replicates. 

Process step 1 Particle loss 
[%] Process step 2 Particle loss  

[%] Process step 3 Particle loss  
[%] 

Bag filter 33.2 ± 3.0 Depth filter 99.6 ± 0.4 Bottle-top filter 24.0 ± 1.4 

Miracloth filter 33.3 ± 2.3 Ultracentrifugation 100.0 ± 0.0 Sterile capsule 33.0 ± 16.3 

 

For the pre-filtration, the particle removal efficiency of the miracloth filter and bag filter was 

similar moderate with ~33 %. When comparing centrifugation and depth filtration, both 

methods removed almost all solid particles with an efficiency of ~100 %. For the 

microfiltration, the sterile filter outperformed the bottle-top filter, with particle removal of 33 

% compared to 24 % (Table 20). This indicates that centrifugation and depth filtration are key 

to removing most dispersed particles, and sterile filtration might be superior to filtration via 

bottle-top filter. 

Based on this, the preferred set-up for large-scale purification of nTf338-FGF21-PLUS is as 

follows: Bag filter, depth filter and sterile filter. In a validation experiment with WT N. 

benthamiana plants, this set-up reduced the initial turbidity in the crude extract by from 

10,986.7 NTU to 2.3 NTU (bag filter, depth filter, and sterile filter), which is sufficient for 

chromatography-based IMAC purification. 

III.4.2.2. nTf3338-F-PLUS recovery seemed to be limited by binding to filters 

For nTf338-FGF21-PLUS purification, I used IMAC because the C-terminal nTf338-FGF21-

PLUS contained a double His6 tag (Figure 21A). During filtration and purification, nTF338-

FGF21-PLUS yield, recovery, and purity were calculated by measuring TSP and FGF21 

concentrations in the individual filtration and purification fractions using Bradford and 

FGF21-ELISA (Table 21). 

Although most process steps had step recoveries >75 % for nTf338-FGF21-PLUS, depth 

filtration yielded only a recovery ~5 %. This indicated that nTf338-FGF21-PLUS may bind to 

filters containing diatomaceous earth (DE). Therefore, the ultracentrifugation was tested as 

well and yielded a recovery ~95 %, which increased the overall recovery of nTf338-FGF21-

PLUS from 2 % to 32 % and might therefore be preferred, even though the scalability is not 

as high as for depth filtration (Buyel et al., 2015a; Roush and Lu, 2008). 



 

159 

 

Table 21. Comparison of purification process performance for nTF338-FGF21-PLUS extracted from non-
senescent, transiently transformed N. benthamiana leaves, using filtration or centrifugation as the major 
clarification step. Yield and purity were determined by FGF21-ELISA and Bradford assay. 

Method 

Depth filtrationa Ultracentrifugationb 

Overall 
recovery 

Step 
recovery 

Loss 
per 
step 

Yield Purity Overall 
recovery 

Step 
recovery 

Loss 
per 
step 

Yield Purity 

[%] [%] [%] [μg kg
-1

 
biomass] 

[%] [%] [%] [%] [μg kg
-1

 
biomass] 

[%] 

Homogenate 100.00 - - 2,930.1  
± 628.9 

0.05  
± 0.02 100.00 - - 5,779.0  

± 119.6 
0.05  

± 0.00 

Bag filtrate 76.3  
± 0.9 

76.3  
± 0.9 

23.7  
± 7.4 

2,234.5  
± 460.9 

0.06  
± 0.03 

55.5  
± 2.9 

55.5  
± 2.9 

44.5  
± 2.9 

3,206.7  
± 236.4 

0.04  
± 0.00 

Clarification 
(centrifugation or 
filtration) 

4.2  
± 2.0 

5.5  
± 2.6 

94.5  
± 2.6 

121.3  
± 52.2 

0.01  
± 0.00 

52.5  
± 2.4 

94.7  
± 0.7 

5.3  
± 0.7 

3,035.3  
± 200.5 

0.03  
± 0.00 

Sterile filtrate 3.6  
± 1.7 

85.5  
± 4.9 

14.5  
± 4.9 

104.5  
± 46.1 

0.01  
± 0.00 

36.6  
± 0.4 

69.9  
± 4.0 

30.1  
± 4.0 

2,116.7  
± 19.5 

0.02  
± 0.00 

IMAC flow 
through 

2.8  
± 1.5 

76.8  
± 11.0 

24.2  
± 11.0 

82.4  
± 43.0 

0.04  
± 0.02 

35.2  
± 0.4 

96.1  
± 0.1 

3.9  
± 0.1 

2,033.2  
± 19.9 

0.08  
± 0.01 

IMAC wash 2.7  
± 1.5 

95.8  
± 2.9 

4.2  
± 2.9 

79.7  
±  

42.6 

0.06  
± 0.02 

34.9  
± 0.4 

99.1  
± 0.0 

0.9  
± 0.0 

2,014.5  
± 20.1 

0.08  
± 0.01 

IMAC elution 2.3  
± 1.4 

84.4  
± 11.2 

15.6  
± 11.2 

58.7  
± 39.8 

0.14  
± 0.04 

31.7 
± 0.3 

90.9  
± 0.0 

9.1  
± 0.0 

1,324.8  
± 8.9 

0.19  
± 0.00 

a n=3; b n=2. IMAC – immobilized metal-ion affinity chromatography. 
 

Regardless of the depth filtration or ultracentrifugation method used, the purity only increased 

from 0.05 % (homogenate) to 0.2 % (IMAC elution) based on the TSP, measured by Bradford 

(Table 21). This was confirmed by the Coomassie-stained NuPAGE LDS gel, in which a 

substantial amounts of host cell protein (HCP) were detected in the IMAC fractions, including 

the IMAC eluate (Figure 27A). However, the reason for that might be the low concentration 

of nTf338-FGF21-PLUS in the crude extracts of 2.9-5.8 mg kg-1 biomass and might be higher 

if the concentration can be increased >100 mg kg-1 biomass. 

Both in the anti-FGF21 and anti-His Western blot, a 64 kDa fragment corresponding to the 

expected size of the intact nTF338-FGF21-PLUS fusion protein was detected in the crude 

extract, but in the IMAC eluate, the protein could only be detected in the anti-FGF21 Western 

blot (Figure 27B). The reasons for this could not be identified. However, in the anti-FGF21 

Western blot, nTf338-FGF21-PLUS seemed to be stable as the relative amount of intact 

nTf338-FGF21-PLUS and degradation products was similar in the crude extracts and the 
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different filtration and purification fractions, including the IMAC eluate, with 55 % (intact 

form) and 45% degradation products (Figure 27B). 

For the animal feeding studies, the IMAC eluates were pooled, the elution buffer exchanged 

with PBS, and subsequently concentrated, resulting in an nTF338-FGF21-PLUS 

concentration of 1.7-7.3 μg mL-1 and TSP / HCP impurities of 6.0 mg mL-1, respectively (data 

not shown). 

In summary, the overall recoveries for the depth filtration-based and centrifugation-based 

processes in purification were ~2 % and ~32 %, corresponding to ~0.06 mg kg-1 LFM and 

~1.3 mg kg-1 LFM, respectively. Even though depth filtration is easier to scale-up, 

ultracentrifugation might be preferred for the purification of nTf338-FGF21-PLUS. 



 

161 

 

Figure 27. Coomassie-stained NuPAGE LDS gel and Western blot analysis of purification process 
fractions for nTF338-FGF21-PLUS extracted from non-senescent, transiently transformed N. 
benthamiana leaves, using depth filtration for clarification. Each 800 g leaf material was homogenized in 
extraction buffer and purified by IMAC and applied PBS buffer diafiltration and concentration using 30 kDa 
centrifugal filter. Leaf samples containing 100 μg of total soluble protein were subjected to NuPAGE 4-12 % 
Bis-Tris protein gels. (A) Coomassie stained gel, (B) FGF21-Western blot and His-Western blot. The 
electroblotted proteins were probed with primary anti-FGF21/-His6 rabbit polyclonal antibody (1:5,000) and then 
secondary goat anti-Rabbit IgG alkaline phosphate (AP)-conjugated antibody (1:5,000). IMAC – immobilized 
metal-ion affinity chromatography; PBS – phosphate-buffered saline.  
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IV. Discussion 

IV.1. Optimization tobacco seed yield in contained greenhouses 

yielded a competitive production platform 

For the oral delivery of FGF21 through tobacco seeds, I chose seed-rich SL632 as a host for 

its recombinant expression in stably transformed plants, established the seed production in a 

greenhouse setting, and compared it to leaf-rich VG tobacco and leaf production as a 

reference. 

Compared to the normal tobacco cultivation in the greenhouse without cutting, the seed yield 

increased by 1.6-fold (SL632) and 2.4-fold (VG) via 1× cut, which broke the apical 

dominance of the main stem and induced the formation of side branches (Table 13). 

For tobacco SL632 and VG, their seed yields were 0.38 kg m–2 a–1 and 0.24 kg m–2 a–1, and 

their seed production costs were 1.64 € g –1 SDM and 2.58 € g –1 SDM, respectively. However, 

their leaf yields were 8.19 kg m–2 a–1 and 11.17 kg m–2 a–1, and their leaf production costs 

were 0.19 € g –1 LFM and 0.14 € g –1 LFM, respectively. The latter was similar to the leaf 

yield and production costs for N. benthamiana, with 11.94 kg m–2 a–1 and 0.13 € g–1 LFM, 

typically used for production of PD via transient transformation as an alternative to stable 

transformation (Table 13). Thus, when comparing SL632 seeds and VG leaves as production 

platforms, the biomass production rate per unit area and time was 30-fold lower (Table 16), 

and the production costs were 12-fold higher (Table 13) for seeds compared to leaves. 

However, labor costs account for 98 % of the overall production cost of seeds and leaves 

(Table 13), and these could potentially be reduced by approximately 90 % by using semi-

automated greenhouse facilities (Huebbers and Buyel, 2021; Nandi et al., 2016), as has 

already been established for barley (ORF Genetics, Island) and rice seeds (Ventria Bioscience, 

USA) in greenhouses. For example, in a clinical study using transgenic rice seeds as an oral 

vaccine, the vaccine cost was 0.08 € g-1 seed (Chapters I.5.1.1. and I.5.1.2.) (Yuki et al., 2021). 

In addition, the higher cultivation costs for seeds compared to leaves in the greenhouse might 

be compensated by the fact that seeds do not need to processed after harvest, and PD does not 

require purification from seeds for oral delivery, as is necessary for leaves, which is a 

substantial cost factor. For example, in a clinical study using rice seeds as an oral vaccine, the 

costs of 0.08 € g-1 seed corresponded to 28 € g-1 PD without purification (for a PD 
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accumulation of 3 g kg-1 SDM) (Yuki et al., 2021) compared to 500-1,000 € g-1 PD and 100-

500 € g-1 PD for PD purified either from stably or transiently transformed tobacco (Chapters 

I.5.1.1. and I.5.1.2.) (Knödler et al., 2023; Ridgley et al., 2023; Tusé et al., 2014), which is 4-

36-fold higher compared to PD costs for transgenic rice seeds (Yuki et al., 2021). 

Hence, the production of PD for oral delivery is possible in a greenhouse setting and, in 

principle, substantially more cost-effective compared to the production in leaves. 
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IV.2. Stable FGF21-Transferrin expression in seeds of N. tabacum 

SL632 was impacted by the instability of the fusion protein 

To enable oral delivery via transfer from the small intestine into the portal vein of the 

bloodstream, I designed the FGF21-F-Tf fusion protein. FGF21 was coupled to Tf for 

translocation through the enterocytes of the intestine, and a furin cleavage site was introduced 

for the separation of FGF21 from Tf during/after translocation. For oral delivery, I established 

the in vitro stable transformation protocol for SL632 to introduce the FGF21-F-Tf expression 

cassette. 

However, SL632 exhibited early flowering in in vitro tissue culture compared to VG, the 

reference cultivar, affecting the transformability of SL632 (Table 14). Similarly, the 

transformation efficiency in terms of positive shoots per explant was lower for SL632 

compared to VG for both FGF21-F-Tf and GFP, used as a non-toxic control (Table 15). 

Although transgenic FGF21-F-Tf transformants showed normal seed vigor (Table 16), the 

lower transformability did not seem to be related to the transgene but rather to the cultivar 

SL632. Nevertheless, I successfully obtained stably transformed SL632 producing FGF21-F-

Tf. 

However, FGF21-F-Tf was instable, with 41-67 % degradation products relative to the total 

amonut of FGF-F-Tf protein observed in planta in both seeds and leaves (Figure 17, Table 

16). This instability seemed to be related to the furin cleavge site in FGF-F-Tf. This finding is 

in opposite to previous studies that produced recombinant fusion proteins with furin cleavage 

sites in plants and did not observe any cleavage (Boyhan and Daniell, 2011; Kang et al., 2018; 

Kwon et al., 2018; Margolin et al., 2020; Verma et al., 2010) Although the mammalian furin 

protease does not occur in plants (Wilbers et al., 2016), a previous study demonstrated the 

presence of a furin-like Kex2p-like endoprotease in tobacco (Kinal et al., 1995), which might 

have recognized the furin site in the FGF21-F-Tf protein. 

Alternatively, the degradation of FGF21-F-Tf might not be related to the furin site but to the 

flexible GS-linker next to the furin cleavage site (Benchabane et al., 2008; Chen et al., 2013). 

If so, substituting the flexible GS-linker with a more stable linker could be considered to 

enhance the stability and integrity of the future FGF21-Tf fusion protein. For example, the 

DK linker (enterokinase cleavable linker, DDDDK), the LE linker (dipeptide linker, LE), the 

PD linker (non-helical polypeptide linker, (PEAPTD)2), and the EA linker (rigid linker, 

(LEA(EAAAK)4ALEA(EAAAK)4ALE)) (Table 22). 
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Table 22. Linkers described for FGF21-Transferrin fusion proteins. 

Linker type Linker AA sequence Fusion protein Heterologous host Compartment Reference 

EK cleavable DDDDK* GFP-FGF21 Nicotiana 
benthamiana 

Cytosol (Fu et al., 2011) 

Dipeptide LE** ProINS-Tf HEK293 Extracellular 
space 

(Chen et al., 2018; 
Liu et al., 2020; 
Wang et al., 2011b; 
Wang et al., 2014b) 

Oryza sativa seeds Apoplasm (Chen et al., 2018) 

Non-helical 
polypeptide 

(PEAPTD)2 GLP1-Tf Saccharomyces 
cerevisiae 

Extracellular 
space 

(Kim et al., 2010) 

Ex4-Tf Saccharomyces 
cerevisiae 

Extracellular 
space 

(Kim et al., 2010) 

Rigid (LEA(EAAAK)4ALEA 

(EAAAK)4ALE) 

G-CSF-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; 
Chen et al., 2013) 

FIX-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; 
Chen et al., 2013) 

Flexible (GGGGS)3 G-CSF-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; 
Chen et al., 2013) 

FIX-Tf HEK293 Extracellular 
space 

(Amet et al., 2009; 
Chen et al., 2013) 

Ex4-Tf Nicotiana 
benthamiana 

ER (Choi et al., 2014) 

*EK – enterokinase cleavage site, **XhoI – restriction site, AA – amino acid. 

 

Nevertheless, the instability of FGF21-F-Tf might have limited the accumulation of intact 

FGF21-F-Tf, resulting in 6.7 mg kg-1 SDM in T1 seeds and 5.6 mg kg-1 LFM in T2 leaves 

(Table 16), which is below the 50 mg kg-1 SDM/LFM required for oral delivery (Chapter 

III.2.4.). Notably, my case study showed similar accumulation levels of intact FGF21-F-Tf in 

T1 seeds (6.7 mg kg-1 SDM) and T2 leaves (5.6 mg kg-1 LDM) with less degradation of 

FGF21-F-Tf in leaves (41 %) compared to seeds (67 %) (Figure 17, Table 16). 

This contradicts the general view that the recombinant protein production of transgenic seeds 

is higher than that of transgenic leaves, which is explained by 1) the higher protein content in 

seeds with 80 - 350 g kg-1 protein per SDM, compared to leaves with 10 - 20 g kg-1 protein 

per LFM respectively (equivalent to 85 - 170 g kg-1 leaf dry mass (LDM)) (Benchabane et al., 

2008; Boothe et al., 2010; Frega et al., 1991), and 2) the view that seeds exhibit a low 

protease activity, resulting in high recombinant protein yields (Benchabane et al., 2008; 

Boothe et al., 2010). Previous publications, for instance, reported yields of recombinant 

proteins from 30.4 mg to 6.5 g kg-1 SDM and 3.0 mg to 1.0 g kg-1 LFM for stable transformed 
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plants (Table 2, Table 3). Transgenic Tf, as an example, yielded in rice seeds and tobacco 

leaves 10 g kg-1 SDM and 0.14 g kg-1 LFM (equivalent to 1.2 g kg-1 LDM) respectively 

(Table 3, Table 23). However, the findings of this study differ from previous reports and the 

prevailing opinion, indicating that protein expression in seeds may not always be beneficial to 

product stability and accumulation and mainly depends on the recombinant protein to be 

produced. 

Nevertheless, even though the 6.7 mg kg-1 SDM in T1 seeds was below the 50 mg kg-1 

SDM/LFM required for oral delivery in animal feeding studies, previous studies have shown 

that recombinant protein production can reach this accumulation level in transgenic tobacco 

seeds (Table 2, Table 3). Therefore, the use of tobacco to express FGF21-F-Tf is, in principle, 

possible, provided a FGF21-F-Tf fusion protein with higher stability is designed. 

In addition, to further improve the protein accumulation of FGF21-F-Tf in seeds, a seed-

specific promoter can be used to replace the constitutive CaMV 35S promoter, such as the 

pLeb4, pPhas, pUSP, pGt1, pGlo1, pUbi, and pCon promoter, which showed higher 

exprsssion levels in seeds (Table 3). Alternatively, other crops as protein expression platforms 

might be seletced to increase protein accumulation in seeds, with protein yields ranging up to 

160 mg - 15 g kg-1 SDM, such as rice in which Tf rice already yielded 10 g kg-1 SDM (Table 

3). 

This demonstrates that producing PD like FGF21-F-Tf in seeds at the required accumulation 

level of 50 mg kg-1 SDM is achievable with optimized constructs and expression cassettes. 
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Table 23. Yield of FGF21 and Tf recombinant proteins in plants. Numbers represent mean ± standard 
deviation. 

Transformation Plant Recombinant 
protein Promoter/Terminator 

Protein 
accumulation in 
transient leaves 

[mg kg-1 Biomass] 
Reference 

Transient  
N. bent 
leaves 

FGF21-F-Tf  TMV-SgPr/ TMV-Sgt 2.1 ± 0.0 This study 

FGF21 PVX-SgPr/PVX-Sgt 5 (Fu et al., 2011) 

Ex-4-Tf p35S/tNos 137 (Choi et al., 2014) 

smGFP-hFGF21 PVX-SgPr/PVX-Sgt 450 (Fu et al., 2011) 

FGF21-F-Tf p35S/t35S 0.8 ± 0.2 This study 

FGF21-Tf-PLUS p35S/t35S 1.6 ± 0.5 This study 

FGF21-nTf338-
PLUS p35S/t35S 1.6 ± 0.5 This study 

nTf338-FGF21-
PLUS p35S/t35S 2.1 ± 0.5 This study 

Transgenic  

Tobacco  
leaves 

FGF21-F-Tf (SL632) p35S/t35S 5.6 ± 0.2 This study 

FGF21-F-Tf  
(VG) 

p35S/t35S 2.4 ± 0.0 This study 

Ex-F-Tf p35S/tNos 37 (Choi et al., 2014) 

Tobacco  
seeds 

FGF21-F-Tf (SL632) p35S/t35S 6.7 ± 0.2 This study 

FGF21-F-Tf  
(VG) 

p35S/t35S 6.4 ± 0.0 This study 

Rice  
seeds 

Tf pGt1/tNos 10,000 (Zhang et al., 2010) 

TMV-SgPr – TMV subgenomic promoter; PVX-SgPr – PVX subgenomic promoter; p35S – CaMV 35S 
promoter with duplicated transcriptional enhancer; pGt1 – Oryza sativa eed storage protein glutelin 1 promoter; 
TMV-Sgt – TMV subgenomic terminator; PVX-Sgt – PVX subgenomic terminator; t35S – CaMV 35S 
terminator; tNos – Agrobacterium tumefaciens nopalin synthase terminator; TMV – tobacco mosaic virus; PVX– 
potato virus X; SgPr – subgemonic promoter; Sgt – subgemonic terminator; CaMV – cauliflower mosaic virus. 
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IV.3. Protein engineering of FGF21-Transferrin via transient 

expression in leaves of N. benthamiana produced a stabilized 

FGF21-Transferrin variant nTf338-FGF21-PLUS that can be 

used for stable expression in seeds 

To optimize the stability of the FGF21-F-Tf fusion protein, I used the transient transformation 

system in N. benthamiana. First, I employed the replicating virus magnICON vector system, 

but due to the insert size limitation, FGF21 and Tf were co-expressed and subsequently fused 

by inteins. However, the co-expression failed, resulting in the detection of only Tf, not 

FGF21-F-Tf or FGF21 alone. It might be assumed that either 1) different stability of the two 

protein fragments when expressed separately, leading to the degradation of FGF21 before 

fusion, or 2) the assembled fusion protein being cleaved into the two fragments after 

assembly, with FGF21 being completely degraded. In this case, the degradation rate was 

higher than the production and fusion rate. 

For this reason, I then employed the non-viral pTRAc vector system, which has no size limit 

and can express FGF21-F-Tf directly as a fusion protein, similar to the approach used in 

stably transformed tobacco plants. Using this system, the protein yielded 0.8 mg kg-1 LFM of 

intact fusion protein with 33 % additional degradation proteins compared to 6.7 and 5.6 mg 

kg-1 SDM/LFM of intact fusion protein and 26 % and 8 % additional degradation products in 

T1 seeds and T2 leaves of stably transformed tobacco plants (Table 18). 

Based on this, the stability and accumulation of the fusion protein was optimized. I removed 

the furin site and inserted the liver-targeting PLUS peptide instead, resulting in the protein 

FGF21-Tf-PLUS. This increased the accumulation from 0.8 to 1.6 mg kg-1 LFM of intact 

fusion protein while decreasing the degradation from 33-32 % to 25-19 % (Table 18). Hence, 

removal of the furin mitigated the degradation but did not completely prevent it, suggesting 

that unintended cleavage of the furin site might not be the only reason. The region between 

FGF21 and Tf seemed to be instable to a certain degree, possibly due to the flexible GS-linker. 

Next, I truncated Tf to the relevant N-terminus nTf338, resulting in FGF21-nTf338-PLUS, 

which accumulated at 1.6 mg kg-1 LFM with 21-15 % degradation products. Changing the 

orientation of FGF21 and nTf338 to nTf338-FGF21-PLUS resulted in 2.1 mg kg-1 LFM with 

9-7 % degradation products (Figure 22, Figure 23, Table 18). Reducing the size of the fusion 
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protein and changing the orientation improved the stability and accumulation level. These 

aspects should be considered during recombinant protein design. 

Nevertheless, the 2.1 mg kg-1 LFM for nTf338-FGF21-Tf was lower compared to other 

studies that transiently expressed FGF21 and Tf either alone or as fusion protein. For 

example, 5 mg kg-1 LFM for FGF21 (Fu et al., 2011), 450 mg kg-1 LFM for GFP-FGF21 (Fu 

et al., 2011), and 137 mg kg-1 LFM for Ex4-Tf (Choi et al., 2014), being 2.4 -fold, 214-fold, 

and 65-fold higher (Table 23). 

To further improve accumulation and stability of nTf338-Tf-PLUS, the flexible GS-linker 

might be replaced by other more stable linkers, such as the DK linker (linker AA sequence: 

DDDDK), the LE linker (linker AA sequence: LE), the PD linker (linker AA sequence: 

(PEAPTD)2), and the EA linker (linker AA sequence: 

(LEA(EAAAK)4ALEA(EAAAK)4ALE)) (Table 22). In this context, the 3D structure results 

by the Raptor X software showed that the FGF21-transferrin fusion proteins with different 

linkers had no steric hindrance compared to native FGF21, which might impact the stability 

and activity of these fusion proteins (Figure 28). Therefore, the production of nT338-FGF21-

PLUS might be improved in the future by using different linkers. 

Nevertheless, it can be assumed that via further optimization of the FGF21-transferrin fusion 

and its combination with other approaches, such as employing seed-specific promoters, the 

required 50 mg kg-1 SDM for oral delivery can be obtained in tobacco seeds. 
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Figure 28. FGF21-Transferrin fusion protein with different linker models. The 3D structures of FGF21-Tf 
fusion proteins with different linkers predicted by submitting the amino acid sequence to the Raptor X software 
(http://raptorx.uchicago.edu/). PLUS: liver-targeting peptide circumsporozoite protein (CSP), position 82-100; 
GS linker: flexible linker, (GGGGS)3; DK linker: enterokinase cleavable linker, DDDDK; LE linker: dipeptide 
linker, LE; PD linker: non-helical polypeptide linker, (PEAPTD)2; EA linker: rigid linker, 
(LEA(EAAAK)4ALEA(EAAAK)4ALE). 
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IV.4. A purification method for nTf338-FGF21-PLUS was 

established that enabled pre-clinical proof-of-concept 

bioavailability and bioactivity studies 

For the bioavailability and bioactivity studies in mice, the transiently produced nTf338-

FGF21-PLUS needed to be purified. For large-scale purification, filtration was suitable to 

remove solid particles, with depth filtration being the most effective (Table 20). However, 

depth filtration also resulted in a ~5 % step recovery of nTF338-FGF21-PLUS and a low 

overall recovery of 2 % (Table 21). Therefore, the yield might be alleviated by improving the 

filter systems, such as using depth filters in combination with flocculants, DE free filters, or 

adding low concentrations of detergents like Triton X-100 to the extract (Chapter I.5.2.) 

(Buyel et al., 2015a; Buyel and Fischer, 2014b). 

However, I replaced depth filtration by ultracentrifugation, even though limited in its 

scalability, which yielded the same particle removal efficiency but a step recovery of ~95 % 

(Table 21). The final clarification and purification setup resulted in a recovery of 32 % for 

nTf338-FGF21-PLUS, corresponding to about 1.3 mg kg-1 LFM, respectively (Table 21). The 

significant loss of 68 % of nTf338-FGF21-PLUS might be contributed to the low overall 

accumulation in crude extracts with 2.9 - 5.8 mg kg-1 LFM (Table 21), potentially causing 

unspecific binding of nTf338-FGF21-PLUS to have a relatively high impact. Hence, 

increasing the accumulation level of nTf338-FGF21-PLUS to >100 mg kg-1 or even >1 g kg-1 

LFM might increase the overall recovery up to 80 %, as reported for His-tagged DsRed, 

purified with a similar procedure. 

Similarly, the low purity of nTf338-FGF21-PLUS at 0.2 % (compared to typical purities of 80 

% after IMAC purification) might be explained by the low accumulation level of 2.9 - 5.8 mg 

kg-1 LFM (compared to 100 mg - 6 g kg-1 LFM for other transiently produced recombinant 

proteins) (Table 21). The low initial product concentration in the extract loaded onto the 

IMAC might have favored non-specific HCP binding to the IMAC resin, resulting in co-

purification, and, thus, low purity (Figure 27). Increasing the accumulation in planta might 

enhance the purity as well. 

Nevertheless, nTf338-FGF21-PLUS in this study was only a partially purified protein. 

However, previous animal feeding trials have successfully used lyophilized, resuspended leaf 

material, crude extracts, or partially purified recombinant proteins without any apparent 

adverse effects of impurities, such as CTB-Ex-4 and Ex-4-Tf (Choi et al., 2014; Kwon et al., 
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2013; Phan et al., 2020). Based on this, partially purified nTF338-FGF21-PLUS with co-

purified HCP might be suitable for testing bioavailability and bioactivity in animal feeding 

trials with mice, and the partially purified nTF338-FGF21-PLUS was thus delivered to our 

partner DIfE, as described in "Hou, H.W., Bishop, C.A., Huckauf, J., Broer, I., Klaus, S., 

Nausch, H., Buyel, J.F. (2022). Seed and leaf based FGF21- Transferrin fusion protein 

expression for oral delivery and treatment of non-alcoholic steatohepatitis. Frontiers in 

Plant Science 13:998596; 10.3389/fpls.2022.998596", which demonstrated that nTF338-

FGF21-PLUS is both bioavailable and bioactive. 

Hence, the production of FGF21 in plants and plant seeds is a meaningful approach for oral 

delivery to medicate NASH. 
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V. Conclusion 

Finally, I would like to summarize the main findings of my PhD thesis "Establishing the 

greenhouse-production of FGF21-Transferrin in tobacco seeds and leaves for oral treatment of 

non-alcoholic steatohepatitis NASH". 

FGF21 exhibits the potential to reverse liver dysfunction in pre-clinical trials. However, the 

systemic long-acting FGF21 analogues developed so far were all injected directly into the 

blood and had negative effects on other organs due to their long half-life and systemic 

distribution. I therefore established an oral administration system for FGF21, utilizing 

transferrin as a carrier and tobacco seeds or leaves as a matrix. This approach offers two 

major advantages: Firstly, the plant matrix protects FGF21 from stomach acidity and 

enzymes, releasing it enzymatically in the intestinal lumen. Secondly, fusion with transferrin 

(FGF21-transferrin) enables direct targeting of FGF21 to the liver, facilitated by transferrin's 

ability to mediate cellular uptake through enterocytes, allowing transport from the intestine to 

the portal vein and liver. 

In this context, I demonstrated that maximizing SL632 seed yield in the greenhouse involves 

cutting induced side shoots, resulting in a yield of 380 g m-2 a-1 with a manufacturing cost of 

1.64 € g-1 compared to 11.17 kg m–2 a–1 and 0.14 € g-1 for leaves. Importantly, seeds can be 

directly used for oral delivery without the need for purification, a requirement in leaf 

production, leading to 4-36-fold lower overall production costs of seed-based PD compared to 

leaf-based PD. Therefore, seeds are a suitable production platform for the oral delivery of PD. 

However, in stably transformed, transgenic SL632 plants producing FGF21-F-Tfs, he 

unintended cleavage of the furin site and the intrinsic instability of the flexible GS-linker 

resulted in the degradation of the FGF21-F-T fusion protein in both seeds and leaves, yielding 

41-67 % degradation products. This limited the accumulation of intact FGF21-F-T fusion 

protein to 6.7 mg kg-1 SDM and 5.6 mg kg-1 LFM. To improve the protein integrity and 

accumulation, I optimized the FGF21-F-Tf fusion protein via transient transformation. This 

involved removing the furin cleavage site, introducing the liver-targeting peptide PLUS, 

truncating Tf (nTf338), and changing the order of the fusion partners. The final fusion protein, 

nTf338-FGF21-PLUS, exhibited significantly reduced degradation with only 9-7 % 

degradation products and a 3-fold higher accumulation level. Thus, in combination with other 

approaches such as seed-specific promoters, the optimized nTf338-FGF21-PLUS can be used 

to achieve higher accumulation levels in future transgenic SL632 seeds. 
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For the large-scale production in leaves as an alternative to seeds, I established the extraction 

and purification of nTf338-FGF21-PLUS from transiently transformed plants. Solid particles 

resulting from tissue homogenization needed removal prior to chromatography-based IMAC 

purification. Depth filtration effectively reduced dispersed particles but was associated with a 

~95 % loss of nTf338-FGF21-PLUS, possibly due to unspecific binding to the filter, resulting 

in on overall recovery of only 2 %. Therefore, I adapted an ultracentrifugation-based method, 

similarly effective in removing solid particles, reducing the loss to ~5 %, and increasing the 

overall recovery to 32 %. However, during nTf338-FGF21-PLUS IMAC purification, the low 

concentration of nTf338-FGF21-PLUS of 2.9 - 5.8 mg kg-1 LFM in the crude extract seemed 

to promote non-specific binding of HCP to the chromatography resin, causing extensive co-

purification of HCP and resulting in a final purity of less than 1 %. The huge co-purification 

might be reduced, if accumulation levels of nTf338-FGF21-PLUS can be increased to 100 mg 

- 6 g kg-1 LFM as for other transiently produced recombinant proteins. 

Nevertheless, the partially purified nTf338-FGF21-PLUS demonstrated both bioavailable and 

bioactive, as shown by the cooperation partner DIfE, e.g., it has been shown to induce mRNA 

expression of liver target genes in HepG2 cells, and it was transferred from the intestine to the 

blood circulation by oral gavage in mice. 

Concluding, I demonstrated that oral delivery of nTf338-FGF21-PLUS containing seeds 

might be an alternative to leaf production and, in principle, be used for the treatment of 

NASH via oral delivery.  
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