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 ABSTRACT- Bispecific T-cell engagers (BiTEs) are increasingly being recognized as 

promising therapeutic molecules in tumor management. However, these largely  artificial and 

complex antibody-based molecules are often difficult to express in conventional platforms. 

Here, we evaluated the recombinant expression of the approved dual-targeting bispecific T-

cell engager Blinatumomab (BLIN) for its production in plants. A highly potent viral vector 

carrying the coding sequence of BLIN with a His tag was used for transiently expressing 

Blinatumomab in Nicotiana benthamiana. Four days post-DNA construct delivery, 

immunoblotting exhibited BLIN-specific signals in total soluble proteins (TSP) as well as in 

the intercellular fluid (IF), indicating secretion of the recombinant protein to the extracellular 

space. Co-expression of an RNA silencing suppressor (p19) increased BLIN-specific signals. 

While Ni-NTA purification from TSP resulted in insufficient BLIN quality, IF-derived BLIN 

was eluted as a single band at the correct molecular weight. The yield of IF-BLIN was 

approximately 15 µg/g fresh leaf weight, which is ten times lower than usually obtained for 

monoclonal antibodies (mAbs). Chromatographic profiling of IF-BLIN exhibited significant 

amounts of unwanted high molecular weight forms next to the targeted monomeric fraction. 

After purification of this fraction, the functional activity of IF-BLIN was confirmed by 

binding to cells expressing the targeted antigens CD3 or CD19. Collectively, we showed the 

successful production of functionally active BLIN in plants. Further optimization steps are 

required to improve the yield and quality of plant-produced BLIN.  

 

INTRODUCTION  

Bispecific T-cell engagers  (BiTEs) in biology usually act 

as immunotherapeutic molecules intended for the treatment 

of cancer. Blinatumomab (BLIN), is the first approved 

BiTE for use in B-cell acute lymphoblastic leukemia 

(Sanford, 2015; Burt et al., 2019). In more than 90% of 

acute lymphoblastic leukemia cases, the CD19 receptor, a 

B-cell-specific surface antigen, is expressed on the surface 

of leukemia cells (Stanciu-Herrera et al., 2008). This 

receptor acts as a potential target in B-cell malignancy and 

autoimmune diseases. BLIN is an antibody fragment that 

consists of two different single-chain variable fragments 

(ScFv). These two arms are joined by a glycine-serine 

linker, which is specific for CD19 and CD3, respectively. 

It carries the N-terminal anti-CD19 variable fragment 

derived from murine mAb HD37 and the C-terminal anti-

CD3 binding variable fragment derived from murine mAb 

L2K-07 (Moreau et al., 2022).  

Its mechanism of action involves binding to CD19, 

expressed on malignant B-cells, and recruitment of T-cells 

by binding to CD3 at the same time. Such structure and 

specificity allow a BiTE to physically bring a T-cell toward 

a tumor cell in proximity, which ultimately stimulates T-

cell activation, tumor killing, and cytokine production (Wu 

et al., 2015).  
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Recently, five more BiTE molecules, i.e., Teclistamab, 

Elranatamab, Talquetamab, Glofitamab, and Epcoritamab 

have been approved by the FDA and are applied for the 

treatment of cancers such as multiple myeloma, leukemia, 

and lymphoma (Moreau et al., 2022; Keam, 2023; 

Hutchings et al., 2021; Thieblemont et al., 2023; Dhillon, 

2023).  

The recombinant production of BiTEs poses a greater 

challenge regarding quantity, quality, and stability 

compared with full monoclonal antibodies. ScFvs are often 

plagued by too low expression, inefficient purification, and 

aggregation, hindering the clinical investigation of such 

molecules (Pirkalkhoran et al., 2023). Despite clinical 

efficacy, BiTEs also have disadvantages such as fast serum 

clearance, lack of effector functions like antibody-

dependent cell-mediated cytotoxicity (ADCC), antibody-

dependent cell-mediated phagocytosis (ADCP), and 

complement activation, due to the absence of crystallizable 

fragment (Fc) (Wang et al., 2019; Thoreau et al., 2022; 

Pirkalkhoran et al., 2023). 

BLIN does not need extensive post-translational 

modifications such as glycosylation. Thus, non-

mammalian expression systems were also investigated. A 

comparative study on the expression and functional activity 

of BLIN produced in Escherichia coli (E. coli) and CHO 

cells exhibited higher expression levels in the bacterial 

system, at the cost of lower binding efficiency compared to 

counterparts produced in the CHO cell line. In a bacterial 

expression system, a protein often ends up in inclusion 

bodies, making it challenging to isolate the fully functional 

protein (Naddafi et al., 2018; Maghsoodi et al., 2023). 

Plants are broadly recognized as a potent alternative 

platform to produce recombinant proteins. In recent 

decades, significant advances have been made in 

producing transient expression vectors that allow rapid 

production of recombinant proteins within days after 

infiltration of DNA constructs into leaves (Eidenberger et 

al., 2022; Coates et al., 2022). 

For the production of glycoproteins carrying 

humanized glycans, advanced tools that allow the 

expression of proteins with targeted human-type N-glycans 

and large homogeneity have been established (Montero-

Morales & Steinkellner, 2018). Production of antibody 

isotypes and virus-like particles (VLPs) has provided 

strong evidence that plants can efficiently produce fully 

assembled functional proteins at mg levels per kg of fresh 

leaf material (Eidenberger et al., 2023; Balieu et al., 2022; 

Asghar et al., 2022). 

Due to the increased clinical efficacy of artificially 

designed therapeutic molecules like bispecific antibodies 

and ScFvs, attempts were made to produce these molecules 

using plant-based transient expression modules. Multiple 

targets are envisaged, e.g., anti-cancer, viral, and toxic 

molecules (Ravanrouy et al., 2021; Amirzadeh et al., 2023; 

Galeffi et al., 2005; Gomes et al., 2019; Seber Kasinger et 

al., 2019; Phoolcharoen et al., 2017; Lai et al., 2014; 

Bulaon et al., 2024). In general, ScFvs suffer from low 

expression levels and instability. 

 This study focuses on the investigation of BLIN 

antibody expression and purification in the Nicotiana 

benthamiana (N. benthamiana) plant expression system.  

MATERIALS AND METHODS  

Plant expression host 

As plant host, to express recombinant proteins, the 

glycoengineered N. benthamiana (∆XTFT) plants (Strasser 

et al., 2008) with down-regulation of plant-specific glycan 

epitopes (core α1,3-fucose and β1,2-xylose) were served. 

The plants were grown under controlled conditions at 24 

degrees Celsius, 60% relative humidity, and 16/8 h 

light/dark photoperiod in a growth chamber. 

Viral-based vector for transient expression of 

Blinatumomab  

A synthetic cDNA fragment (1515 bp) corresponding to 

the blinatumomab with poly-Histidine tag was codon 

optimized for N. benthamiana with flanking BsaI sites and 

cloned into a BsaI-digested viral-based magnICON® 

vector containing α-amylase signal peptide for secretion 

(pICH26211α) (Marillonnet et al., 2005). Recombinant 

Agrobacterium tumefaciens strain GV3101 (pMP90) was 

transformed using the derived expression vector 

pICH26211α-Blinatumomab (Fig. 1A). 

The strain including the confirmed vector carrying 

Blinatumomab construct was applied for the succeeding 

agroinfiltration experiments. Sequence information was 

presented in supplementary (Fig. 1B). 

 

 
Fig. 1. The expression vector of pICH26211α-Blinatumomab 

for transient expression of Binatumomab in Nicotiana 

benthamiana. (A) The final recombinant Binatumomab gene 

construct. Abbreviations are as below: Act2-P, Arabidobsis. 

thaliana actin 2 gene promoter; TVCV genetic elements (Ω, 

omega leader; RdRP, RNA-dependent RNA polymerase); MP, 

movement protein; SP, barley α-amylase signal peptide; 

Blinatumomab CDS with 6XHis tag, stop codon (*); nos-T, 

nopaline synthase terminator. RB and LB, right and left T-

DNA borders, respectively; (B) Blinatumomab amino acid 

sequence details; glycine-serine linker was underlined. 

In planta expression of Blinatumomab  

Blinatumomab were extracted according to published 

protocols (Kallolimath et al., 2024; Castilho  at al., 2010). 

In brief, Agrobacterium strains separately carrying 

blinatumomab and p19 viral suppressor genes were used to 

express recombinant protein. These strains were grown 

overnight, centrifuged, and subsequently resuspended in 

infiltration buffer. Optical density was assessed at 600 nm 

(OD600). The final OD600 was set to 0.1 and 0.2 for 

blinatumomab- and p19-carrying bacterial cells, 

respectively. Using a syringe, agrobacterial suspensions 

were delivered to leaves of four- to five-week-old plants. 

On day four after infiltration (dpi) the infiltrated leaves 

were harvested to extract total soluble protein (TSP) and 

the sample was used to determine BLIN expression. 
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The intercellular (apoplastic) fluid (IF) was collected 

by submerging intact infiltrated leaves in a beaker 

containing IF extraction buffer (100 mM TrisHCl, 10 mM 

MgCl2, 2 mM EDTA; pH 7.5). 

Then, the leaves were vacuum infiltrated with the IF 

buffer. The excess liquid on the surface of the infiltrated 

leaves was removed by pressing between paper towels. To 

avoid the leaves coming in contact with the collected IF, 

the infiltrated leaves were placed in centrifuge cups with 

cloth mesh. To release the IF from the leaves, the tubes 

were centrifuged at 800 × g for 5 min at 4 °C. The method 

was described previously in the literature (Keshvari et al., 

2024).  

Ten µL of infiltrated leaf extract or 10 µg of total 

soluble protein (TSP) of BLIN was separated on 12% 

SDS-PAGE, followed by immunoblotting with anti-6xHis-

tag antibody (Invitrogen MA1-135) at 1:2000 dilution to 

determine the expression of the antibody. A secondary 

antibody anti-mouse IgG-HRP (Promega W4021) at 

1:10000 was used for detection. 

Purification of Blinatumomab  

Recombinant blinatumomab expressed in the plant’s leaves 

was purified by affinity chromatography using Ni-NTA 

beads (QIAGEN). About 25 mL of intercellular fluid 

isolated from ~60 g of leaf tissue was used for purification. 

The extracted IF from leaves was loaded onto a manually 

packed column, which was pre-equilibrated with 10 

column volumes (CV) of binding buffer containing 50 mM 

Na2HPO4, 300 mM NaCl, 10 mM Imidazole, at the flow 

rate of 1.5 mL/min. The column was washed with 20 CV 

of washing buffer, which contained 50 mM Na2HPO4, 300 

mM NaCl, and 20 mM Imidazole. Elution of BLIN was 

done in 1 mL fractions of an elution buffer containing 50 

mM Na2HPO4, 300 mM NaCl, and 250 mM Imidazole, 

and then eluates were dialyzed overnight against 1x PBS. 

After dialysis of the affinity-purified protein, the samples 

were concentrated. The protein was studied more by size-

exclusion chromatography. Purified BLIN sample (100 

µg) was injected into a Superdex 200 column (10 mm × 

300 mm, Cytiva) connected to an HPLC Prominence LC20 

system (Shimadzu).  Runs were conducted at a flow rate of 

0.75 mL/min at 25 °C in PBS with 200 mM NaCl (pH 

7.4). The molecular mass was assessed by a MALS Heleos 

Dawn8C plus QELS detector (Wyatt Technology, USA). 

Monomeric fractions were collected and stored at -80 °C 

until further use. The analytical SEC run was performed 

similarly by injecting only 10 µg of protein. 

Peptide bapping 

LC-MS/MS analysis was performed as previously 

described (Safonov et al., 2021). Briefly, the purified BLIN 

protein was excised from an SDS-PAA gel and then was S-

alkylated with iodoacetamide and digested with Trypsin 

(Promega). The digested samples were loaded onto a 

nanoEase C18 column. Orbitrap MS (Thermo, Exploris 

480) equipped with the standard H-ESI source in positive 

ion, DDA mode (= switching to MSMS mode for eluting 

peaks) was used for detection. Samples were analyzed with 

an LC-ESI-MS system (Thermo Orbitrap Exploris 480, 

Thermo Scientific). For peptide mapping the files were 

analyzed using PEAKS (Bio-informatics Solutions Inc, 

Waterloo, Ontario, Canada), which is suitable for 

performing MS/MS ion searches. 

CD19 and CD3 binding assay 

Cell culture 

Cell culture and binding assay was performed based on 

previously reported protocols (Seigner et al., 2023; Zajc et 

al., 2022). Three cell lines, Nalm6, Raji, Jurkat, and A549 

cells (all from ATCC), were cultured in complete medium. 

Every two to four days, cells were passaged by counting 

and diluting in a fresh complete medium. Cell counting 

was performed by dead-live staining using Trypan blue 

(Sigma-Aldrich) and the TC20 Automated Cell counter 

(Bio-Rad). 

Titration of Blinatumomab on Nalm6 Cells CD19-positive 

Nalm6 cells (stably expressing GFP) were spiked into 

CD19-negative A549 cells to avoid ligand depletion. Cells 

were counted and washed. The plate was centrifuged and 

the supernatant was discarded before the addition of either 

BLIN or FMC63 (CD19-targeting ScFv) control (both 

containing a His-tag) at the indicated concentrations 

(ranging from 0.05 nM to 100 nM). A staining buffer was 

added to the negative control. Cells were incubated for 4 h 

at 4 °C while shaking (180 rpm). After this incubation, 

cells were washed once, the supernatant was separated and 

200 µL of cold staining buffer was added. The second 

centrifugation step was done under the same condition. 

After centrifugation, the supernatant was removed. 

Secondary staining was performed by the adding 25 µL 

anti-Penta His antibody-AF647 (1:40 dilution, QIAGEN). 

Before the last washing step was conducted as described 

above, cells were again incubated for 30 min at 4 °C on a 

shaker under shaking conditions. The cell pellets derived 

from previous steps were immediately resuspended in the 

staining buffer before the measurement. Data was acquired 

on a Cytoflex S 4 Laser device (Beckman Coulter). 

Analysis was conducted using gating on GFP-positive 

Nalm6 cells and evaluating the binding signal of anti-Penta 

His-AF647. 

Geometric mean fluorescence intensities of binding were 

background-subtracted and a 1:1 binding model was fitted 

to the data, as previously described, to calculate KD values 

(Zajc et al., 2022). 

In vitro CD3 and CD19 binding assay 

To test the binding capacity of BLIN to CD3 and CD19, 

Jurkat cells expressing CD3 and Raji cells expressing high 

levels of CD19 were used. Thus, 5 × 104 cells were seeded 

in a 96-well V-bottom plate, 100 nM BLIN was added and 

incubated for 4 h at 4 °C while shaking (180 rpm). 

Secondary staining was performed with anti-Penta His-

AF647. Data was acquired on a Cytoflex S 4 Laser device 

(Beckman Coulter). Analysis was performed by gating on 

GFP-positive Jurkat or Raji cells. 

RESULTS AND DISCUSSION  

Expression of Blinatumomab  
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The viral expression vector carrying the respective coding 

sequence (pICH26211α-Blinatumomab, Fig. 1A), was 

delivered through agroinfiltration to N. benthamiana 

(∆XTFT) glycosylation mutant lacking plant-specific 

fucosyltransferase and xylosyltransferase (Strasser et al., 

2008) to generate BLIN in this line. Four days post-

infiltration, recombinant protein expression was observed 

in IF, indicating proteins secreted to apoplast, as well in 

TSP by Western blotting. A signal at ~55 kDa which 

corresponds with the size of the full-length BLIN, was 

detected by anti-His immunoblotting of TSP and IF 

samples under reducing conditions. The signal was 

intensified by co-expressing BLIN with p19. No 

degradation products were detected in IF samples, but TSP 

showed additional faint signals between 45 kDa and 35 

kDa (Fig. 2A) indicating degradation products.  

Purification of plant-derived Blinatumomab 

The recombinant BLIN (IF-BLIN) eluate monitored by 

SDS-PAGE under reducing conditions appeared as a 

single band at 55 kDa position (Fig. 2B). No 

aggregation or degradation products were visible, and 

IF-BLIN yield was 15 µg/g fresh leaf weight. Since 

ScFvs and other recombinant proteins which expressed 

in plants and bacterial expression platforms tend to form 

aggregates and undergo degradation (Wang et al., 2019; 

Liu et al., 2022; Pirkalkhoran et al., 2023), IF-BLIN was 

subjected to size-exclusion chromatography (SEC). As a 

result, the SEC analysis exhibited two major peaks 

assigned as aggregates (A) and monomers (M), and a 

small peak corresponding to degradation products. The 

three fractions were separately collected in (Fig. 2C). 

Evidently, aggregates accounted for approximately 70% 

of the purified product. Analytical HPLC was used to 

further assign fractions A and M for aggregates and 

monomers, respectively (Fig. 3). The figure shows a 

monomer form of Blinatumomab and aggregates form 

in the purified sample. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig . 2. Characterization of plant-derived Binatumomab (A) 
Anti-His immunoblot of total soluble proteins (TSP) and 
intercellular fluid (IF) extracted from leaf tissue infiltrated 
with pICH26211α-Blinatumomab with (+) or without (-) p19, 
+ve showed purified protein with His-tag as control. (B) SDS-
PAA gel for purified Blinatumomab. Abbreviations are as 
below: IF, Intercellular fluid; ELU, purified elution; w, wash, 
and FT, flow through in reduced condition. (C) SEC profile of 
purified Intercellular fluid of Blinatumomab aggregates. 
Abbreviations are: A, aggregates; M, monomer; D, 
degradation products.  

These results confirm the successful purification of 
blinatumomab and provide an accurate representation of 
the distribution of monomeric and aggregated forms. 
The analysis of these fractions will be crucial for 
evaluating the structural integrity and functionality of 
the purified protein. 

 
 

 

 

 

Fig. 3. Analytical chromatogram obtained by HPLC of Ni-
NTA-purified recombinant Blinatumomab. Standard: The 
standard was a mixture of four different proteins at defined 
concentrations. It was used to construct a standard curve. 
Intercellular fluid- Blinatumomab: The his-affinity purified 
blinatumomab monomers (M) and corresponding aggregates 
(A). X-axis represents the elution time, indicating when 
different components of the sample are detected. Y-axis 
represents the signal intensity, which correlates with the 

amount of a specific compound detected. 

For further investigation, polypeptides at the position 

around ~55 kDa (related to IF-BLIN) were analyzed via 

peptide mass fingerprinting and the results confirmed 

the integrity of the IF-BLIN (Fig. 4).  

 

Fig.  4. Peptide mass fingerprinting-based characterization and 
sequence coverage of recombinant Blinatumomab (extracted 
from intercellular fluid). The sequence highlighted in gray 
boxes indicates the covered sequence, and the observed 
individual peptides are represented as blue lines underlying 
their respective matching sequence; carbamidomethylated 
cysteines and oxidized methionines are highlighted in red and 
orange, respectively.  

 

Attempts to purify BLIN from TSP resulted in 

insufficient yield and purity (Fig. 5). 

 

 

 

 

 

 

 

 

 

Fig. 5. SDS-PAGE of purified Blinatumomab. A total of 10 

µL of each purified Blinatumomab sample was loaded under 
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reducing conditions. M: protein ladder (4 µL); TSP: Total 

soluble protein of infiltrated leaf; TSP-E: His purified 

Blinatumomab from TSP; IF: Intercellular fluid from 

infiltrated leaf; IF-E: His purified Blinatumomab from IF, Non 

reduced: TSP-E: His purified Blinatumomab from TSP; IF-E: 

His purified Blinatumomab from IF. 

The figure indicates that purification from the 

intercellular fluid (IF) yields a higher purity of 

BLIN compared to purification from total soluble 

protein (TSP). 

These results confirm the successful 

purification of blinatumomab and provide an 

accurate representation of the distribution of 

monomeric and aggregated forms. The analysis of 

these fractions will be crucial for evaluating the 

structural integrity and functionality of the 

purified protein. The degraded products might be 

related to the endogenous plant proteases, such as 

those found in N. benthamiana, which significantly 

reduce the yield and bioactivity of recombinant 

proteins (Benchabane et al., 2008). 

The results demonstrate that utilizing the 

secretory pathway can prevent degradation, thereby 

enhancing protein stability (liu et al., 2022). 

Furthermore, using secretory pathway increases the 

efficiency of His-tag purification from IF samples, 

highlighting its advantages for improving the 

recovery of functional recombinant proteins. 

Functional activity of plant-derived Blinatumomab  

To determine the affinity of plant-derived BLIN from IF to 

CD19, prior to antigen binding assays, titration 

experiments were performed. The results detected an IF-

BLIN binding affinity of 2.29 nM, whereas FMC63 

showed a 7-fold higher affinity with a KD value of 0.32 nM 

(Fig. 6). 

 

 

 

 

 

 

 

 

Fig.  6. Titration of Intercellular Fluid- Binatumomab against 

CD19-positive Nalm6 cells in two-fold serial dilutions. (A) 

binding curve of Intercellular Fluid-Binatumomab and FMC63 

scFv to CD19-positive Nalm6 cells. X-axis shows the 

concentration of Intercelluar F-BLIN and FMC63 scFv 

(increasing from low to high). Y-axis represents the extent of 

binding, expressed as the percentage of cells bound. The red 

squares represent the proportion of target cells that successfully 

bound to the analyte at each concentration. 

 

  These experimental data are used to calculate KD. (B) 

The histograms representing flow cytometry results with a 

binding pattern of two-fold serial dilutions of IF-BLIN.  

Flow cytometry histograms display the distribution of 

binding events at each concentration of IF-BLIN and 

represents how IF-BLIN binds to the CD19-positive 

Nalm6 cells at a specific concentration (from the serial 

dilutions which halved at each step). 
 

To further analyze the binding of IF-BLIN to CD3 

and CD19, CD3-expressing Jurkat and CD19 Raji cells 

were used. Binding to both cell lines was detected, thus 

confirming that IF-BLIN recognizes both CD3 and 

CD19 (Fig. 7). 

 

Fig . 7. Binding of Intercellular fluid-Blinatumomab to CD3 

and CD19 antigens. Indirect surface staining was performed 

on Jurkat (CD3-positive and CD19-negative) and Raji (CD19-

positive and CD3-negative) cell lines. Purple histograms show 

the cells stained with Intercellular fluid- BLIN and grey 

histograms indicate cells without Intercellular fluid -

Blinatumomab stained with secondary reagent only. In a 

histogram plot, the cell count is represented on the Y-axis and 

the binding signal of the anti-His antibody is on the X-axis. 

 

Plant-based platforms (from whole plant to plant 

cells) have emerged as an effective platform for 

producing recombinant proteins, especially for 

antibodies and their derivatives (Chen, 2022). To 

produce antibody fragments such as ScFvs, considerable 

attempts have been made (Galeffi et al., 2005; Gomes et 

al., 2019; Lai et al., 2014). Fab, ScFvs, and other 

antibody fragments such as these molecules were 

generated by exploiting the modular nature of 

immunoglobulins. Since such molecules are smaller in 

size compared to fully assembled antibodies, they 

provide better tissue penetration and usually do not need 

specific glycosylation for therapeutic efficacy. Hence, it 

is possible to express them in a system with reduced 

post-translational modification capabilities. However, 

some production challenges associated with such 

molecules are low expression levels, reduced stability, the 

tendency to form aggregates, and difficult purification 

(Pirkalkhoran et al., 2023). 

In the present  study, an attempt was made to produce 

bispecific T-cell engager BLIN in N. benthamiana using 

potent viral vector-based transient expression. BLIN was 

successfully expressed as determined by Western Blotting. 

Upon co-expression of the p19 viral suppressor from 

tomato bushy stunt virus (Garabagi et al., 2012), BLIN 

showed a clear increase in expression levels, though a 

precise quantification was not done here. Nevertheless, 

compared to full mAbs the expression level of BLIN was 

low. One of the approaches to increase the antibody 

fragments' expression level is using ER retention signals 

such as KDEL or HDEL. Several studies have 

demonstrated that ER retention with C-terminal HDEL 

and/or KDEL signals helps improve protein folding. It also 
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reduces proteolytic degradation related to proteases present 

in the cytoplasm (Moghadam et al., 2016; Jiang et al., 

2019). Also, a recent study revealed that one reason for the 

low yield of BiTEs is the reduced intracellular mRNA 

levels encoding the BiTE molecule. The level of 

transcription could be increased through modifying the 

primary DNA sequence  )Jerabek et al., 2024).  

Lack of the Fc domain causes instability and a 

tendency to form aggregates of antibody fragments such 

as ScFvs. The Fc domain is known as an essential 

element to stabilize antibodies (Chen et al., 2013; Zhang 

et al., 2010). Some studies reported that using E. coli 

known as a high-yield expression platform also faces 

some challenges like improper folding, insolubility, and 

formation of inclusion bodies. These challenges limit 

this platform to producing a fully functional protein 

(Naddafi et al., 2018; Wang et al., 2019).  

Here, we used the alpha-amylase signal peptide for 

BLIN secretion to the apoplast. Despite carrying signal 

sequences, not all proteins expressed in plants are 

secreted to the apoplast (intercellular space). The 

secretion of proteins depends on protein folding, 

structure, and size of the molecule. Smaller molecules 

of 30-50 kDa (A1AT, EPO & Ig5FN1) are secreted well 

into the apoplast (Castilho et al., 2013; Castilho et al., 

2014; Kallolimath et al., 2016). The most complex 

protein detected in sufficient amounts in the IF was 

Aflibercept with a theoretical mass of 110 kDa 

(Keshvari et al., 2024). 

Affinity purification of His-tagged proteins from 

plant TSP extract is challenging; factors affecting yield 

may include low expression level of the target molecule 

and non-specific binding of immobilized metal affinity 

chromatography matrix (Ni-NTA Sepharose) to host 

cell proteins carrying histidine patches due to its 

relatively low selectivity (Bornhorst & Falke, 2000). To 

overcome this challenge, we isolated IF for purification 

purposes. This fraction carries significantly fewer host 

cell proteins, resulting in more efficient target protein 

purification compared to TSP (Fig. 5). The yield of 

BLIN purified from intercellular fluid (IF-BLIN) was 

15 µg/g fresh leaf weight, which is 10 times less 

compared to the full-length antibodies (Kallolimath et 

al., 2020). In comparison, CHO cells and E. coli-

produced BLIN yielded 2 mg/L and 100 mg/L, 

respectively (Montero-Morales & Steinkellner). 

However, it should be noted that high production does 

not always lead to a highly active molecule, as shown 

for E. coli-produced BLIN. 

Another approach to improve purification yield 

would be designing IgG-Fc-based fusion proteins. 

Attempts were made to design a BiTE with an extended 

half-life by fusing it to the Fc domain (Goldstein et al., 

2020). This approach might improve product recovery 

by protein-A-based affinity purification. In the case of 

BiTE or bispecific molecules, the Fc fusion construct 

can be considered useful to gain Fc-based effector 

functions often missing in bispecific molecules. 

However, the increased size of Fc fusion proteins may 

impact tissue penetration. 

In the present study, we used FMC63 ScFv as a 

positive control to assess the binding efficiency of IF-

BLIN to CD19. The assay with FMC63 ScFv has been 

optimized previously to exclude artifacts due to 

insufficient equilibration times, ligand depletion, and 

avidity effects on the measured affinity as reported 

(Seigner et al., 2023). CD19 domain of BLIN was 

derived from murine IgG HD37 (Loffler et al., 2000), 

while the FMC63 ScFv was derived from murine IgG 

FMC63 (Nicholson et al., 1997). Both molecules bind to 

the CD19 target antigen with different KD values. In 

comparison to FMC63 ScFv, plant-derived IF-BLIN 

had a 7-fold higher KD value (2.32 nM). This value is in 

range with another KD value of mammalian cell-

produced BLIN (1.0 nM) (Dreier et al., 2002). The 

binding affinity of IF-BLIN to CD3 was 100-fold lower 

compared to CD19. Therefore, we only conducted 

staining of CD19-positive cells without titration 

experiments. 

CONCLUSION  

We successfully expressed BLIN in plants. It became 

functionally active as shown by binding to target 

antigens CD19 and CD3. However, the yield of the 

purified product was about 10-fold lower compared to 

fully assembled antibodies expressed similarly. Despite 

encouraging results, further studies to improve 

expression levels and purification methods to obtain 

better yields are envisaged. 
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