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Abstract of Thesis
Chapter 1: General introduction

Nicotiana benthamiana has been selected as a host for production of recombinant proteins with
many advantages, including the low cost of cultivation, scalability, having post-translational
modifications, and no risk of contamination by animal pathogens. N. benthamiana plants grown in
hydroponic system offer more benefits, because this system grows plants in nutrient conditions with
controlled environment and free from soil-borne diseases which qualifies the current good manufacturing
practice (cGMP) regulations. Hydroponic system was recently employed for transient production of two
SARS-CoV-2 neutralizing antibodies in N. benthamiana plants. Therefore, the merits of hydroponic-
based N. benthamiana in producing recombinant proteins such as antibodies should be extensively
investigated. However, plant-produced antibodies do not have B1,4-linked galactose (Gal) residues on
their N-glycan profile due to their lack of PB1,4-galactosyltransferase (GALT). The effect of B1,4-
galactosylation in antibodies is particularly interesting, because the P1,4-Gal moiety reduces the
conformational entropy of CH2, thus facilitating the binding of Fc domain to Fc receptors, such as
FcyRlIlla. Therefore, introducing mammalian f1,4-GALT to plants is a necessary step to achieve p1,4-
Gal residues. Varlilumab, a human IgG1 monoclonal antibody that targets CD27, was transiently produced
in both soil-grown and hydroponic-grown N. benthamiana plants. The productivity, N-glycan
compositions and efforts to obtain f1,4-galactosylated Varlilumab have been discussed in this study.

Chapter 2: Production of Varlilumab in N. benthamiana

To combine advantages of Agrobacterium-mediated transient expression and hydroponic
cultivation systems, Varlilumab was transiently produced in this chapter. The highest antibody production
was observed at 8 days post infiltration (dpi) (54 + 4 pg/g of fresh weight), and co-expression with p19
increased the levels of accumulated antibodies by 3.2-fold (174 = 5 pg/g of fresh weight) in soil-grown
plants. Surprisingly, the expression of Varlilumab in hydroponic-based N. benthamiana reached 618 + 50
pg/gram of fresh weight, 3.5-fold higher than the expression in soil-based N. benthamiana under
cultivation conditions used in this study. Both soil- and hydroponic-derived Varlilumab showed human
CD27-binding affinity similar to that of commercial Chinese hamster ovary (CHO)-derived Varlilumab.
The N-glycan analysis of the soil-based and hydroponic-based Varlilumab revealed high levels of B1,2-
xylosylated and al,3-fucosylated N-glycan variants, accounting for 72.3 and 76.8% of the total profile,
respectively. The GIcNAc2Man3XylFuc was also a predominant structure, accounting for 54.5 and 58.5%
of the profile in soil- and hydroponic-based Varlilumab, respectively. The Lewis a (Le?) structure was not
observed in the un-modified setups of either soil- or hydroponic-grown N. benthamiana plants. The results
indicated that both soil- and hydroponic-grown Varlilumab were successfully produced as functional
antibodies in N. benthamiana.

Chapter 3: Co-expression of Varlilumab with $1,4-GALT and B1,3-GALT in N. benthamiana

Varlilumab produced in wild-type N. benthamiana lacked the terminal Gal residues in its N-
glycan. To fine-tune recombinant antibodies produced in plant platforms, Varlilumab was co-expressed
with murine B1,4-GALT to modify plant N-glycans with B1,4-linked Gal residue(s). Varlilumab co-




expressed with murine B1,4-GALT in soil-grown N. benthamiana had 42.5% of N-glycans variants having
Gal residues at the non-reducing terminus and 55.3% of that in hydroponic-grown N. benthamiana plants.
However, all B1,4-galactosylated N-glycans had single Gal residue and hybrid structure (GalM5) which
was partially processed and aberrant. This result suggested that murine $1,4-GALT might localize in the
medial-Golgi of N. benthamiana. f1,3-GALT participates in the formation of Lea structure in plants and
its subcellular localization is predicted to be in the trans-Golgi compartments. Concomitantly, Varlilumab
was also co-expressed with Arabidopsis thaliana $1,3-GALT to improve galactosylation. N-glycan profile
analysis of Varlilumab co-expressed with A. thaliana B1,3-GALT demonstrated that there was an
increased efficiency of galactosylation and an enhancement in the formation of Lea structure in plant-
produced antibodies. This result suggested that A. thaliana f1,3-GALT had an optimal localization in the
trans-Golgi compartments of N. benthamiana. The co-expression of Varlilumab with each of GALTSs
successfully resulted in modification of N-glycan structures on the plant-produced Varlilumab.

Chapter 4: Improving B1,4-galactosylation by chimeric 1,4-GALTS

However, the reactions in the N-glycosylation pathway are carried out in a sequential and stepwise
manner, which implies that one reaction might either be a precursor for the next one or prevent it from
occurring. Modifying N-glycan of plant-produced antibodies with mammalian B1,4-GALT expression
may encounter difficulties due to potential interaction with the endogenous glycan processing enzymes
and synthesize unusual and incompletely processed glycans. Therefore, the expression and targeting of
heterologous B1,4-GALT to the correct subcellular localization of the host is of utmost importance. Both
murine 31,4-GALT and A. thaliana p1,3-GALT belong to type Il transmembrane proteins which have a
short cytoplasmic tail (C), a transmembrane domain (T), a stem (S), and a catalytic domain. The CTS
region is responsible for targeting the enzyme to the correct compartments and sub-compartments in the
Golgi apparatus. From the results in chapter 3, the activity of murine 1,4-GALT in N. benthamiana can
be improved by swapping the CTS domain with A. thaliana p1,3-GALT. Therefore, five chimeric $1,4-
GALTs were constructed based on functional domains of f1,3-GALT and co-expressed with Varlilumab
and their activities were compared. The co-expression of Varlilumab with each of chimeric p1,4-GALTS
successfully resulted in modification of N-glycan structures on the plant-produced IgG. Co-expression of
Varlilumab with chimeric constructs 1, 2 and 3 resulted in 4.4, 5.7 and 10.3% of bi-antennary B1,4-
galactosylated Varliumab, respectively. Interestingly, chimeric constructs 4 and 5 containing galactoside
binding domain of A. thaliana B1,3-GALT did not show any B1,4-galactosylated N-glycan structures in
these co-expressions.

Chapter 5: Conclusions and perspectives

Plant-produced Varlilumab was successfully produced and purified as a functional IgG in
hydroponic-grown N. benthamiana plants with rapid and high expression level of antibodies under
cultivation conditions used in this study. For N-glycan engineering, the advantages of Agrobacterium-
mediated transient expression system and using chimeric f1,4-GALTs were combined to modify N-glycan
profiles of Varlilumab. With this combination, plant-produced Varlilumab was not only rapidly produced
with large amount of antibodies but also successfully obtained B1,4-galactosylated N-glycans within 8
dpi. Among five chimeric B1,4-GALTS, co-expression of Varlilumab with chimeric 3 was the most
suitable for the production of Varlilumab with bi-antennary 1,4-galactosylated N-glycans. Recombinant
antibodies with B1,4-galactosylated N-glycans are expected to have enhanced effector functions and
improved therapeutic effects. Therefore, more detailed studies to validate the functions of Gal terminals
in the structural and functional aspects of plant-produced antibodies are warranted. The results of this
study highlight the feasibility of employing chimeric $1,4-GALTs and transient expression for the
production and N-glycan engineering of recombinant proteins which required 1,4-Gal residues, such as
antibodies.
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