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A B S T R A C T

Human interleukin-15 (hIL-15) is a cytokine essential for immune modulation with therapeutic applications in 
cancer and chronic wound healing. Although hIL-15 is commercially available, large-scale production studies 
remain limited. With promising clinical trial results, demand for hIL-15 is expected to rise. Plant expression 
systems offer a sustainable, low-cost alternative for rapid biopharmaceutical production. In this study, we 
optimized hIL-15 expression in Nicotiana benthamiana and assessed its physicochemical properties and biological 
activity. We fused hIL-15 to the Fc domain of human IgG1 for efficient purification. Through optimization of the 
pre- and post-infiltration conditions, we achieved transient expression and recovery at 4 dpi, yielding 33.8 µg/g 
fresh weight. Peptide mapping confirmed 97 % overall sequence coverage of the primary structure. Treatment 
with plant-produced hIL-15-Fc effectively promoted human keratinocyte HaCaT cell proliferation and migration 
in vitro. These findings demonstrated the potential of plant-based platforms for producing therapeutic recom
binant hIL-15 that support wound healing.

1. Background

Human interleukin-I5 (hIL-15) is a 14–15 kDa glycoprotein first re
ported as a T cell proliferation factor or T cell growth factor in 1994 [1]. 
This cytokine belongs to the same group as IL-2 and share similar 
functions, including the stimulation of T cell proliferation, the genera
tion of cytotoxic effector T cells, immunoglobulin production by B-cells, 
and activation and prolonged survival of NK cells [2,3]. Both cytokines 
signal through shared heterodimeric receptors, specifically the IL-2/15 
Rβ and the γc subunit. Furthermore, hIL-15 plays a role in chronic 
wound healing by promoting the proliferation of HaCaT keratinocytes 
via the AKT and ERK1–2 pathways, as well as facilitating tissue regen
eration in liver damage [4,5].

The hIL-15 is commercially available; however, there are few studies 
focused on the up-scaling of its production. Previous research attempted 
to produce hIL-15 in various systems, including yeast, bacteria, and 
mammalian cells [6–8]. Clinical trials have investigated the use of 

recombinant Escherichia coli-derived hIL-15 in combination with 
monoclonal antibodies Nivolumab and Ipilimumab [9]. The first trial 
reported the successful elimination of circulating adult T cell leukemia 
and chronic lymphocytic leukemia in select patients. As evidence of its 
therapeutic potential continues to grow, hIL-15 is predicted to play an 
increasingly prominent role in cancer treatment, particularly when 
combined with anti-tumor drugs to enhance efficacy [10].

In the present study, we focused on producing hIL-15 in Nicotiana 
benthamiana as part of an effort to identify scalable and cost-effective 
production platforms. Several expression platforms are available for 
the production of therapeutic recombinant proteins, each with distinct 
advantages regarding yield, post-translational modifications (PTMs), 
growth rate, cost, and safety [11]. Plant-based expression systems have 
been widely used due to their ability to produce high-value recombinant 
proteins comparable to mammalian cells [12]. Key benefits of these 
platforms include rapid growth, the capacity for complex PTMs, low 
operational costs, ease of optimization, and scalability [11–16]. Among 
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the Nicotiana species, N. benthamiana, a tobacco plant native to 
Australia, is especially notable for its high susceptibility to a wide range 
of plant pathogens [12,17] and its suitability for transient protein 
expression through Agrobacterium-mediated transformation [18].

Fc fusion proteins, which link the Fc domain of human immuno
globulin G (IgG) to a target protein, offer several advantages for thera
peutic use. The Fc fragment increases the molecular size of the protein, 
prolonging its half-life by reducing clearance. Additionally, Fc fusion 
enables FcRn-mediated recycling, wherein the Fc region binds to FcRn at 
acidic pH, preventing degradation. The complex is then released back 
into the circulation at neutral pH, effectively extending its presence in 
the system [19–22]. The Fc domain also enhances the solubility and 
stability of the fusion target by independent folding and structural 
support [23]. Moreover, Fc fusion proteins can be easily purified via 
Protein A affinity chromatography [24]. The safety and efficacy of Fc 
fusion proteins have been well-established in clinical trials. For example, 
the fusion of the tumor necrosis factor receptor (TNFR) with Fc has 
proven effective in treating rheumatoid arthritis, reducing disease ac
tivity without dose-limiting toxicity, significant hematologic abnor
malities, or immunogenic responses to TNFR-Fc [25]. Additionally, 
APG101, a glycosylated CD95 receptor fused with Fc, was administered 
to healthy volunteers and two patients with malignant glioma without 
eliciting side effects and anti-drug antibodies. These findings further 
indicate the safety of Fc fusion proteins [26]. Previous studies have 
successfully tagged Fc to a variety of proteins, which includes toxins, 
receptors, ligands, drugs, and some cytokines like IL-2, IL-4, and TNF 
[27–29].

In this study, we implemented various strategies to optimize hIL-15- 
Fc expression in N. benthamiana, including the use of different expres
sion cassettes and agrotransformation conditions. The hIL-15-Fc fusion 
protein was transiently expressed, characterized, and tested in vitro for 
its biological activity on HaCaT cell proliferation and migration.

2. Materials and methodology

2.1. Expression vector construction

The amino acid sequence of hIL-15 was obtained from the UniProt 
database (Entry P40933–1) and optimized in silico for expression in 
N. benthamiana (GeneArt gene synthesis, Thermo Fisher Scientific). 
Three constructs of hIL-15 were designed as shown in Fig 1. The Fc 
domain of IgG1 was fused to the C-terminus of hIL-15 to form the “hIL- 

15-Fc” cassette. Additionally, the “SP-hIL-15-Fc” and “SP-hIL-15-Fc-KD” 
constructs included a signal peptide (SP) at the N-terminus and with the 
latter incorporating the SEKDEL (KD) sequence at the C-terminus. Each 
expression cassette contained XbaI and SacI restriction sites to facilitate 
cloning of hIL-15 into the pBYR2eK expression vector [30]. The re
combinant vector was transformed into E. coli DH10B by heat shock 
method and grown on LB plates containing 50 µg/mL kanamycin. 
Resulting colonies were screened by PCR to confirm the presence of the 
correct recombinant clones.

2.2. Evaluation of different hIL-15-Fc expression cassettes for efficient 
expression

The hIL-15 expression vectors were transformed into Agrobacterium 
tumefaciens GV3101 by electroporation. Transformed cells were culti
vated on LB agar plates supplemented with 50 µg/mL of kanamycin, 
rifampicin, and gentamicin for 48 h at 28 ◦C. Successful transformation 
of A. tumefaciens clones was confirmed by PCR. Positive colonies were 
then inoculated into antibiotic-selective LB broth with constant shaking 
(200 rpm) at 28 ◦C. Overnight-grown Agrobacterium cells were centri
fuged at 6,000 rpm for 5 min. For transient infiltration, cell pellets were 
resuspended in 1X infiltrate buffer (10 mM 2-N-morpholino-ethanesul
fonic acid; MES and 10 mM MgSO4) to obtain a final OD600 of 0.2. 
Approximately 4-week-old N. benthamiana leaves were infiltrated using 
a syringe without needle and left for 4 days.

To identify the expression level of each hIL-15 construct, infiltrated 
plant leaves were collected and extracted with PBS buffer pH 7.4. Crude 
extracts were centrifuged at 13,000 rpm for 10 min to discard cell debris. 
Protein samples were analyzed by SDS-PAGE and Western blot.

2.3. Optimization of agroinfiltration in plants

To evaluate the effect of plant age on hIL-15-Fc expression, Agro
bacterium tumefaciens cultures were resuspended to an OD600 of 0.2 and 
infiltrated into 3-, 4-, and 5-week-old tobacco plants. Leaf samples were 
collected at 4 dpi. For optimization of Agrobacterium cell density, bac
teria cultures were pelleted and resuspended to final OD600 values of 0.1, 
0.2, 0.4, and 0.8. Each concentration was infiltrated into different re
gions of the same N. benthamiana leaf. Leaf samples were collected at 4 
dpi and then extracted. To optimize the harvesting time, Agrobacterium 
cultures at an OD600 of 0.2 were infiltrated into N. benthamiana plants. 
Leaf samples were collected at 2, 4, 6, 8, and 10 dpi and extracted with 

Fig. 1. Schematic representation of different pBYR2eK-hIL-15-Fc expression cassettes based on subcellular targets in plant cells; LB and RB: the left and right margins 
of T-DNA; Pin II 3′: the potato proteinase inhibitor II gene; P19: P19 gene from Tomato Bushy Stunt Virus (TBSV); P35s: Cauliflower Mosaic Virus (CaMV) 35 s 
promoter; P35sx2: CaMV 35 s promoter with duplicated enhancer; Ext 3′ FL: tobacco extension gene; Rb7 5′ del: tobacco Rb7 promotor; C1/C2: Bean Yellow Dwarf 
Virus (BeYDV) ORFs C1 and C2 encoding replication initiation protein (Rep) and RepA protein; LIR: long intergenic region of BeYDV; SIR: short intergenic region of 
BeYDV; hIL15-Fc: hIL-15 gene with Fc fragment at the C-terminus; SP-hIL15-Fc: hIL-15 gene with signal peptide at the N-terminus and Fc fragment at the C-terminus; 
SP-hIL15-Fc-KD: hIL-15 gene with signal peptide at the N-terminus and Fc fragment and SEKDEL ER retention sequence at the C-terminus.
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PBS buffer pH 7.4.
Protein expression levels from each optimization experiment were 

analyzed by Western blotting under non-reducing conditions. Mem
branes were probed with rabbit anti-hIL-15 followed by HRP-conjugated 
goat anti-rabbit antibody. Band intensities from the blots were used to 
quantify hIL-15-Fc expression.

2.4. Plant-produced hIL-15-Fc purification

For purification, vacuum-mediated agroinfiltration was used for the 
transient transformation of N. benthamiana plants. About 50 g of infil
trated leaves were harvested at 6 dpi and homogenized with cold PBS 
buffer pH 7.4 at a 1:2 ratio using a blender. The homogenate was 
centrifuged at 13,000 rpm for 1 h, and the resulting supernatant was 
further clarified using a 0.45 µm membrane filter (Merck, USA).

The filtered crude lysate was loaded onto a column packed with 
MabSelect SuRe™ Protein A affinity resin (Cytiva, USA), equilibrated 
with PBS buffer pH 7.4. The recombinant hIL-15-Fc was eluted with 0.1 
M glycine pH 2.7 and immediately neutralized with 1.5 M Tris–HCl pH 
8.8 to obtain a final pH of 7.

2.5. SDS-PAGE and Western blot analysis

A total of 10 µg total soluble protein and 3 µg purified hIL-15-Fc were 
mixed with 6x reducing loading dye (125 mM Tris–HCl pH 6.8, 12 % w/ 
v SDS, 10 % v/v glycerol, 22 % v/v β-mercaptoethanol, and 0.001 % w/v 
bromophenol blue) or 6x non-reducing loading dye (125 mM Tris–HCl 
pH 6.8, 12 % w/v SDS, 10 % v/v glycerol, and 0.001 % w/v bromo
phenol blue). The samples were then loaded onto a 10 % polyacrylamide 
gel and stained with One-Step Blue® Protein dye (Biotium, USA). For 
Western blotting, the separated proteins were transferred to nitrocellu
lose membrane (Bio-Rad, USA) and blocked with 5 % w/v skim milk in 
PBS buffer pH 7.4. The recombinant hIL-15-Fc was detected using rabbit 
anti-IL-15 (PeproTech, USA) as the primary antibody and HRP- 
conjugated goat anti-rabbit (Abcam, UK) as the secondary antibody, 
diluted 1:5,000 in 3 % w/v skim milk. Chemiluminescence detection 
was performed using ECL plus detection reagent (GE Healthcare, UK).

2.6. Characterization of plant-produced hIL-15 by peptide mapping 
analysis

Plant-produced hIL-15-Fc was buffer-exchanged and desalted using a 
6,000 Da MWCO desalting column with 50 mM ammonium bicarbonate. 
Approximately 10 µL of at least 0.5 mg/mL purified protein was treated 
with 100 mM dithiothreitol for 30 min at 65 ◦C, followed by iodoace
tamide for 20 min at 25 ◦C in the dark. The protein sample was then 
digested with 0.5 µg of trypsin and incubated for 4 h. Digested peptides 
were analyzed using an Agilent model 6545XT AdvanceBio LC/Q-TOF 
system with a Dual Agilent Jet Stream Electrospray Ionization (Dual 
AJS ESI) source. Separation was achieved on an Agilent AdvanceBio 
Peptide Mapping Column (2.1 × 150 mm, 2.7 µm). Data analysis was 
performed using Agilent MassHunter BioConfirm Software version 11.0.

2.7. Cell culture

Human keratinocyte HaCaT cells (ATCC, USA) were cultured in 
DMEM medium supplemented with 10 % fetal bovine serum, 100 U/mL 
penicillin-streptomycin, and 2 mM L-glutamine. The cells were main
tained in a humidified incubator at 37 ◦C with 5 % CO2. All media and 
supplements were procured from Gibco, USA.

2.8. Cell proliferation assay

HaCaT cells were seeded onto a 96-well culture plate at a density of 
2,000 cells/well and incubated overnight. The cells were then treated 
with varying concentrations (from 1 to 20 ng/mL) of either plant- 

produced hIL-15-Fc or Fc for 72 h. Cell proliferation was assessed by 
an addition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) solution (0.5 mg/mL), following incubation for 4 h. The 
resulting formazan product was solubilized using DMSO, and optical 
density was measured at 570 nm using a microplate reader (VICTOR3/ 
Wallac 1420, Perkin Elmer, USA). The percentage of cell proliferation 
was calculated relative to non-treated control cells.

2.9. Scratch wound assay

HaCaT cells were seeded onto a 24-well culture plate at a density of 
130,000 cells/well overnight. Wounds were created by scraping the cell 
monolayer with a pipette tip, and detached cells were washed with PBS 
buffer pH 7.4 twice. The cells were then treated with either plant- 
produced hIL-15-Fc or Fc from 0–10 ng/mL. Wound areas were photo
graphed at 0 and 24 h. The wound area was quantified using Fiji ImageJ 
software and expressed as a relative value to the initial wound area at 
0 h.

2.10. Statistical analysis

Data are expressed as the mean ± standard deviation (mean ± SD) 
derived from at least three independent experiments. Statistical analysis 
was performed using GraphPad Prism 9 (GraphPad Software, USA). 
One-way analysis of variance (ANOVA), followed by Tukey’s or Dun
nett’s multiple comparison test, was used to assess statistical signifi
cance. P-value < 0.05 was considered significant.

3. Result

3.1. Determination of optimal hIL-15-Fc expression vector

The codon-optimized nucleotide sequence of hIL-15 was fused to the 
Fc domain of IgG1 and cloned into the geminiviral expression vector 
pBYR2eK, generating three different constructs (Fig 1). To assess protein 
expression levels, N. benthamiana leaves were infiltrated with 
A. tumefaciens carrying each hIL-15 expression cassette. After 4 days, 
necrosis was observed on the injected leaf, with “SP-hIL15-Fc-KD” 
showing the most evident necrotic symptoms (Fig 2A). Nonetheless, 
crude extract from this construct exhibited the highest expression level 
of recombinant hIL-15-Fc, as confirmed by Western blot analysis and 
ImageJ measurement (Fig 2B, Supplementary Fig S1, and Supplemen
tary Table S1). Necrosis may suggest cytotoxicity or plant stress due to 
overexpression, which requires further investigation. The strongest band 
intensity around 50 kDa was detected for “SP-hIL-15-Fc-KD”, with a 
value of 53,000. The “SP-hIL-15-Fc” construct showed a lower band 
intensity of 35,000, while no detectable signal was observed for the “hIL- 
15-Fc” construct. Based on these findings, the SP-hIL-15-Fc-KD construct 
was selected for the next experiments.

3.2. Optimization of hIL-15-Fc expression

To optimize hIL-15-Fc expression in N. benthamiana, various pre- and 
post-agroinfiltration parameters were evaluated, including plant age, 
Agrobacterium concentration (OD600), and harvest time post-infiltration 
(dpi).

In terms of plant age, infiltrated N. benthamiana leaves were har
vested at 4 dpi. Western blot analysis revealed that the highest expres
sion level was achieved in 3-week-old plants and reduced expression 
levels in 4- and 5-week-old plants (Fig 3A and Supplementary Fig S2). 
However, no statistically significant differences in hIL-15-Fc expression 
were detected across the different ages (p > 0.05) (Supplementary 
Table S2). Therefore, 3-week-old tobacco plants were selected for 
further experiments due to their slightly higher expression.

The influence of Agrobacterium cell culture density on hIL-15-Fc 
expression was examined at OD600 values of 0.1, 0.2, 0.4, and 0.8. The 
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highest expression level was observed at OD600 of 0.2, though no sig
nificant differences were found between OD600 values of 0.2, 0.4, and 
0.8 (Fig 3B and Supplementary Fig S3). However, expression at OD600 
0.1 was significantly lower than at OD600 0.8 (p < 0.05) (Supplementary 
Table S3). Based on these results, an OD600 of 0.2 was chosen due to its 
sufficient expression levels and lower cell density for practical large- 
scale infiltration.

Post-infiltration harvest time was evaluated by collecting leaves at 2, 
4, 6, 8, and 10 dpi. Recombinant protein expression increased signifi
cantly from 2 to 4 dpi (p < 0.05), reaching a peak at 6 dpi (Fig 3C and 
Supplementary Fig S4). Nonetheless, there was no significant difference 
in expression levels between 4 and 6 dpi (p > 0.05) (Supplementary 
Table S4). After 6 dpi, hIL-15-Fc expression gradually decreased at 8 and 
10 dpi.

Based on these optimizations, the optimal conditions for hIL-15-Fc 
expression were determined to be: 3-week-old N. benthamiana, an 
Agrobacterium OD600 of 0.2, and a harvest time of 6 dpi.

3.3. Purification and size-exclusion chromatography of plant-produced 
hIL-15-Fc

The plant-expressed hIL-15-Fc was purified from the clarified crude 
extract using Protein A affinity chromatography. To confirm the size and 
characteristics of the purified hIL-15-Fc, the protein was analyzed by 
SDS-PAGE and immunoblotting under both reduced and non-reduced 

Fig. 2. Expression of three different recombinant hIL-15-Fc cassettes. Necrosis observed in N. benthamiana leaves at 4 dpi (A). Western blot of plant-produced hIL-15- 
Fc from crude extracts under reducing condition (B). Expression level from SP-hIl-15-Fc and SP-hIL15-Fc-KD. Proteins were transferred to a nitrocellulose membrane 
and probed with rabbit anti-hIL15 and HRP-conjugated goat anti-rabbit antibodies. Equal amounts of total soluble protein were loaded in each lane.

Fig. 3. Expression levels of plant-produced hIL15-Fc following optimization of N. benthamiana age (A), Agrobacterium cell density (OD600) for infiltration (B), and 
harvest time after infiltration (dpi) (C). Expression was assessed by band intensities from Western blot analysis, probed with rabbit anti-IL15 and HRP-conjugated 
goat anti-rabbit antibodies. Data are presented as mean ± SD from three independent experiments. (* p < 0.05; ** p < 0.01; *** p < 0.001).

Fig. 4. The SDS-PAGE and Western blot of purified hIL-15-Fc produced in 
N. benthamiana. Infiltrated leaves were collected, and the hIL-15-Fc was puri
fied using affinity chromatography. The purified protein was analyzed by SDS- 
PAGE (A) and Western blot probed with rabbit anti-IL15 and HRP-conjugated 
goat anti-rabbit antibodies (B). NR: purified hIL-15-Fc under non-reducing 
condition, R: purified hIL-15 under reducing condition.
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conditions (Fig 4 and Supplementary Fig S5). The predicted molecular 
weight of hIL-15-Fc was 42 kDa in its monomeric form and 84 kDa in its 
dimeric form. However, SDS-PAGE and western blot results revealed 
two major bands at approximately 140 and >250 kDa under non- 
reducing condition, both of which were higher than the expected 
sizes. Under reducing condition, one major band at approximately 50 
kDa was observed, which is slightly larger than the predicted molecular 
weight of the monomer. Trace amounts of proteins at 100, 150, and 
>250 kDa were also observed under reduced condition. The yield of 
purified hIL-15-Fc was approximately 33.8 µg per gram of fresh weight.

3.4. Characterization of plant-produced hIl-15-Fc using peptide mapping 
analysis

Peptide mapping of plant-produced hIL-15-Fc was performed to 
confirm the protein’s identity and sequence. A total of 2,175 peptides 
were identified, with 269 matching the amino acid sequences of both the 
active form of hIL-15 and the immunoglobulin heavy constant gamma 1. 
Mass spectrometric analysis using a protein database search showed a 
96.5 % sequence coverage of the hIL-15 molecule and 100 % coverage of 
Fc domain of IgG1 for plant-produced hIL-15-Fc, in total of 97 % overall 
sequence coverage. This high level of coverage indicated that majority 
of the protein sequence was correct and aligned with the expected amino 
acid sequence [31] (Fig 5 and Supplementary Fig S6).

3.5. Plant-produced hIL-15-Fc enhances keratinocyte proliferation and 
wound healing

In the HaCaT cell proliferation assay, treatment with plant-produced 
hIL-15-Fc at 1 ng/mL significantly enhanced keratinocyte proliferation, 
resulting in approximately 120 % cell growth (Fig 6A and Supplemen
tary Table S5) (p < 0.05). This effect further increased to 140 % at 20 
ng/mL. However, no significant differences in proliferation were 
observed between 1, 5, 10, and 20 ng/mL concentrations, indicating 
similar effects at higher doses (p > 0.05). Conversely, Fc protein alone 
did not exhibit any significant impact on HaCaT cell growth. These 
findings demonstrate the potent proliferative activity of plant-produced 
hIL-15-Fc.

In the scratch wound healing assay, plant-produced hIL-15-Fc 
significantly promoted keratinocyte migration, reducing the wound area 
in a dose-dependent manner (Fig 6B and 6D) (p < 0.05). The relative 
wound area was reduced to approximately 0.45, 0.4, and 0.25-fold in 
cells treated with 1, 5, and 10 ng/mL of hIL-15-Fc, respectively, 
compared to 0.71-fold in non-treated control cells after 24 h (Supple
mentary Table S6). On the contrary, Fc treatment did not affect cell 
migration at any tested concentrations (Fig 6C and 6E). These findings 
highlight the significant wound healing effect of plant-produced hIL-15- 
Fc on keratinocytes.

4. Discussion

Plant molecular farming is a biotechnology approach that uses plants 
as production systems for producing valuable recombinant proteins. 
This method utilizes the natural biological processes of plants to produce 
biopharmaceuticals, vaccines, enzymes, antibodies, cytokines, and other 
therapeutic proteins [32,33]. Compared to traditional production sys
tems, such as bacteria, yeast, or mammalian cells, plant-based platforms 
offer a cost-effective and scalable alternative for recombinant protein 
production.

Plants have been successfully used to produce several recombinant 
cytokines, which are essential for disease treatment, immune function 
research, cell culture experiments, and improving vaccine efficacy [34,
35]. The production of multiple cytokines and growth factors across 
different plant species further highlights the potential of plant molecular 
farming in biopharmaceutical manufacturing. For instance, TNFα was 
produced in potatoes, obtaining 15 μg per gram of plant tissue, while 
IL-18 was expressed in tobacco plants with yields reaching up to 0.05 % 
of the total soluble protein [34]. Granulocyte-macrophage colony-sti
mulating factor was produced in N. benthamiana via a viral vector, with 
yields of up to 2 % total soluble protein [35]. IL-37b and IL-38 were 
produced in tobacco, reaching yields of approximately 1 g per kg of fresh 
leaf biomass [36].

Plant expression systems offer several advantages for the production 
of recombinant therapeutic proteins; however, certain limitations must 
be addressed to optimize their efficiency and ensure the safety of plant- 
derived therapeutics. One critical limitation is the difference in 

Fig. 5. Peptide mapping analysis using LC/Q-TOF (A) and sequence coverage of generated peptide compared to the hIL-15 and Fc domain of IgG1 (B). Peptide 
mapping generated 2,175 short peptides and 269 of them matched with the primary structure of plant-produced hIL-15-Fc.
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glycosylation patterns between plants and mammalian systems. Plant- 
derived glycans, such as complex-type N-glycan with β1,2-xylose and 
core α1,3-fucose (GnGnXF) differ structurally from mammalian glycans 
and have been reported to induce immunogenicity in mammalians [37,
38]. For example, McManus et al. demonstrated that administration of 
plant enzymes and lectins containing plant-specific glycans in labora
tory rats led to the production of rat anti-xylose and fucose monoclonal 
antibodies [37]. These findings highlight the need for careful 

consideration of glycan structures in therapeutic proteins. Other PTMs, 
such as phosphorylation and ubiquitination, also affect recombinant 
protein functionality. Phosphorylation is vital for modulating protein 
activity, stability, and interactions [39,40]. Ubiquitination, on the other 
hand, primarily regulates protein degradation pathways and cellular 
localization in plants [40]. Future studies should further explore these 
modifications to maximize their potential benefits while minimizing any 
adverse impacts on protein production.

Fig. 6. The effect of plant-produced hIL-15-Fc on keratinocyte proliferation and migration. HaCaT cells were treated with hIL-15-Fc (0–20 ng/mL) for 72 h, and cell 
proliferation was evaluated using the MTT assay (A). The plot represents the percentage of cell proliferation relative to the non-treated control group. Data are 
presented as mean ± SEM (n = 3). *p < 0.05 vs. non-treated control cells. HaCaT cells were treated with either hIL-15-Fc (B) or Fc fragment (C) at 1, 5, and 10 ng/mL 
concentrations for 24 h, and cell migration was determined using the wound scratching assay. Wound areas in hIL-15-Fc (D) and Fc fragment (E) groups were 
quantified at each concentration at 24 h and normalized to the initial wound area at 0 h. Data are presented as mean ± SEM (n = 3). *p < 0.05 vs. non-treated 
control cells.
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In this study, the immunoglobulin Fc region was fused to recombi
nant IL-15. The Fc region contains a single conserved N-linked glyco
sylation site at Asn297 within the CH2 domain, which is crucial for its 
structural integrity and biological activity. As mentioned above, non- 
human glycosylation patterns in plant-produced recombinant proteins, 
including Fc fusion proteins, can trigger undesirable immune responses. 
Stability is another significant concern, as Fc fusion proteins produced in 
plants often exhibit reduced stability, resulting in degradation during 
production, purification, or storage. Niemer and colleagues demon
strated that N. benthamiana tissues exhibit antibody-degrading activ
ities, as evidenced by the degradation of CHO-derived 2F5 monoclonal 
antibody when treated with total soluble leaf extract and intercellular 
fluid from N. benthamiana [41]. Alternatively, glycoengineering strate
gies in plants can enhance the efficacy of the Fc-containing proteins. For 
instance, N. benthamiana was engineered to produce a CD27-targeted 
antibody (Varlilumab) with terminal galactose residues through 
co-expression of murine β1,4-galactosyltransferase and Arabidopsis 
thaliana β1,3-galactosyltransferase [42]. This galactosylation modifica
tion enhances the stability of CH2 domain in the Fc region and improves 
therapeutic efficacy by increasing ADCC and CDC activities, as demon
strated by Nguyen et al. [43]. Additionally, glycoengineered plants that 
downregulate the expression of plant-specific glycans offer a promising 
approach to reduce the immunogenicity of plant-produced recombinant 
glycoproteins [44].

Recombinant hIL-15 has been produced in various expression sys
tems, including bacterial systems like E. coli and yeast expression plat
forms [45,46]. There are no prior reports of hIL-15-Fc production in a 
plant expression system. Meanwhile, similar studies have reported the 
production of Fc-hIL-2 fusion protein in N. benthamiana [47] and 
hIL-15-Fc in HEK-239 and CHO-K1 cells. In this study, we focused on 
optimizing the expression of hIL-15-Fc in N. benthamiana and charac
terized the plant-derived protein. We further assessed its biological ac
tivity in HaCaT cells. Optimization included the evaluation of different 
gene cassettes, tobacco plant age, agroinfiltration cell density, and 
post-infiltration harvest time.

The variation in expression levels between different constructs may 
be attributed to factors such as codon optimization, subcellular target
ing, and the inclusion of endoplasmic reticulum (ER) retention sequence 
SEKDEL. Previous research suggests that codon optimization can impact 
protein expression by making the codon usage more favorable for the 
host organism [48]. For example, a proteomic analysis revealed signif
icant expression increases, ranging from 4.9- to 7.1-fold for human 
clotting factor VIII and from 22.5- to 28.1-fold for polio viral capsid 
protein 1 when codon-optimized genes were utilized [49]. Codon opti
mization involves modifying the DNA sequence to match the host’s 
codon usage preferences, including the replacement of rare codons with 
those favored by the expression host [50]. This strategy enhances 
translation efficiency and protein expression levels and was applied in 
the present study. On one hand, signal peptides facilitate efficient tar
geting of recombinant proteins to the secretory pathway, directing them 
to compartments where they are less likely to be degraded, thus 
increasing protein accumulation [51]. Additionally, the ER retention 
sequence SEKDEL has been shown to further enhance protein expression 
and stability in plants [52,53]. Our study indicated that the construct 
“SP-hIL-15-Fc-KD”, which includes both an N-terminal signal peptide 
and a C-terminal ER retention sequence, achieved the highest expression 
level of hIL-15-Fc compared to the other constructs. Expression levels of 
“SP-hIL-15-Fc-KD” were 2.9-fold higher than those of “SP-hIl-15-Fc”, 
which contained only the signal peptide at the N-terminus. However, no 
detectable signal was observed for the “hIL-15-Fc” construct, preventing 
a direct comparison of the impact of leader and retention sequences. 
These findings suggest that the ER retention peptide enhances protein 
expression, consistent with previous research [52].

One of the factors that could affect the protein expression is the age 
of plants. Our study indicated that 3-week-old N. benthamiana expressed 
the maximum level of hIL-15-Fc compared to the older plants. Previous 

research has similarly shown that younger tomato plants have higher 
protein content likely due to reduced cell aging and senescence-related 
effects [54]. Concentrations of Agrobacterium also influenced the amount 
of protein that we can detect. Higher OD600 values could lead to over
growth and result in excessive damage to plant tissue and, subsequently, 
reduced protein yields [55]. Meanwhile, a low OD600 concentration 
resulted in a lower vector transfer efficiency, leading to suboptimal 
protein expression levels. Harvest timing post-infiltration was another 
key variable, with optimal hIL-15-Fc expression observed at 4 dpi, while 
levels declined at 8 and 10 dpi. The expression decreased with longer 
incubation periods, potentially due to protein degradation, physiolog
ical changes in the plant post-infiltration, silencing mechanisms against 
foreign genes, and limited duration of transient expression by Agro
bacterium [55,56]. Previous literature suggested that the incubation 
period following infiltration affects the expression of other recombinant 
proteins, including human epidermal growth factor and human vascular 
endothelial growth factor in tobacco plants [57,58], with peak expres
sion at 4–6 dpi in tobacco plants [55,57,58].

In this study, hIL-15-Fc was successfully expressed in N. benthamiana, 
achieving a yield of 33.8 µg of per gram of fresh weight. Prior research 
have reported hIL-15 production yields of 75 mg/L in Pichia pastoris [46] 
and 120 mg/L in E. coli [59], but this is the first report of hIL-15-Fc 
production in plant system. SDS-PAGE and Western blot analyses 
showed two major bands of the purified hIL-15-Fc under non-reducing 
conditions at approximately >100 kDa, indicating potential oligomers 
or aggregates formed by Fc domain oligomerization via disulfide bonds 
[60]. Under reducing condition, a primary band was detected at ~50 
kDa, suggesting glycosylation or other post-translational modifications 
characteristic of plant-produced proteins. Additional bands around 100 
and 150 kDa may correspond to incomplete reduction of disulfide bonds, 
though this has not been confirmed in this study. These SDS-PAGE and 
Western blot results align with the expected size range for hIL-15-Fc, 
which exceeds the typical hIL-15 protein size of 14–15 kDa due to the 
added Fc domain (25 kDa) [61–63]. Based on the molecular weight 
estimates of hIL-15 and Fc tag, the fusion protein was anticipated at be 
around 40 kDa as a monomer and approximately 80 kDa in dimeric 
form. However, observed molecular weights were slightly higher, 
potentially due to glycosylation of both hIL-15 and Fc regions, which can 
increase overall protein mass with glycan attachment [64]. Peptide 
mapping further confirmed the primary structure of our plant-produced 
hIL-15-Fc. This approach has been widely utilized in earlier studies for 
sequence validation of recombinant hIL-15 expressed in E. coli [65].

The bioactivity assessment of hIL-15-Fc was performed using HaCaT 
cells. Previous studies have shown that IL-15 can promote HaCaT cell 
proliferation and migration, contributing to wound healing. Treatment 
of HaCaT cells with concentrations of 1, 10, or 100 ng/ml can enhance 
cell proliferation through 72 h period. Moreover, treatment with 100 
ng/ml of rhIL-15 significantly improved HaCaT cell migration compared 
to the untreated control cells [4]. Even though our hIL-15 was fused with 
Fc, we can observe similar effects in terms of HaCaT cell proliferation 
and migration. The mechanisms behind IL-15-induced cell proliferation 
and anti-apoptotic effects on HaCaT cells involves the activation of ERK 
1/2 and AKT phosphorylation pathways [5]. However, there have been 
no reports on the biological activities of plant-based hIL-15-Fc in HaCaT 
cells. Notably, hIL-15 is well-established for its role in regulating various 
immune cells, such as promoting T cell activation and proliferation, 
stimulating NK cells, and enhancing B cell function [66,67]. The 
bioactivity of plant-produced hIL-15-Fc in immune cells should be 
further evaluated to assess its therapeutic potential.

5. Conclusion

In conclusion, we successfully optimized the expression of hIL-15-Fc 
in N. benthamiana and confirmed the characteristics and functional ac
tivity of the fusion protein. The plant-produced hIL-15-Fc stimulated 
both the proliferation and migration of human keratinocytes in vitro. 
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These findings highlight the potential of plant-based expression systems 
as a viable alternative to traditional platforms for producing functional 
hIL-15. Future studies should investigate the biological activity of plant- 
produced hIL-15-Fc in immune cells and evaluate its therapeutic po
tential through in vivo studies.
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