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A B S T R A C T

Multifunctional anti-HIV Fc-fusion proteins aim to tackle HIV efficiently through multiple modes of action.
Although results have been promising, these recombinant proteins are hard to produce. This study explored the
production and characterization of anti-HIV Fc-fusion proteins in plant-based systems, specifically Nicotiana
benthamiana plants and tobacco BY-2 cell suspension. Fc-fusion protein expression in plants was optimized by
incorporating codon optimization, ER retention signals, and hydrophobin fusion elements. Successful transient
protein expression was achieved in N. benthamiana, with notable improvements in expression levels achieved
through N-terminal hydrophobin fusion and ER retention signals. Stable expression in tobacco BY-2 resulted in
varying accumulation levels being at highest 2.2.mg/g DW. The inclusion of hydrophobin significantly enhanced
accumulation, providing potential benefits for downstream processing. Mass spectrometry analysis confirmed the
presence of the ER retention signal and of N-glycans. Functional characterization revealed strong binding to
CD64 and CD16a receptors, the latter being important for antibody-dependent cellular cytotoxicity (ADCC).
Interaction with HIV antigens indicated potential neutralization capabilities. In conclusion, this research high-
lights the potential of plant-based systems for producing functional anti-HIV Fc-fusion proteins, offering a
promising avenue for the development of these novel HIV therapies.

Introduction

HIV, like other retroviruses, integrates its proviral genome into host
cells for viral gene transcription and completing its cycle [1]. The acti-
vation level of CD4 + T cells during integration influences proviral
genome transcription. Highly activated cells support efficient HIV
replication, while resting cells show minimal transcription [2]. This
leads to the formation of the HIV-1 reservoir, a pool of transcriptionally
inactive infected cells shortly after initial infection [3]. These cells are
not eliminated by standard HIV treatments and persist throughout the
lives of treated HIV-infected individuals.

The primary treatment for HIV is antiretroviral therapy (ART), which

involves the administration of a combination of HIV medications aimed
at reducing the viral load within the body by targeting different HIV
replication stages [4]. ART significantly suppresses HIV to undetectable
levels in the blood. However, it is unable to specifically target the latent
viral reservoir in HIV-infected patients [5]. This viral reservoir is
responsible for viral rebounds after treatment interruptions [6] and
thus, turns ART into a chronic, lifelong treatment. There are ongoing
efforts to develop treatments for HIV eradication. These include immune
activators, therapeutic vaccines, neutralizing antibodies, and antibody
derivatives such as Fc-fusion proteins [3,7,8].

Neutralizing antibodies recognizing the HIV-1 envelope glycoprotein
(gp120/gp41) have shown a delay in viral rebound after treatment
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interruption [9]. However, monotherapies with these biotherapeutics
show rapid viral escape [10]. To avoid that, strategies based on a
treatment with a combination of antibodies, or the use of multifunc-
tional antibodies or Fc-fusion proteins have been developed [3].

Essentially, Fc-based fusion proteins combine an IgG Fc domain with
another peptide, typically a therapeutic protein or a molecule that in-
teracts with receptors or pathogens [11]. The inclusion of the Fc domain
enhances the biological and pharmacological properties of the fused
partners, including their ability to bind to Fc receptors on immune cells
and prolong the protein’s half-life in the bloodstream [12]. The first
described CD4-Fc-fusion protein demonstrated inhibitory activity
against the formation of syncytia during HIV-1 infection, the most
prevalent subtype of HIV [13]. Fc-fusion proteins offer several advan-
tages over other HIV therapeutics. For instance, they can serve as a
scaffold for the selection of functional binders or as a carrier for the
creation of novel fusion proteins [14].

In the context of the European Pharma-Factory project (https://cordi
s.europa.eu/project/id/774078), we partnered with AlbaJuna Thera-
peutics SL, who develops innovative strategies to target HIV and its viral
reservoir by designing multifunctional Fc-fusion derivatives. AlbaJuna’s
biotherapeutics exhibit enhanced antiviral and effector functions
against HIV and are conventionally manufactured in mammalian cells
(Expi293F, https://www.irsicaixa.es/en/research-and-innovation/spi
n-offs). Our work aimed to explore the production and functional
characterization of AlbaJuna’s difficult-to-produce Fc-fusion proteins in
plant-based expression systems, with particular emphasis on Nicotiana
benthamiana and tobacco BY-2 cell suspension. Utilizing Nicotiana ben-
thamiana as a transient expression system allowed us to initially validate
our expression constructs and address crucial questions concerning
protein expression and stability before proceeding to the more compli-
cated BY-2 cell suspension system with stable transformation and inte-
gration of encoded genes.

Compared to animal cell-based systems, plant-based systems provide
several advantages, including lower capital costs, scalability, reduced
risk of contamination with animal pathogens, and potential for glyco-
engineering [15,16]. Previous studies have utilised both Nicotiana ben-
thamiana [17–20] and tobacco BY-2 cell suspension [19,21–23] to
produce therapeutics targeting HIV.

The present study aimed to produce AlbaJuna’s Fc-fusion proteins in
transgenic BY-2 clones using constructs that incorporated various
modifications. These modifications included optimizing the codons for
Nicotiana tabacum, as well as introducing an ER retention signal and the
hydrophobin 1 (HFBI) fusion element to potentially enhance protein
expression and stability. We ultimately wanted to evaluate the quality
and functionality of the proposed anti-HIV Fc-fusion proteins produced
in BY-2 suspension cells and compare them to their counterparts pro-
duced in mammalian cells. Overall, BY-2 cell suspension showed
promise as a platform for producing these anti-HIV Fc-fusion proteins,
although further optimization is required.

Materials and methods

Construction of expression vectors

Previous publications [24,25] provided a detailed description of the
fundamental structure of the expression vectors used in the present
work. In summary, the coding sequences were placed under the regu-
lation of a dual-enhancer Cauliflower mosaic virus 35 S promoter and
the soybean vsp3 terminator. These sequences were flanked by c-myc
and Strep II purification tags, as well as a KDEL ER-retention signal. The
coding sequences were specifically designed by AlbaJuna (M7AC34,
M7AMC34, and M7AMT20) and include two domains of a human CD4
receptor, a native/mutated Fc domain from human IgG1, a (GGGS)9
linker, and a C34/T20 peptide [26–28]. M7AMC34 and M7AMT20
proteins contain mutations [29] in the Fc region to increase affinity for
FcɣRIIIa (CD16a). To enable expression in plants, the constructs

underwent codon optimization for Nicotiana tabacum. Initially, three
sets of constructs were created, each with different configurations: one
with C-terminal hydrophobin 1 (HFBI), another with N-terminal HFBI,
and a third with no HFBI motif. Later, some M7AMC34 constructs were
cloned with an additional expression cassette for GFP in the T-DNA as a
marker for visual selection of homogeneous transgenic calli. For the
constructs containing HFBI, the AlbaJuna molecule (i.e., M7AC34 /
M7AMC34 / M7AMT20) and the HFBI were connected by the
GAGGGSGGGSGGGSAG linker. Detailed illustrations of these specific
configurations can be found in Fig. 1A and Fig. 2B.

Nicotiana benthamiana agroinfiltration

Transient expression was performed as previously described [25]. In
summary, the optical density of Agrobacterium tumefaciens cultures was
adjusted to 1.0, and the suspension was mixed in a 1:1 ratio with
Agrobacterium containing an expression vector for the p19 suppressor,
which prevents post-transcriptional gene silencing [30]. The agro-
infiltrated leaves were collected at 6 days post infiltration (dpi) for later
extraction and purification.

Transformation and maintenance of the BY-2 culture

The transformation of BY-2 cells was conducted following a previ-
ously outlined method [31]. Initially, the BY-2 cultures were maintained
as calli on a modified Murashige and Skoog (MS) medium [32] con-
taining 1 % agar and 25 mg/l kanamycin. Every 3–4 weeks, the cultures
were subcultured by visually selecting the most fluorescent sections
under UV light when visual marker (Green Fluorescent Protein or GFP)
was co-transformed. For suspension culture, 50 mL of the modified MS
medium supplemented with 50 mg/l kanamycin was used, and the
transgenic lines were subcultured on a weekly basis by transferring 5 %
(v/v) of the culture to fresh media.

Downstream processing

The BY-2 biomass was collected by centrifugation (10 min,
4000 rpm, room temperature) and freeze-dried for 72 h in a CHRIST
ALPHA14 LD plus chamber at a coil temperature of − 56 ◦C. The
lyophilised BY-2 biomass was stored at − 80 ◦C until further use. The
biomass underwent mechanical disruption using a Retsch mill and steel
beads (2 times, 1 min at 29 Hz) (MM301, Haan, Germany).

Protein extraction

The disrupted cell powder was carefully mixed with extraction buffer
at a ratio of 30 mL per gram of dry biomass. The extraction buffer used
was 1X phosphate-buffered saline with a concentration of 12 mM
Na2HPO4 * 2 H2O, 3 mM NaH2PO4 *H2O, and 150 mM NaCl; pH 7.4),
along with 1 mM EDTA, 100 mM sodium ascorbate, and 1.12 mL/L of
Protease Inhibitor Cocktail (P9599, Sigma Aldrich, St. Louis, MO). To
remove insoluble material, the mixture was subjected to centrifugation
at 3220 g for 10 min at room temperature (~20 º C) using an Eppendorf
centrifuge 5810 R.

Protein analysis and Western blot

Extracts and purified plant-produced proteins were separated under
reducing conditions by SDS-PAGE in a 12 % Bis-Tris gel. Using the
Trans-Blot Turbo Transfer System from Bio-Rad, the proteins were
subsequently transferred (7 min, 20 V) onto a nitrocellulose membrane.

To detect the Fc-fusion proteins, an anti-IgG Western blotting
method was used. The blot was incubated with Goat anti-Human IgG Fc
cross-adsorbed secondary antibody DyLight 680 (SA5–10138, Thermo
Fisher) diluted 1:10,000, and subsequently visualized using the Odyssey
DLs Imaging System (Li-cor). Purified human IgG (3850–1 H-6, Mabtech

N. Gutierrez-Valdes et al.

https://cordis.europa.eu/project/id/774078
https://cordis.europa.eu/project/id/774078
https://www.irsicaixa.es/en/research-and-innovation/spin-offs
https://www.irsicaixa.es/en/research-and-innovation/spin-offs


New BIOTECHNOLOGY 83 (2024) 142–154

144

AB, Sweden) and mammalian cell-based M7AC34 from AlbaJuna were
loaded as positive controls. A total soluble protein extract from wild-
type BY-2 was used as a background (negative) control.

To detect full sized proteins, anti-c-Myc and StrepII-tags Western
blotting methods were employed. The same blot was examined twice
using the different specific antibodies. Initially, to detect c-myc in the
samples, the blot was subjected to an overnight incubation with the
primary antibody c-Myc (A00172, Genscript) diluted 1:1000. Following
rinsing, it was incubated for 1 h with the secondary antibody IRdye
680RD Goat anti-Rabbit IgG (926–68071, Li-cor) diluted 1:25,000.
Subsequently, the membrane was rinsed again and scanned using the
Odyssey DLs Imaging System (Li-cor Biosciences, USA). The following
day, the same blot was rinsed and incubated for a minimum of 2 h with
the secondary antibody Strep-Tactin AP conjugate (2–1503-001, IBA
Lifesciences) diluted 1:2000. After rinsing, it was developed using the
BCIP/NBT colour development substrate (S3771, Promega). For visu-
alization, the blot was scanned with the Odyssey DLs Imaging System
(Li-cor Biosciences, USA).

ELISA for human IgG binding

Protein extracts were subjected to ELISA analysis for Human IgG
(3850–1 H-6, Mabtech AB, Sweden). The ELISA kit was employed
following the instructions provided by the manufacturer. Briefly, the kit

includes a set of monoclonal antibodies (mAb) specifically designed to
bind to the Fc region of human IgG. The capture antibody used in the
assay is MT145 (0.5 mg/mL), while the detection antibody is MT78,
which has been biotinylated (0.5 mg/mL). Additionally, the kit provides
a purified human IgG that served as a standard for comparison and
calibration purposes.

Statistical analysis

The statistical analysis was performed on IgG quantification results
obtained by ELISA for human IgG binding from Nicotiana benthamiana
plants infiltrated with the pJJJ810–812, and pNGV001–002. A total of
three plants were infiltrated for each construct. The statistical analysis
was conducted using SPSS Statistic 22.0 software (IBM, Armonk, NY).
The analysis included a one-way ANOVA test to compare the means of
the five groups. Following the ANOVA, a Tukey HSD test was performed
for post-hoc pairwise comparisons. The significance level was set at
95 %. Tests for normality (Shapiro-Wilk test) and homogeneity of vari-
ances (Levene’s test) confirmed that the data met the assumptions for
ANOVA (p > 0.05 for all tests).

Purification through protein A affinity chromatography

The selected plant-produced anti-HIV Fc-fusion proteins were

Fig. 1. Novel anti-HIV Fc-fusion protein constructs expressed in plants. (A) Configuration of the three Fc-fusion candidates designed by AlbaJuna: M7AC34,
M7AMC34, and M7AMT20. These molecules include: CD4, two domains of a human CD4 receptor; IgG1/IgG1M, a native/mutated Fc domain from human IgG1; a
(GGGS)9 linker, and a C34/T20 peptide. (B). Schematic representation of the anti-HIV Fc encoding gene constructs with or without HFBI for expression to be
accomplished in plants: pJJJ807–815. 2X 35 S, dual enhancer Cauliflower mosaic virus 35 S promoter; tCUP, translational enhancer; SS, Pr1bSS; cmyc, c-myc tag;
AlbaJuna candidates (M7AC34, M7AMC34, and M7AMT20); linker, GAGGGSGGGSGGGSAG; HFBI, hydrophobin-I; strep, strep-II tag; KDEL, ER retention signal;
vsp3’, soybean vsp3 terminator.
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purified using protein A purification. Following protein extraction, the
sample underwent clarification through centrifugation at 3000 g for
10 min at 4º C, discarding the pellet. The sample was then diluted 1:10
with 1X cold PBS buffer and passed through a 0.45 µm PES filter. From
this stage onward, the sample was consistently kept chilled on ice. Once
the AKTA system was prepared and equilibrated, the extract was
transferred onto HiTrap Protein A High-Performance Columns [column
volume: 1 mL; linear flow rate: 1 mL/min; bed height: 2.5 cm]
(GE17–04303-03 Sigma, GE Healthcare, USA). Any unbound and
nonspecific proteins attached to the column were washed out using 10
column volumes (CV) of 1X PBS. Elution was carried out by using 5 CVs
of 2 M Arginine-HCl at pH 4.7.

ELISA assay for gp140 binding

ELISA plates were coated with UG37 gp140 (5 µg/mL in PBS) (CFAR
0698, NIBSC, UK) and blocked with PBS+ 5 % skimmed milk powder
(assay buffer). Fusion proteins were titrated five-fold, along with a
negative control (uninfiltrated leaf extract) in assay buffer and incu-
bated at 37 ◦C for 2 h. Bound fusion protein was detected using an anti-
human IgG1 light chain kappa antiserum - HRP (AP015, The Binding
Site, UK), diluted 1:2000 in assay buffer. The plates were developed with
ready-to-use 3,3’,5,5’-Tetramethylbenzidine (TMB Liquid Substrate,
Sigma, cat. #T0440) for 5 min and the reaction stopped by the addition
of 2 N H2SO4. Plates were read on an Tecan Infinite F200 Pro.

Fig. 2. Anti-HIV Fc-fusion proteins transiently expressed in Nicotiana benthamiana. (A) Detection in reduced conditions of c-myc- and strep-tags for proteins
expressed with encoding constructs: pJJJ807–815. Equal quantities of total soluble protein (TSP) were loaded in each lane (30 µl). TSP from untreated (WT) and P19-
portraying Agrobacterium-treated leaves were used as background (negative) controls. The molecular weight of the Fc-fusion proteins containing HFB is 68 kDa and
60 kDa without. (B) Configurations of new constructs for the M7AMC34 set. The new constructs, pNGV001 and pNGV002, are marked with a dotted square on the
scheme. 2X 35 S, dual enhancer Cauliflower mosaic virus 35 S promoter; tCUP, translational enhancer; SS, Pr1bSS; cmyc, c-myc tag; AlbaJuna candidate
(M7AMC34); linker, GAGGGSGGGSGGGSAG; HFBI, hydrophobin-I; strep, strep-II tag; KDEL, ER retention signal; vsp3’, soybean vsp3 terminator. (C) Human IgG-
binding ELISA of TSP extracts from N. benthamiana leaves infiltrated with the constructs on B. Error bars represent standard deviations (n = 3). The letters indicate
significant difference between groups (p < 0.05). (D) Detection in reduced conditions of c-myc- and strep-tags, and human IgG for M7AMC34 set. Equal quantities of
total soluble protein (TSP) were loaded in each lane (30 µl). TSP from P19-portraying Agrobacterium-treated leaves was used as a background (negative) control.
Human IgG was used as a positive control (100 and 200 ng).
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SPR assays for assessment of Fc-ɣRI (CD64) and Fc-ɣRIII (CD16a)
binding

SPR assays were performed using a Biacore X100 instrument (Cytiva,
Little Chalfont, UK). CM5 sensor chips were functionalised for antibody
binding using the amine coupling kit (Cytiva) to couple protein A
(P6031, Merck) to both channels to a final response of 5000 RU. Anti-
body ligands (M7AMC34-HFBI, HFBI-M7AMC34, M7AC34, and human
IgG1k (I5154, Merck)) were captured on the active surface at 240 RU
(for FcγRI analysis) or 330RU (for FcγRIIIa). Recombinant human FcγR
ectodomains (1257-FC & 4325-FC, R&D) were injected over both flow
cells at 25 ◦C at 40 µl/min for 140 s (for FcγRI analysis) or 60 s (for
FcγRIIIa). Surface regeneration was achieved with 2x 90 s injections of
10 mM glycine pH1.5. Kinetic parameters were determined by fitting a
1:1 Langmuir model using the BIAevaluation software (v2.0.1, Cytiva).

Endoprotease digestion

50 µg of M7AMC34-HFBI and HFBI-M7AMC34 proteins were sepa-
rated on a 12 % (m/v) SDS-PAGE gel. After staining with Coomassie
Blue R250, the band corresponding to the purified protein was cut into
small pieces and washed several times with a 1/1 (v/v) solution of
acetonitrile / 100 mM ammonium bicarbonate pH 8. The protein was
then reduced with 100 mM dithiothreitol in ammonium bicarbonate pH
8 for 45 min at 56 ◦C and then cysteine residues were alkylated with
55 mM iodoacetamide in 100 mM ammonium bicarbonate pH 8 for
30 min at room temperature and in the dark. The gel pieces were then
first digested by trypsin (PROMEGA, reference V511A in a ratio 1: 20) in
100 mM ammonium bicarbonate pH 8 and placed at 4 ◦C for 45 min
prior to incubation overnight at 37 ◦C. The trypsin digestion was
stopped by heating at 100 ◦C for 10 min. Then, the gel pieces were
incubated with TLCK-treated chymotrypsin digestion for 3 h (SIGMA,
reference C3142, ratio 1: 20) in 100 mM ammonium bicarbonate pH 8 at
37 ◦C. Peptides and glycopeptides were recovered from the gel pieces by
sequential washing with 50 % acetonitrile (v/v), 5 % formic acid (v/v),
100 mM NH4HCO3, 100 % acetonitrile (v/v) and finally 5 % formic acid
(v/v). The five eluents were combined and then dried down in a
SpeedVac centrifuge (Thermo fisher) and store at − 20 ◦C prior to further
analyses.

LC-ESI-MS/MS analysis

Analyses of the peptide and glycopeptide mixtures were carried out
by nanoLC-ESI-MS/MS on a Q-TOF 6545 XT AdvanceBio mass spec-
trometer coupled to a nano-LC 1200 liquid chromatography system
equipped with an Agilent Zorbax column C18 (150 mm x 75 µm, particle
size 5 µm) (Agilent Technologies, Les Ulis, France). Samples were dis-
solved in acetonitrile/0.1 % formic acid 3/97 v/v and enriched by
elution on a RP-C18 40 nL column nano-LC 1200. Peptides and glyco-
peptides were then separated using a linear gradient from 3 % to 80 %
acetonitrile/0.1 % formic acid v/v in 26 min with a flow rate of 350 nL/
min. Mass ranges werem/z 290 – 2 000 in MS andm/z 59 – 3 200 in MS/
MS. Data were recorded and treated using Agilent Data Acquisition
B.09.00 and Masshunter Qualitative B.07.00 software.

Results

Anti-HIV Fc-fusion proteins adapted to be expressed in plants

AlbaJuna developed three multifunctional Fc-fusion proteins that
combine two different HIV-1 Envelope binding sites. The molecules
contain a CD4 moiety that binds to the envelope gp120 subunit and a
C34 or T20 peptide that binds to the transmembrane gp41 subunit. In
addition, some molecules contain a GASDALIE-modified form of the
human IgG1 Fc region [29] (later called AM) to increase effector func-
tions (Fig. 1A). The design of these proteins enhances their effectiveness

and ability to neutralize HIV and to potentially target the in vivo viral
reservoir. When produced in a mammalian cell system, the AM series
show lower production compared to their counterpart with a wild-type
Fc region, while T20-derivatives exhibit lower production than the
C34-containing molecules (AlbaJuna, unpublished data). Due to these
challenges and the advantages offered by plant-based systems, we
explored the use of plant expression platforms to produce these proteins.
To express the fusion proteins in plants, the proteins were optimized for
Nicotiana tabacum and engineered to include a C-terminal KDEL ER
retention signal. Additionally, for each Fc-fusion protein, three different
configurations were created: one with a C-terminal hydrophobin (HFBI),
one with an N-terminal HFBI, and one without HFBI. In total, nine
constructs were generated. The inclusion of KDEL in all constructs aimed
to increase the protein production yield while ensuring protein retention
in the ER and the production of high-mannose glycosylation. The HFBI
domain was included to assess its impact on the production and func-
tionality of the molecule. These adaptations are illustrated in Fig. 1B.

Expression of the candidates in Nicotiana benthamiana

Before expressing the candidates in tobacco BY-2 cell culture, we
initially expressed the constructs in Nicotiana benthamiana transient
expression via agroinfiltration. Based on the results of c-myc and strepII-
tag Western blotting, all constructs were successfully expressed with full
tagging in N. benthamiana transient expression, although there were
variations in their accumulation. Interestingly, the constructs with N-
terminal HFBI showed higher accumulation compared to those with C-
terminal hydrophobin or no hydrophobin (Fig. 2A). To specifically
evaluate the effects of KDEL and HFBI, we created two additional ver-
sions of the M7AMC34 Fc-fusion protein. One version had no tags (c-
myc/strep-tag) or KDEL (pNGV001, later quoted as 001), while the other
version had N-terminal HFBI but no tags (c-myc/strep-tags) or KDEL
(pNGV002, later quoted as 002) (Fig. 2B). The original M7AMC34 set
(pJJJ810–812, later quoted as 810–812) and the two new constructs
(001− 002) were then tested in N. benthamiana through agroinfiltration
to determine which modifications resulted in the highest accumulation
of Fc-fusion protein. The construct that yielded the highest Fc-fusion
protein accumulation was the one with N-terminal HFBI, c-myc and
strep-tags, and KDEL (811), which showed a level of 3.5 ± 0.7 mg/kg
fresh weight (FW), seven times higher than the lowest accumulation
observed in the construct with no tags, no HFBI, and no KDEL (001). The
presence of N-terminal hydrophobin alone also enhanced protein
expression (002), resulting in a level of 2.2 ± 0.4 mg/kg FW, four times
higher than the lowest level (001) (Fig. 2C). Through anti-myc, anti-
strep, and anti-IgG Western blot analysis, we confirmed that the C-ter-
minal and N-terminal tags were intact in the target proteins expressed
with 810–812 encoding constructs, indicating that the proteins were
accumulated in full size (Fig. 2D).

Activity characterization of N. benthamiana-produced anti-HIV Fc-fusion
proteins

The Fc-fusion protein with highest accumulation level reached
(HFBI-M7AMC34, 811) and its hydrophobin-free counterpart
(M7AMC34, 812) were expressed in Nicotiana benthamiana leaves,
extracted, purified and their effector functions and neutralization ca-
pabilities were assessed. Surface plasmon resonance (SPR) was utilized
to determine the binding affinities of these candidates to CD64 and
CD16a receptors. The plant-based proteins demonstrated comparable
binding affinities to CD64 as the reference (AlbaJuna’s M7AC34 pro-
duced in Expi293F cells). However, when it came to the CD16a receptor,
the plant-based Fc-fusion proteins exhibited approximately four times
higher affinity compared to the reference (Fig. 3A).

The neutralization capacity of the purified candidates was evaluated
using a gp140 binding ELISA. Gp140 is a modified form of the HIV-1
envelope glycoprotein that includes both the gp120 and gp41 subunits
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[33]. Binding to gp140 indicates the presence of functional CD4 domain
in the Fc-fusion protein. Among the two plant-produced candidates that
were examined, the M7AMC34 with N-terminal HFBI (811) exhibited
the most similar activity to the reference (Fig. 3B). The physicochemical
characterization and activity assays conducted on the candidates pro-
duced in N. benthamiana provided evidence that the Fc-fusion proteins
could be successfully synthesized in plants thus having potential to
similar outcomes when produced in BY-2 cells.

Expression of the candidates in BY-2 cells

Clones of BY-2 cells were generated for all nine constructs (807–815,
Fig. 1). In total, 133 BY-2 clones were created and screened for Fc-fusion

protein accumulation using ELISA for human IgG binding. The levels of
target protein accumulation in BY-2 cells ranged from 0.2–2.2 mg/g dry
weight (DW) equivalent to 3.3–38.4 mg/l (Table 1). Over time, some
clones kept a baseline level of accumulation, while others completely
lost their ability to produce the protein or showed a drastic reduction.
This loss of accumulation was attributed to the lack of visual selection
during calli subculturing process. To address this issue, new constructs
with an additional eGFP visual marker (pNGV003–005, later quoted as
003–005, Fig. 4A) were cloned. This time, the focus was solely on the
candidate of greatest interest to AlbaJuna, namely M7AMC34 (referring
to original constructs of 810–812, Fig. 1). In total, 60 clones were
generated with this new set of constructs, which displayed stable growth
and comparable yields (ranging from 0.1 to 1.6 mg/g DW equivalent to

Fig. 3. Activity of Nicotiana benthamiana-expressed anti-HIV Fc-fusion proteins. (A) Surface plasmon resonance (SPR) analysis of binding to human CD64 and CD16a
Fc receptors. The molecules tested were the plant-produced M7AMC34 (pJJJ812) and HFBI-M7AMC34 (pJJJ811), and the mammalian cell-produced M7AC34 as a
reference from AlbaJuna. (B) Gp140 binding ELISA. Gp140 is a modified form of the HIV envelope glycoprotein that includes both the gp120 and gp41 subunits. The
molecules tested were the same as in A, titrated five-fold from 100–0.8 ng/mL. Uninfiltrated leaf protein extract was used as a negative control.
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1.8–28.2 mg/l). The IgG accumulation for the top three clones was 1.5,
1.6, and 0.5 mg/g DW for C-terminal HFBI M7AMC34 (003), N-terminal
HFBI M7AMC34 (004), and M7AMC34 (005), respectively (Fig. 4B).
Although some loss of accumulation occurred over time, it was less
pronounced when compared to clones without a visual marker (Fig. 4C).
The two clones with the highest accumulation, C-terminal HFBI
M7AMC34 (003_1) and N-terminal HFBI M7AMC34 (004_16), were
propagated on a larger scale in 400 mL volume. The Fc-fusion protein
material was extracted, purified, and further evaluated for activity and
glycosylation (Fig. 4D).

Activity characterization of BY-2-produced anti-HIV Fc-fusion proteins

The affinity of the candidates for the CD64 and CD16a receptors was
measured through surface plasmon resonance (SPR). In general, our
candidates exhibited binding affinities that fell within the range of af-
finities observed for the commercial human IgG1 reference. The binding
affinities of the BY-2 produced proteins to CD64 were comparable to the
reference, although the plant-produced variants displayed slightly
stronger affinities. The equilibrium dissociation constants (KDs) were
measured as 94.4 pM for the C-terminal HFBI fused protein (M7AMC34-
HFBI=003_1) and 507.4 pM for the N-terminal HFB fused protein (HFBI-
M7AMC34 =004_16). Similarly, for the CD16a receptor, the plant-
produced proteins demonstrated stronger binding affinities, with KDs
of 2.6 nM for the C-terminal HFBI M7AMC34 and 1.8 nM for the N-
terminal HFBI M7AMC34 (Fig. 5). For the comparison of N. benthamiana
produced molecules see Fig. 3A.

Glycosylation characterization of BY-2 produced anti-HIV Fc-fusion
proteins

The N-glycan profiles of the BY2 produced proteins, namely
M7AMC34-HFBI and HFBI-M7AMC34, were determined through a gly-
coproteomic approach [34]. The proteins were successively digested by
trypsin and chymotrypsin. The resulting peptide and glycopeptide
mixtures were analysed by nano liquid chromatography coupled to
electrospray mass spectrometry (LC-ESI-MS/MS). The overall protein
sequence coverages were determined to be about 55 %. In their protein
sequences, M7AMC34-HFBI and HFBI-M7AMC34 exhibit two N-glyco-
sylation sites located respectively on Asn 302 and 512 for
M7AMC34-HFBI and on Asn 393 and 603 for HFBI-M7AMC34. These
differences in the position of the N-glycosylation sites result from the
location of the HFBI motif within the protein sequences. In order to
determine the distribution of the N-glycans on these two specific
N-glycosylation sites, the mixtures of peptides and glycopeptides

released by the endoprotease digestion were submitted to a targeted
LC-ESI-MS/MS analysis [34]. To this end, peptides giving MS/MS
spectra exhibiting N-glycan diagnostic fragment ions at m/z 204 (oxo-
nium ion corresponding to N-acetylglucosamine) and 366 (ion corre-
sponding to the disaccharide motif Man-GlcNAc) were selected as being
glycopeptides. Numerous MS/MS spectra assigned to glycopeptides
were extracted from LC-ESI-MS/MS data generated for endoproteases
digests of both M7AMC34-HFBI and HFBI-M7AMC34 proteins. Their
glycan sequences were then determined by analysis of the glycan frag-
ment ions. As illustration, the doubly charged [M+ 2 H]2+ ion at m/z
1177.94 was assigned to E509INNY513 from M7AMC34-HFBI N-linked to
a Man8GlcNAc2 (Man-8) oligomannoside (Fig. 6A). In the MS/MS
spectrum, in addition to diagnostic ions at 204.09 and 366.14, fragment
ions were assigned to the peptide carrying a chitobiose unit and one to
five mannose residues. Fig. 6B shows the MS/MS spectrum and the
fragment ion assignments of the doubly charged [M+ 2 H]2+ ions of
E389EQYNSTYR397 from HFBI-M7AMC34 N-linked to a GnM3XGn2
complex N-glycan which refers as a core Man3GlcNAc2 N-glycan bearing
a terminal GlcNAc residue and a β(1,2)-xylose motif linked to the β-Man.

Based on fragmentation ion patterns of glycopeptides selected by the
targeted LC-ESI-MS/MS analysis, oligomannose and complex plant N-
glycans were identified on the two N-glycosylation sites of M7AMC34-
HFBI and HFBI-M7AMC34 and their relative percentages were calcu-
lated based on their molecular ion intensities in the LC-ESI-MS/MS
analysis. Table 2 reports on the glycan distribution per N-glycosyla-
tion site for both M7AMC34-HFBI and HFBI-M7AMC34.

Discussion

In our work, we have explored the production of multifunctional
anti-HIV Fc-fusion proteins in plant-based systems. The candidate pro-
teins, originally designed by AlbaJuna, are typically manufactured in
mammalian cells, and engineered to exhibit neutralizing activity and
enhanced ADCC activities for preventing HIV infection and viral entry.
To produce these Fc-fusion proteins in plants, we performed codon
optimization for Nicotiana tabacum expression, incorporated a C-termi-
nal KDEL sequence to retain the proteins in the endoplasmic reticulum
(ER) ensuring a consistent high-mannose glycosylation, and introduced
HFBI at either the N-terminus or C-terminus to potentially enhance
protein production and stability (Fig. 1).

Our primary objective was to characterize the production of these
proteins in tobacco BY-2 cell suspension system. However, we first uti-
lized transient Nicotiana benthamiana as a platform for protein expres-
sion to validate our expression constructs. This choice allowed us to
address crucial questions that were subsequently adopted using the BY-2

Table 1
Tobacco BY-2 transformants and their IgG accumulation levels. The constructs used to generate the clones were pJJJ807–815 (Fig. 1).

Construct Configuration Total
number
of clones

Number of clones
expressing protein

Percentage of clones
expressing target protein

Highest
expression

Number of clones with
protein expression

Percentage of clones with
protein expression

(mg/
l)*

(mg/g
DW)

> 0.5 mg/g DW > 0.5 mg/g DW

pJJJ807 M7AC34-HFBI 4 2 50 14.0 0.80 1 25
pJJJ808 HFBI-M7AC34 18 15 83 14.0 0.80 2 11
pJJJ809 M7AC34 7 6 86 15.0 0.85 1 14
pJJJ810 M7AMC34-

HFBI
21 18 86 29.0 1.65 5 24

pJJJ811 HFBI-
M7AMC34

21 17 81 6.0 0.34 0 0

pJJJ812 M7AMC34 21 16 76 11.8 0.67 4 19
pJJJ813 M7AMT20-

HFBI
44 41 93 38.4 2.18 10 23

pJJJ814 HFBI-
M7AMT20

7 6 86 3.8 0.22 0 0

pJJJ815 M7AMT20 11 3 27 3.3 0.19 0 0

* Estimation was made assuming the dry biomass reaches around 17.6 g/l at the moment of harvesting.
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Fig. 4. Anti-HIV Fc-fusion proteins expressed in tobacco BY-2 cells. (A) New constructs for the M7AMC34 Fc-fusion proteins set with eGFP as a visual marker
(pNGV003–005). 2X 35 S, dual enhancer Cauliflower mosaic virus 35 S promoter; tCUP, translational enhancer; SS, Pr1bSS; eGFP, enhanced green fluorescent
protein; cmyc, c-myc tag; AlbaJuna candidate (M7AMC34); linker, GAGGGSGGGSGGGSAG; HFBI, hydrophobin-I; strep, strep-II tag; KDEL, ER retention signal; vsp3’,
soybean vsp3 terminator. (B) Human IgG binding ELISA analysis of TSP extracts from 33 BY-2 transformants generated with the constructs on A. (C) IgG accu-
mulation levels (assessed through ELISA) for the best BY-2 clones of each encoding construct after establishment of stable BY-2 clones and after 3 months of sub-
culturing regime. (D) Reduced SDS-PAGE gels and Western blots for human IgG detection after Protein A purification from extracts of the transgenic 003_1 and
004_16 carrying BY-2 clones. The expected molecular weight of our Fc-fusion proteins is 68 kDa. CE=crude extract; FT=flow through; W=washing; 1 =purified
product. Wild-type BY-2 soluble protein was used as a background (negative) control. For CE, FT, W, 1 and the negative control, each lane was loaded with 30uL of
the corresponding sample. Human IgG from the ELISA kit was used as a positive control (IgG 25, 50, 100 ng). AlbaJuna’s M7AC34 produced in mammalian cells was
used as a reference control (Ref 25,50,100 ng).
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Fig. 5. Activity of BY-2-expressed anti-HIV Fc-fusion proteins. Surface plasmon resonance (SPR) analysis of binding to human CD64 and CD16a Fc receptors. The
molecules tested were the BY-2 produced M7AMC34-HFBI (003) and HFBI-M7AMC34 (004), and a commercially available human IgG1.

Fig. 6. Examples of N-glycan profiling of the BY-2 produced M7AMC34-HFBI and HFBI-M7AMC34 Fc-fusion proteins. A glycoproteomic approach combined with
nano-LC-ESI-MS/MS analysis was performed for analysing the N-glycosylation sites and glycan distributions. Upon digestion of the proteins with a combination of
trypsin and chymotrypsin, peptide and glycopeptide mixtures were generated prior to their analyses using nano-LC-ESI-MS/MS. The glycopeptides were identified
using a targeted search based on N-glycan diagnostic ions. MS/MS spectra of (A) the doubly charged [M+ 2 H]2 + ion at m/z 1177.94 assigned to E509INNY513 from
M7AMC34-HFBI N-linked to Man-8 and (B) the doubly charged [M+ 2 H]2 + ions at m/z 1208.98 assigned E389EQYNSTYR397 from HFBI-M7AMC34 N-linked to
GnM3XGn2. GlcNAc: blue square; Man: green circle and Xyl: yellow star.
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cell suspension expression system with stable transformation and inte-
gration of encoded genes.

The effect of KDEL and HFBI on the recombinant protein accumulation

In N. benthamiana, all initial constructs (pJJJ807–pJJJ815) were
successfully expressed, displaying varying levels of accumulation in the
leaves. Constructs containing N-terminal HFBI showed higher accumu-
lation compared to other variants (Fig. 2A). Furthermore, when exam-
ining the specific impact of c-myc and strap tags, HFBI, and KDEL in the
constructs (pJJJ810–811 and pNGV001–002) (Fig. 2C–D), we observed
that the fusion of the protein with N-terminal hydrophobin and the in-
clusion of a KDEL ER retention signal had an additive effect on protein
accumulation. N-terminal HFBI fusion demonstrated the most signifi-
cant increase in accumulation. However, some research groups [25,35]
have shown that for some proteins, the C-terminal HFBI appeared to
have a stronger influence on the recombinant protein accumulation in
N. benthamiana. The reasons why HFBI tags enhance accumulation for
certain fusion partners [25,36–39] but not for others [40] are not fully
understood. In our case, regardless of its position, the inclusion of HFBI
resulted in an average 2.4 to 7-fold increase in accumulation compared
to the partner protein without hydrophobin. Moreover, targeting the
recombinant proteins to the ER through the KDEL signal also contrib-
uted to higher accumulation, which has also been observed with other
proteins [41–47]. It is worth mentioning that the overexpression of some
proteins in the ER can lead to necrotic lesions on agroinfiltrated
N. benthamiana leaves as early as 4 days post-infiltration (dpi) [25].
However, in our study, the accumulation of the Fc-fusion proteins did
not cause any harm to the leaves, which remained healthy even until 10
dpi (data not presented).

In the BY-2 system, the expression of the constructs exhibited high
variability (Table 1 and Fig. 4B). This is a common occurrence inherent
to the BY-2 transformation process [48]. The variability in trans-
formation outcomes can be attributed to several factors, including the
positioning of the T-DNA insert, the number of T-DNA copies integrated
into the genome, and the epigenetic state of the integration site. For
example, a higher number of T-DNA copies can lead to increased
expression levels, while the epigenetic state of the integration site can
impact transgene expression, as gene silencing can be influenced by
DNA methylation and histone modifications [49].

Even though the use of GFP facilitated the initial identification of
transgenic calli during the screening process, many of the callus lines
still exhibited heterogeneous expression patterns after multiple pas-
sages. This heterogeneity was evident when transgenic clones carrying a
visual GFP marker were observed under UV light, the presence of fluo-
rescent green patches alongside the typical yellow hue of BY-2 cells was
evident. This phenomenon has been previously observed and attributed
to a heterogeneous population of cells, with varying levels of

fluorescence intensity ranging from high, moderate, to non-expressing
cells, and only careful subculturing over 20 passages resulted in ho-
mogenous lines [50]. This heterogeneity explains why our BY-2 sus-
pension cultures displayed variable expression over time and a decline
in Fc-fusion protein accumulation over continuous passages (Fig. 4C). As
mentioned earlier, both genetic and epigenetic factors can contribute to
the inconsistency in productivity within the BY-2 system. Previous
studies have attempted to mitigate the heterogeneity of BY-2 cultures by
generating monoclonal lines [51,52]. While these lines exhibited
consistent expression levels for extended periods, ranging from several
months [51] to up to a year [52], they were still susceptible to soma-
clonal variation [53] and epigenetic changes such as gene silencing.
Therefore, cryopreservation and periodic repetition of the clone selec-
tion process may be necessary, although monoclonal cultures are crucial
for meeting industrial requirements for consistent batch-to-batch pro-
duction and specific characterization of production lines [54].

Regarding the hydrophobin impact in BY-2 cells, we observed that
the accumulation levels in our clones transformed with hydrophobin-
fused constructs were 2.4–4.4 times higher compared to those without
hydrophobin. Although there was variation in accumulation among the
clones, we noticed a consistent trend of higher accumulation in proteins
fused with hydrophobin, particularly when the hydrophobin was fused
at the N-terminus (Fig. 4B). Hydrophobins have been shown to promote
recombinant protein accumulation by facilitating the synthesis of pro-
tein bodies (PBs) in both N. benthamiana [25,39] and BY-2 [24,55]
systems. PBs are compact, spherical structures that originate from the
endoplasmic reticulum and are thought to assemble once a certain
threshold of recombinant protein is reached. The fusion of recombinant
proteins with hydrophobin increases the likelihood of PB formation
[38]. It is possible that PBs were formed in bothN. benthamiana and BY-2
clones in our experiments. The formation of PBs in our BY-2 clones could
be advantageous for exploring alternative methods of Fc-fusion protein
recovery, such as aqueous two-phase separation (ATPS), which has the
potential to facilitate downstream processing and reduce purification
costs.

While the incorporation of hydrophobin and the KDEL signal for ER
retention has contributed to increased accumulation of our Fc-fusion
proteins, the low productivity of the BY-2 production platform re-
mains a challenge. However, there are several possible approaches
available to enhance the system. These approaches include the genera-
tion of monoclonal lines [51], the use of improved culture media [21,56]
clone screening based on fluorescence-activated cell sorting [52] and the
development of protease knock out lines [57].

The effect of KDEL and HFBI on the recombinant protein functionality

AlbaJuna’s design of the M7AMC34 Fc-fusion protein aimed to
enhance its effector functions by engineering its Fc domain to interact

Table 2
Glycan distribution per N-glycosylation site for the BY-2 produced M7AMC34-HFBI and HFBI-M7AMC34. Each protein exhibits two distinct glycosylation sites:
Asn 302 and Asn 512 for M7AMC34-HFBI, and Asn 393 and Asn 603 for HFBI-M7AMC34. The relative percentages represent the proportion of each glycan type based
on their molecular ion intensities in the targeted LC-ESI-MS/MS analysis of M7AMC34-HFBI (003_1) and HFBI-M7AMC34 (004_16).

M7AMC34-HFBI (003_1)
Glycosite Peptide sequence Calculated peptide

[M+H]+
Observed peptide
[M+H]+

Observed glycopeptide
[M+ 2 H]2+

Glycan %

302 R.EEQYNSTYR.V 1189.51 1189.83 1365.52 Man− 7 9.09
302 R.EEQYNSTYR.V 1189.51 1189.49 1445.05 Man− 8 90.91
512 R.EINNY.T 652.29 652.29 1177.97 Man− 8 100
HFBI-M7AMC34 (004_16)
Glycosite Peptide sequence Calculated peptide

[M+H]+
Observed peptide
[M+H]+

Observed glycopeptide
[M+ 2 H]2+

Glycan %

393 R.EEQYNSTYR.V 1189.51 1189.50 1142.14 GnM3Gn2 29.09
393 R.EEQYNSTYR.V 1189.51 1189.50 1208.98 GnM3XGn2 14.55
393 R.EEQYNSTYR.V 1189.51 1189.49 1366.04 Man− 7 23.64
393 R.EEQYNSTYR.V 1189.51 1189.51 1446.83 Man− 8 32.73
603 R.EINNY.T 652.29 652.29 1096.41 Man− 7 100
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with the CD64 and CD16a binding sites. Engagement of the Fc domain
with these Fc gamma receptors, CD16a (FcγRIIIA) and CD64 (FcγRI),
respectively, triggers important biological activities such as antibody-
dependent cellular cytotoxicity (ADCC) and antibody-dependent
cellular phagocytosis (ADCP) mediated by immune cells [58]. In addi-
tion to incorporating the Fc domain, the M7AMC34 was also engineered
to interact bi-specifically with two regions of the HIV-1 envelope protein
(gp120 and gp41) through its CD4 and C34 domains. The CD4 domain
binds to gp120, a glycoprotein responsible for receptor attachment and
virus-cell membrane fusion [14]. The C34 domain binds to gp41,
another glycoprotein that anchors gp120 to the viral membrane and
facilitates the fusion of viral and cellular membranes [59]. The inter-
action between HIV and the M7AMC34 is expected to inhibit the
attachment of the virus to host CD4 + T cells, thus preventing infection.
Additionally, it interferes with the conformational changes necessary for
membrane fusion, thereby impeding viral entry into host cells.

The binding affinities of the Fc-fusion proteins produced in
N. benthamiana and BY-2 cells to CD64 and were comparable to those of
the candidate produced in mammalian cells and stronger than a com-
mercial human IgG reference (Fig. 5). Supplementary Table 1 presents
all the kinetic parameters of molecular binding and dissociation of the
plant based anti-HIV Fc-fusion proteins and references with the CD64
and CD16a receptors via SPR. In our analysis of the N. benthamiana
produced molecules, we found that the fusion of hydrophobin (HFBI-
M7AMC34) did not significantly affect the binding affinities of the re-
combinant protein compared to the partner without hydrophobin
(M7AMC34) (Fig. 3A). Thus, we conclude that the hydrophobin fusion,
specifically when fused at the N-terminus, does not appear to impact the
Fc receptor binding capacity of the candidate. For the BY-2 produced
molecules, we directly compared two candidates with C-terminally and
N-terminally fused hydrophobin. Both molecules showed similar bind-
ing affinities to CD16a. However, it was noteworthy that the C-termi-
nally fused HFBI molecule (M7AMC34-HFBI) exhibited a 5-fold stronger
binding affinity to CD64 than its partner (Fig. 5). In comparison to the
human cell-produced IgG1 reference, our plant-produced proteins dis-
played a higher affinity for the CD16a receptor (with KDs of 2.64 and
1.8 nM for M7AMC34-HFBI and the HFBI-M7AMC34 respectively versus
a KD of 411.3 nM for the reference). This result was expected given that
the AM candidates contain GASDALIE-type mutations that enhance the
binding to the CD16a receptor. Since CD16a is involved in antibody-
dependent cellular cytotoxicity (ADCC) mediated by natural killer
(NK) cells [60], we hypothesize that the plant-based Fc-fusion proteins
may have higher efficacy in ADCC activity rather than inducing
CD64-mediated phagocytosis. However, further cell-based interaction
assays are needed to confirm this hypothesis.

Although we did not directly assess the HIV neutralization capability
of our plant-produced Fc-fusion proteins, we conducted a gp140-IgG
ELISA to evaluate their interactions (Fig. 3B). The gp140 protein con-
sists of gp120 and gp41 linked by a disulfide bond [61], allowing us to
approximate the interactions involving CD4. These ELISA results
showed positive binding for the HFBI-M7AMC34, indicating interactions
similar to those observed with the AlbaJuna reference. Based on this, we
infer that the plant-based Fc-fusions are likely to exhibit a comparable
neutralization activity to their counterparts manufactured in mamma-
lian cells. However, it is essential to confirm the HIV neutralization ef-
ficacy of our plant-based Fc-fusion proteins in future viral studies using
different HIV clades.

To our knowledge, there have been no clinical trials involving re-
combinant proteins fused to hydrophobins, limiting our understanding
of potential HFBI toxicity. Nevertheless, preclinical studies with
hydrophobins like SC3 and SC4 have shown no cytotoxic or immuno-
genic effects [62,63] indicating their safety in medical applications.
Furthermore, since hydrophobins are derived from food sources and are
consumed by humans through the consumption of mushrooms and
fungus-fermented foods, they may be considered non-toxic [64].
Hydrophobins have also shown to extend the half-life of their fusion

partners, as seen with the Glucagon Like Peptide-1 (GLP-1)- HGFI
hydrophobin complex, which experienced a six-fold increase in serum
half-life in comparison with GLP-1 alone, benefiting the treatment of
type 2 diabetes by extending insulin activity [65]. This example illus-
trates the potential stabilizing effects of hydrophobins as fusion partners
in general. Nevertheless, further assays are needed to assess safety and
toxicity of the HFBI fusion on the anti-HIV Fc-fusion protein candidates.

Our analysis of glycosylation in the BY-2 produced Fc-fusion proteins
revealed the presence of two glycosylation sites in both M7AMC34-HFBI
and HFBI-M7AMC34 as expected according to the amino acid sequence.
These sites were located in the same regions as the corresponding pro-
tein produced in mammalian cells, with one site in the Fc domain and
the other in the C34 binding site region, also as expected. Regarding the
complexity of the glycosites, in M7AMC34-HFBI the KDEL tag resulted
in an efficient retention in the ER as demonstrated by the identification
of only Man-7 and Man-8 oligomannosides N-linked to the two N-
glycosylation sites as reported in the literature [66,67]. However, for
HFBI-M7AMC34, the identification of partially maturated N-glycans
GnM and GnMX indicated less efficiency of the C-terminal KDEL
retrieving signal since these complex glycans resulted from maturations
of ER oligomannosides in the late and medium plant Golgi apparatus.
Moreover, the differences of the glycan profiles between on Asn 393 and
603 N-glycosylation sites of HFBI-M7AMC34 suggested that these two
sites exhibit different accessibility to Golgi maturation enzymes due to
the overall protein 3D structure (Table 2). We hypothesize that the
proximity of the hydrophobin to the KDEL signal may have resulted in a
stabilizing effect for ER retention. Thus, the closer the hydrophobin was
to the KDEL signal, the more efficient the retention of the protein in the
ER was. The glycosylation sites in the Fc region of all the proteins pre-
dominantly exhibited high mannose content, which did not adversely
affect the antibody-dependent cellular cytotoxicity (ADCC) activity,
unlike some similar proteins produced in plants [17,20]. We do not
anticipate significant functional issues related to viral neutralization due
to glycosylation at the C34 binding site. When comparing the glyco-
sylation of our BY-2 produced protein to the mammalian cell-produced
counterpart, the latter is more structurally complex but still maintains its
ADCC activity without impairment (AlbaJuna, personal
communication).

Conclusions

In our pursuit of developing plant-based anti-HIV Fc-fusion proteins,
key findings on productivity and functionality have emerged from our
expression approaches. Regarding productivity, incorporating hydro-
phobin (HFBI) into Nicotiana benthamiana and tobacco BY-2 cell sus-
pension systems significantly improved protein accumulation,
regardless of HFBI positioning. Protein accumulation was further
enhanced when combined with the C-terminal KDEL ER retention signal,
without adverse effects on plant health. Productivity, particularly in
tobacco BY-2 cells, exhibited inherent variability. Strategies like
generating monoclonal lines and refining culture conditions are essen-
tial for consistent and reliable protein production. In addition to our
findings, understanding challenges like genetic instability and the role of
the 35 S promoter can be crucial for optimizing plant-based protein
production [68]. Further research must consider these factors to ensure
efficiency and reliability in the plant-based expression systems.

Regarding functionality, plant-produced anti-HIV Fc-fusion proteins
showed binding affinities to CD64 and CD16a receptors comparable to
their mammalian-produced counterparts. Notably, a significantly higher
affinity for the CD16a receptor suggests potential enhancement in
antibody-dependent cellular cytotoxicity (ADCC) against HIV infection.
Glycosylation patterns in the Fc region were predominantly high
mannose, with no detrimental effects on functionality, particularly in
ADCC activity. Variations in glycosylation site positions are not ex-
pected to substantially influence the viral neutralization capacity.
However, this needs to be confirmed in HIV neutralization assays.
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Altogether, these findings indicate that plant-based Fc-fusion proteins
maintain functionality and hold promise for anti-HIV therapeutics.

In summary, modification approaches using hydrophobin and the
KDEL signal offer potential to enhance productivity and functionality of
plant-based anti-HIV Fc-fusion proteins. These findings support the
feasibility of plant-based expression systems for biotherapeutics with
improved properties, particularly in HIV treatment and eradication ef-
forts. Further refinement and exploration of these strategies may lead to
more effective and economically viable anti-HIV therapies. Our current
protein level ~4 mg/kg is not sufficient for industrial application just
yet, as the product concentration should be in g/l ranges to become
attractive for industrial production.
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[50] Häkkinen ST, Reuter L, Nuorti N, Joensuu JJ, Rischer H, Ritala A. Tobacco BY-2
media component optimization for a cost-efficient recombinant protein
production. Front Plant Sci 2018;9:45. https://doi.org/10.3389/
FPLS.2018.00045/BIBTEX.

[51] Nocarova E, Fischer L. Cloning of transgenic tobacco BY-2 cells; an efficient
method to analyse and reduce high natural heterogeneity of transgene expression.
BMC Plant Biol 2009;9:1–11. https://doi.org/10.1186/1471-2229-9-44/FIGURES/
5.

[52] Kirchhoff J, Raven N, Boes A, Roberts JL, Russell S, Treffenfeldt W, et al.
Monoclonal tobacco cell lines with enhanced recombinant protein yields can be
generated from heterogeneous cell suspension cultures by flow sorting. Plant
Biotechnol J 2012;10:936–44. https://doi.org/10.1111/j.1467-7652.2012.00722.
x.

[53] James EA, Wang C, Wang Z, Reeves R, Shin JH, Magnuson NS, et al. Production
and characterization of biologically active human GM-CSF secreted by genetically
modified plant cells. Protein Expr Purif 2000;19:131–8. https://doi.org/10.1006/
prep.2000.1232.

[54] Santos RB, Abranches R, Fischer R, Sack M, Holland T. Putting the spotlight back
on plant suspension cultures. Front Plant Sci 2016;7:297. https://doi.org/10.3389/
FPLS.2016.00297/BIBTEX.

[55] Kurppa K, Reuter LJ, Ritala A, Linder MB, Joensuu JJ. In-solution antibody
harvesting with a plant-produced hydrophobin–protein A fusion. Plant Biotechnol
J 2018;16:404–14. https://doi.org/10.1111/PBI.12780.
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Wösten HAB. Coating with genetic engineered hydrophobin promotes growth of
fibroblasts on a hydrophobic solid. Biomaterials 2002;23:4847–54. https://doi.
org/10.1016/S0142-9612(02)00240-5.

[63] Janssen MI, Van Leeuwen MBM, Van Kooten TG, De Vries J, Dijkhuizen L,
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