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Plant-derived RSV pre-F with ER retention exhibits enhanced
macrophages uptake and immune effects
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Dear Editors,

Plant molecular farming (PMF), which uses plants instead of mammalian
cells to produce recombinant proteins, has matured over the past four
decades and enabled the production of vaccines, antibodies, and therapeutic
enzymes.” Several plant-derived recombinant vaccines have recently
received regulatory approval, demonstrating the translational potential of this
technology.” Nevertheless, PMF has been regarded primarily as a manufac-
turing platform, valued for its scalability, cost-effectiveness, and freedom
from animal-derived pathogens.” Whether plant expression systems also
impart intrinsic molecular features that influence the biological functions of
recombinant antigens remains insufficiently understood.

Protein glycosylation differs substantially between plant and mammalian
expression systems and plays critical roles in antigen stability, receptor inter-
actions, cellular uptake, and immune recognition.” Importantly, the glycosyla-
tion profiles of recombinant proteins are strongly influenced by their intracel-
lular trafficking routes. In PMF, ER retention is frequently employed to
enhance protein accumulation and preserve high-mannose N-glycans,
whereas mammalian expression systems typically rely on the secretory
pathway, during which proteins undergo extensive Golgi-mediated glycan
processing and acquire more complex N-glycan structures. These differ-
ences raise the possibility that host-specific processing environments may
influence antigen function beyond production efficiency. However, whether
and how such processing affects antigen-immune interactions remains
unclear.

In this study, we employed the RSV pre-fusion F protein variant PR-DM
(N671, S215P) "as a model antigen to examine how plant-specific post-trans-
lational modifications influence antigen immunogenicity. ER-retained Pre-F
trimers were expressed in the PPO-knockout N. benthamiana chassis
(ppoa;ppob#3) © for efficient purification and subsequently purified by Ni?*-
NTA affinity and size-exclusion chromatography. To enable a comprehen-
sive comparative analysis of N.b.-F, Pre-F was also produced in mammalian
HEK293 cells, yielding HEK293-F. As the HEK293 expression system is
secretion-based, the recombinant protein utilized a mammalian signal
peptide distinct from that used in the plant expression system and lacked a C-
terminal ER retention motif. Nevertheless, the core coding sequence of the
Pre-F antigen remained identical between the two expression platforms.
Notably, neither signal peptide contained predicted N-glycosylation sites. The
HEK293-F was also subsequently purified using a two-step procedure
comprising Ni?*-NTA affinity chromatography followed by size-exclusion
chromatography. Recombinant Pre-F proteins from both expression plat-
forms were successfully prepared for subsequent experiments (Figure TA).

First, we verified the pre-fusion conformation of Pre-F derived from the two
expression platforms. Purified HEK293-F and N.b.-F were analyzed by SDS-
PAGE followed by Western blotting using site @ and site 1I specific antibod-
ies. Both antibodies produced positive signals, confirming the presence of the
expected antigenic sites (Figure 1B). The site @ epitope (N63 - A74 and D200 -
S213) is exclusively present in the pre-fusion conformation, whereas site 11
epitope (5255 - N276) is retained in both pre-fusion and post-fusion confor-
mations of the F protein (Figure 1C). To further confirm the presence of the
site @ epitope in native HEK293-F and N.b.-F, a His-tag pull-down assay was
performed (Figures 1D-E). The results demonstrated that native proteins

from both expression platforms can specifically interact with the site @
specific antibody. Collectively, these findings suggest that HEK293-F and N.b.-
F share comparable pre-fusion antigenic features. With no further evidence
for substantial differences in antigenic conformation between the two
proteins, subsequent analyses were directed toward investigating differ-
ences in glycosylation and their functional implications.

To delineate the glycosylation profiles of HEK293-F and N.b-F, we
performed enzymatic deglycosylation assays using PNGase F and Endo H.
The N-linked glycans of N.b.-F were efficiently removed by both PNGase F
and Endo H. In contrast, while HEK293-F was fully sensitive to PNGase F, it
displayed pronounced resistance to Endo H digestion (Figures 1F-G). Given
that Endo H specifically cleaves high-mannose N-glycans but not complex N-
glycans, the differential sensitivity observed here indicates that ER-retained
N.b-F predominantly carries high-mannose N-glycosylation, whereas
HEK293-F mainly harbors complex N-glycosylation.

To further validate the results of the glycosidase digestion assays, we
subjected HEK293-F and N.b.-F to proteolytic digestion, followed by site-
specific N-glycosylation profiling using LC-MS/MS. Glycoproteomic profiling
revealed distinct glycosylation patterns between the two expression plat-
forms. In this batch, HEK293-F contained two occupied N-glycosylation sites
(N2 and N453), whereas N.b.-F displayed three modified sites (N2, N45, and
N453), all of which were consistent with the predicted NxS/T consensus
motifs (Figure TH). Despite having fewer glycosylation sites, HEK293-F exhib-
ited greater glycan heterogeneity, with 25 distinct glycoforms identified
across the two sites. In contrast, N.b.-F, although glycosylated at three sites,
showed a more restricted glycan repertoire, with 15 glycoforms detected
(Figure 11). Classification of glycan types demonstrated that the three sites on
N.b.-F were predominantly modified with high-mannose N-glycans, account-
ing for 89.5% (N2), 100% (N45), and 87.5% (N453) of total glycans, respec-
tively. Conversely, the two glycosylation sites on HEK293-F were mainly
decorated with complex N-glycans, with high-mannose structures represent-
ing only 1.28% (N2) and 3.96% (N453) (Figure 1J). Together, these results
indicate that ER-targeted retention and storage in the plant system confers a
clear advantage in promoting glycosylation uniformity, leading to a more
homogeneous high-mannose glycan profile.

The macrophage mannose receptor (MR, CD206), a C-type lectin predomi-
nantly expressed on the surface of macrophages and dendritic cells, medi-
ates antigen recognition and uptake by binding mannose-containing
glycans.” As N.b.-F contains predominantly high-mannose N-glycans, we
reasoned that it might be more efficiently recognized and internalized by
macrophages than HEK293-F. To test this hypothesis, macrophages were
incubated with HEK293-F or N.b.-F, and antigen uptake was quantified in
vitro. Macrophages were first polarized by IL-4-induced alternative
activation,'’ and immunofluorescence staining confirmed a marked upregu-
lation of CD206 expression, establishing a suitable model for receptor-medi-
ated uptake analysis. HEK293-F and N.b.-F (100 pg each) were covalently
labeled with  Cy5 and incubated with IL-4-induced M2-polarized
macrophages. Antigen internalization was then assessed by laser scanning
confocal microscopy (Figure 1K). Compared with HEK293-F, N.b.-F exhibited
markedly stronger intracellular fluorescence and a broader cytoplasmic
distribution, indicating significantly enhanced uptake by macrophages
(Figure TL). Consistently, flow cytometry analysis further confirmed that Cy5-
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Figure 1. Plant-derived RSV Pre-F with uniform high-mannose glycosylation promotes macrophage uptake and antibody responses (A) Schematic illustration of RSV Pre-F
derived from HEK293 cells (HEK293-F) and N. benthamiana (N.b.-F). (B) Purified HEK293-F and N.b.-F proteins were analyzed by SDS-PAGE followed by Western blotting using
site @ and site 2 specific antibodies. (C) Schematic illustration of RSV Pre-F protein structure and the positions of site @ (N63-A74, D200-S213) and site 2 (5255-N276). Pull-
down assays were performed to evaluate the binding of His-tagged native N.b.-F (D) and HEK293-F (E) to site @ specific antibody. (F) N-Glycosylation analysis of purified
HEK293-F and N.b.-F using PNGase F digestion. Blue arrow indicates the PNGase F binds. (G) N-Glycosylation analysis of purified HEK293-F and N.b.-F using Endo H digestion.
Blue arrow indicates the Endo H binds. (H) N-Glycosylation sites and modification ratios of HEK293-F and N.b.-F identified by mass spectrometry. (I) N-Glycan types and their
relative abundances identified in HEK293-F and N.b.-F by mass spectrometry. (J) Relative proportions of high-mannose and other N-glycan types at each glycosylation site of
HEK293-F and N.b.-F. (K) Analysis of macrophages uptake efficiency of Cy5-labeled HEK293-F and N.b.-F. FITC was used to label the cytoskeleton, Cy5 was used to label
HEK293-F and N.b.-F, and DAPI was used to stain the cell nuclei. The quantified data of the relative intracellular red fluorescence intensity are shown in panel (L). (M) Flow
cytometry analysis of the uptake efficiency of Cy5-labeled HEK293-F and N.b.-F by M2 macrophages (gated on F4/80+CD206+ cells). The quantified data of the mean fluores-
cence intensity (MFI) of Cy5-F+ is shown in panel (N). (O) Percentage of Cy5-F+ M2 macrophages. The quantified data of the uptake ratio are shown in panel (P). (Q) Schematic
illustration of the immunization protocol. Groups of five C57BL/6 mice were intramuscularly immunized with 2 pg of HEK293-F and N.b.-F, formulated with Alum, followed by a
booster injection at 14-day. Mice sera were collected before and after immunization to evaluate humoral immune responses. (R) ELISA analysis of pre-immune (day 0) and 28
DPI sera from immunized mice. Dotted lines represent the positive cutoff value, calculated as the mean endpoint titter of pre-immune sera. (S) Schematic illustration of ER-
retained Pre-F expressed in plant cells acquiring high-mannose glycosylation and being internalized by dendritic cells via the mannose receptor.

labeled N.b.-F was internalized by a higher proportion of APCs and exhibited
greater intracellular fluorescence intensity compared with HEK293-F
(Figures TM-P).

To evaluate the immunogenicity of HEK293-F and N.b.-F in vivo, we
performed intramuscular immunization in six-week-old C57BL/6 mice
(Figure 1Q). Ten mice were randomly divided into two groups (n = 5 per
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group) and were intramuscularly immunized with 2 pug of HEK293-F and N.b.-
F, formulated with alum, followed by a booster injection at 14-day. Mice sera
were collected before and after immunization to evaluate humoral immune
responses by ELISA. The results showed that both HEK293-F and N.b.-F
elicited robust antigen-specific antibody responses when formulated with
alum. Notably, N.b.-F induced significantly higher antibody titers than HEK293-
F on day 28 (Figure 1R), suggesting enhanced humoral immunogenicity.
However, the functional activity of these antibodies and their contribution to
protective immunity were not evaluated in the present study.

Overall, our work provides evidence that ER-associated glycosylation in
plant expression systems may represent more than a production-related
characteristic and can influence antigen-macrophage interactions. The rela-
tively uniform high-mannose N-glycan profile generated by the plant plat-
form was associated with increased antigen recognition and uptake by
macrophages (Figure 1S). Together with the enhanced antibody responses
observed in vivo, these findings suggest that plant-derived ER-associated
glycosylation may contribute to the immunological properties of recombi-
nant protein vaccines and reveal a previously underappreciated functional
aspect of plant-based expression systems.

Several limitations should also be acknowledged. First, although both
HEK293-F and N.b.-F exhibited comparable recognition by conformation-
dependent antibodies, more comprehensive structural characterization was
not pursued in the present study. Second, while enhanced macrophage
uptake and antibody responses were associated with distinct glycosylation
profiles, the causal mechanisms linking glycosylation to immune outcomes
remain to be fully elucidated. Despite these limitations, our findings support
the notion that host-specific glycosylation patterns may have functional
consequences beyond recombinant protein production and warrant broader
consideration in the design and evaluation of plant-derived vaccines.
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