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The development of vaccines, which induce effective immune responses while ensuring
safety and affordability, remains a substantial challenge. In this study, we proposed
a vaccine model of a restructured “head-to-tail” dimer to efficiently stimulate B cell
response. We also demonstrate the feasibility of using this model to develop a paramyx-
ovirus vaccine through a low-cost rice endosperm expression system. Crystal structure
and small-angle X-ray scattering data showed that the restructured hemagglutinin—
neuraminidase (HN) formed tetramers with fully exposed quadruple receptor binding
domains and neutralizing epitopes. In comparison with the original HN antigen and
three traditional commercial whole virus vaccines, the restructured HN facilitated critical
epitope exposure and initiated a faster and more potent immune response. Two-dose
immunization with 0.5 pg of the restructured antigen (equivalent to one-127th of a rice
grain) and one-dose with 5 pg completely protected chickens against a lethal challenge
of the virus. These results demonstrate that the restructured HN from transgenic rice
seeds is safe, effective, low-dose useful, and inexpensive. We provide a plant platform
and a simple restructured model for highly effective vaccine development.

structural vaccine | transgenicrice | BCR | paramyxovirus

For more than a century, vaccines have made a significant contribution to the control of
infectious diseases (1). Through vaccination, the morbidity and mortality rates of tetanus,
measles, polio, mumps, rubella, pneumococci, and hepatitis B have been reduced by 97
t0 99% (2, 3). Vaccination has arguably been the most cost-effective public health measure
of the past century. For every US dollar invested in immunization, there is an estimated
$16 in health care savings and increased economic productivity (World Health
Organization) (4). Since its inception, vaccines have relied almost exclusively on empirical,
trial-and-error methods that attempt to mimic the process of natural infection while
reducing adverse reactions to acceptable levels (5). Advancements in basic immunology,
coupled with the ready access to atomic-level structural data for viral surface proteins,
have greatly facilitated the design of vaccine immunogens. This process has evolved into
a protein engineering exercise, which is now less uncertain compared to using biological
agents (6).

Conventional vaccines against pathogens are currently available in three forms: killed
virulent pathogens, attenuated live vaccines, and major components of pathogens (3).
The first generation of whole virus vaccines relied on empirical attenuation, but their
classical attenuation process remains unpredictable. International trade and biosafety con-
cerns, including the risk of reversion to wild-type virulence and potential harm to indi-
viduals with impaired immunity, have limited the use of whole virus vaccines. As a result,
there has been a shift toward the use of major components of pathogens as vaccines (7,
8). The second generation of subunit vaccines, characterized by recombinant products
with well-defined molecular structures, has become a focus of vaccine development (9).
Examples of subunit vaccines include the hepatitis B vaccine and pneumonia vaccine.
However, this strategy has not universally achieved success, as expressing original proteins
as immunogens often fails to generate sufficient protective immune responses. The limited
efficacy is attributed to the inability of soluble protein monomers to efficiently activate
the immune system (10, 11).

The B cell antigen receptor (BCR) is one of the most abundant receptors. Previous
studies have confirmed that efficient cross-linking of BCRs is an important step in the
early stages of B cell activation (12-14). Multivalent antigens with identical epitopes are
capable of triggering B cell cross-linking and T cell-independent IgM responses (15),
whereas soluble proteins do not elicit adequate immune responses (16, 17). To address
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this problem, the immunogenicity of soluble proteins has previ-
ously been enhanced by constructing virus-like particles (VLP)
and structure-based epitope vaccines (6). These self-assembled
antigens display multiple repetitive epitopes and form large par-
ticles to improve immunogenicity. Although self-assembled vac-
cines have been successfully applied to control the disease caused
by human papillomavirus, VLPs still have certain limitations. For
example, VLPs are not always stable. VLPs require a strict high ion
solution for structural integrity, yet may cause side effects (18, 19).
Therefore, it is necessary to find other methods to change the
antigen conformation and improve the immunogenicity of sub-
unit vaccines.

Viruses in the Family Paramyxoviridae are enveloped, negative-
sense, and contain single-stranded RNA, which have been shown
to infect both humans and animals. Viruses in this family include
mumps virus, measles virus, parainfluenza virus 1 to 5, canine
distemper virus, Newcastle disease virus (NDV), Nipah virus, and
Hendra virus. During the process of infection, nearly all paramyx-
oviruses must fuse their lipid envelopes with host cell membranes
in a receptor-dependent, pH-independent manner (20). For most
members of the Paramyxoviridae family, membrane fusion and
entry are mediated by two spike glycoproteins in the lipid mem-
brane, an attachment protein referred to as hemagglutinin—neu-
raminidase (HN) or hemagglutinin (H) or glycoprotein (G)
(depending on the virus), and Fusion (F) protein (21). Both
HN/H/G and F proteins play pivotal roles in inducing the pro-
duction of virus-neutralizing antibodies, rendering them promis-
ing antigens for subunit vaccine development. We have previously
endeavored to develop a subunit vaccine centered around the F
protein; however, it did not confer complete protection at low
doses (22). The HN protein is a type II membrane protein con-
sisting of an N-terminal transmembrane domain (TM) followed
by a stalk region and an enzymatically active neuraminidase (NA)
(23, 24). This protein plays multiple roles in viral entry and egress
(25, 26). On the surface of the virus, HN protein is present as a
tetramer. HN tetramer plays an important role in the immuno-
logical activity and process of membrane fusion (27-29). The
structural stability of the HN tetramer relies on disulfide bonds
and noncovalent bonds. However, it is important to note that the
extracellular region of the HN protein alone cannot form a stable
tetramer (30-32). Despite the presence of a cysteine at position
123 of HN, which forms an interchain disulfide bond, it is not
sufficient to confer stability to the tetramer. Previously, attempts
have been made to develop vaccines based on the HN protein,
but satisfactory results have not been achieved (33, 34). Con-
sequently, there are currently no commercialized subunit vaccines
available.

The “ideal vaccine” should be effective, safe, and inexpensive
without strain on the immune system. It should be readily scaled
up for bulk manufacture and should be stored and transported
easily. In addition, the ideal vaccine should accurately induce an
effective immune response with a low vaccination dose. To achieve
this goal, a vaccine antigen model is proposed using a “head-to-tail”
dimer stably connected by covalent bonds (Fig. 1A4). The restruc-
tured antigen displays multiple pairs of identical epitopes with
appropriate distance to effectively activate B cells. In this study,
the receptor-binding protein of NDV in the Family Paramyxoviridae
was selected as an example to restructure a dimer antigen with a
flexible linker. The restructured HN protein was expressed in rice
endosperm to obtain low-cost eukaryotic antigens. The structure
of protein folding was confirmed by solution SAXS (small-angle
X-ray scattering) analysis and X-ray crystallography. Immunoassays
and protective assays demonstrated that the antigen design signif-
icantly enhanced the immune response of subunit vaccines with
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higher antibody titers. An immunization dose at the nanogram
level completely protected chickens against lethal virus infection.
This extremely low-dose vaccine effectively activated B cells and
greatly reduced the side effects associated with vaccination.

Results

Design and Screening Osr2HN Stably Expressed in the Transgenic
Rice Endosperm. The rice endosperm system is a promising
eukaryotic expression vehicle for obtaining stable recombinant
proteins. Rice seeds offer advantages such as long-term storage
capability and scalable production, making them suitable for
efficient antigen production for vaccine development (35-37).
Therefore, a tandem Oryza sativa recombinant HN protein
(Osr2HN) was constructed and linked by a (GGGGS)3 linker
based on the expression system of transgenic rice seeds. In
addition, an O. sativa recombinant HN monomer (OsrHN) was
constructed as a control. In order to obtain a high expression level
in rice seeds, the tandem HN protein sequence was synthesized
using rice-preferred codons followed by the introduction of a
strong endosperm-specific promoter, Gtl3a. In addition, a signal
peptide was introduced to target the Osr2HN protein into storage
vacuoles (Fig. 1B). To enhance the solubility and stability of
Osr2HN and OsrHN, the intravirion and transmembrane regions
were deleted during the plasmid construction. An outline for the
process of Osr2HN from transgenic rice is shown in S/ Appendix,
Fig. S1. A total of 101 positive transgenic lines were obtained using
Agrobacterium-mediated transformation.

Osr2HN in transgenic seeds was analyzed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and west-
ern blot. In this study, a nontransgenic rice line of TP309 acted
as a negative control. Compared with TP309, predominant pro-
tein bands of 120 and 60 kDa were found in the tandem HN and
HN monomer transgenic grains, respectively (Fig. 1C). The bands
were specifically recognized by antibodies against HN protein on
western blot (S/ Appendix, Fig. S2A). The expressed Osr2HN
protein was also detected by NDV detection strips, whereas the
wild-type seeds showed a negative result (S/ Appendix, Fig. S2B).
The expression levels of the Osr2HN protein were measured in
five rice transgenic lines using a sandwich enzyme-linked immu-
nosorbent assay (ELISA), with the purified HN protein serving
as a protein standard. The results showed that the amount of
Osr2HN protein present in the rice seeds ranged from 0.47 to
3.70 mg/g (Fig. 1D). The transgenic rice line P2-3 had the highest
expression level (3.7 mg/g). To further investigate the localization
of the Osr2HN protein, the subcellular localization of Osr2HN
in endosperm cells of rice was examined by immune-electron
microscopy (Fig.1E). Compared with the TP309, Osr2HN accu-
mulated both in the type I protein body (PB-I) and type II protein
body (PB-II). PB-I and PB-II are the two types of seed storage
organelles in the rice seed endosperm, which could explain the
significant production of Osr2HN in the transgenic line.
Furthermore, the expression kinetics of Osr2HN in different gen-
erations were evaluated using ELISA. The results showed that the
expression of Osr2HN remained stable across four generations
(G1-G4) (Fig. 1F). Based on these findings, the P2-3 transgenic

rice line was selected for scale-up and further study.

Soluble Osr2HN Formed Tetramers with Quadruple Epitopes.
To characterize the structure of Osr2HN, pure Osr2HN protein
was used in crystallization studies. The structure was resolved
by molecular replacement using the previously determined HN
structure as a template (PDB ID code 3tle). The resolution
range of the Osr2HN structure was 1.937 to 1.87 with a P21
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Fig. 1. Genetic construction and detection of Osr2HN. (A) Schematic diagram of antigen design for Osr2HN vaccine. A head-to-tail antigen model was proposed
to form HN tetramers and mimic the natural structure of the major protective antigen (HN protein) in paramyxovirus. This design facilitates the formation of
HN tetramers and epitope exposure, providing enhanced protection. (B) Schematic of pCAMBIA 1300-2HN plasmid. RB, right border; Gt13a promoter, rice seed
storage protein glutelin gene promoter; SP, Gt13a signal peptide; Nos, nopaline synthase gene terminator; LB, left border; Osr2HN, two HN linked by (GGGGS),.
(C) SDS-PAGE analysis of Osr2HN and OsrHN expressed in rice seeds. (D) Expression level of Osr2HN in different transgenic lines (P2-3, P2-90, P2-101, P2-97, P2-1,
and P2-2) and the nontransgenic control (TP309). Mean values from three independent experiments are shown, with error bars representing SD. (E) Subcellular
localization of Osr2HN in rice endosperm cells was detected using anti-HN antibody staining. (F) Stable expression of Osr2HN in transgenic line P2-3. G1, G2,
G3, and G4 are the first, second, third, and fourth generations of P2-3, respectively.

21 21 space group, where the overall R-free value was 0.2359
(SI Appendix, Table S1). The results showed four HN molecules
in one asymmetric unit of the crystal (Fig. 24). The structure of
each HN molecule in Osr2HN was well aligned with the HN
monomer expressed in insect cells and in the human embryonic
kidney cells of 293T. The RMSD values were 0.525 (PDB ID:
3tle) and 0.504 (PDB ID: 4fzh) (Fig. 2B), respectively. The
head domain of HN had a total of seven intrachain disulfide
bonds to maintain structural stability (Fig. 2C). Moreover, an
N-linked glycan was observed at asparagine residue 431 or 967
in structure. In order to determine the glycan structure, Osr2HN
protein was digested and subjected to glycoproteomics analysis. It
has been found that there are three types of N-glycans present at
this position, all of which belong to the high-mannose-type N-
glycans and contain six to seven Man residues. Interestingly, these
glycan modifications are conserved between plant and mammalian
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glycoproteins, suggesting a low potential for adverse effects
associated with Osr2HN (Fig. 2D and SI Appendix, Figs. S3-S5).

High flexibility leads to disordered accumulation of crystals,
and hence, no electron clouds in the liner and the stalk region
were found in the structure. In order to confirm the existence of
the linker and the stalk regions, mass spectrometry was performed
on the purified Osr2HN. The sequence coverage of the single
detection reached 83%, completely covering all three of the
domains in the HN protein (87 Appendix, Fig. S6). In addition,
a peptide with 32 amino acids, including the C terminus of HN,
the flexible linker, and the N terminus of HN, was detected in
the mass spectrum analysis.

In the Osr2HN dimer structure, the first residues observed on
the four HA domains (HN1, HN2, HN3, and HN4) were P76,
G72, P76, and A75, respectively. As the structure shows in Fig. 2,
the C-terminal HN2 was in close proximity to the N-terminal
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HN3 domain and N-terminal HN4 domain. This was likely due
to the flexible linker designed in this study. In addition, the close
distance between two cysteines of the N-terminal HN3 and HN4
domains provides the potential for the formation of interchain
disulfide bonds, leading to the formation of Osr2HN dimers. The
spatial arrangement of the HN domains on the front and back of
Osr2HN was similar (Fig. 2 E, Right). Therefore, it is speculated
that the HN tetramer was formed by both the natural interchain
disulfide bond and the artificially designed flexible linker. To prove
this speculation, we performed nonreducing SDS-PAGE to com-
pare the molecular weights of Osr2HN with and without
B-mercaptoethanol treatment (S Appendix, Fig. S7). The results
indicate that the molecular weights of Osr2HN proteins not
treated with f-mercaptoethanol are larger, suggesting the involve-
ment of disulfide bonds in the formation of Osr2HN tetramers.
Based on the above, the potential arrangement pattern of HN1
to HN4 was proposed, where in HN2-linker-HN3 forms one
Osr2HN, and HN1-linker-HN4 forms another Osr2HN.
Compared with the previously reported structure of the HN
tetramer based on an additional cysteine in the stalk region, the
Osr2HN dimer in this study had an angular deflection (60.65°)
(SI Appendix, Fig. S8B) (38). This may be related to the pull of
the linker between two HN monomers, but the angular deflection
of Osr2HN did not affect the function. The epitope map showed

E F

HN2 HN4

RMSD=0.525 A

that the epitopes of Ors2HN were exposed on the surface and
were not blocked (Fig. 2F).

In order to check the HN oligomeric structures in solution, three
sample concentrations of Osr2HN were analyzed by SAXS. Scattering
curves were collected for each concentration at a 6-s exposure time.
The results showed that Ors2HN at 3 mg/mL had no radiation
damage and a high signal-to-noise ratio and therefore was selected
for further analysis. For the Guinier analysis, the Guinier was selected
from the 36th point, and the calculated Rg value was 33.78, while
the range of sRg was 0.67 to 1.28 (8] Appendix, Fig. S9A). According
to the Kratky plot, Iq” reached a minimum of 0.0258 for q = 0.158,
indicating that the HN protein was completely folded in solution.
After 3D modeling using Dammin software, the structural outline
of the Osr2HN protein was obtained (S7 Appendix, Fig. S9OD).
Comparing the Osr2HN crystal structure with the structure envelope
obtained by SAXS, the structure obtained by SAXS was well-matched
with the Osr2HN dimer (HN tetramer). This result indicated that
the dimer—dimer structure obtained by the X-ray was not formed by
crystal packing but rather is a dimer formed by the Osr2HN itself.

Osr2HN Induced More Robust Immunity Responses than OsrHN
Monomer in Mice. To assess the immunogenicity of the vaccine,
we conducted a study using BALB/c mice, which were divided
into three groups. The experimental groups were administered two

RMSD=0.504 A
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Fig. 2. Crystal structure of Osr2HN (PDB ID code 7BWU). (A) The overall structure of Osr2HN. (B) Superposition of OsrHN (yellow) with HN from insect cells
(3tTe in green) and a mammalian cell expression system (4fzh in cyan). (C) Disulfide bond of Osr2HN. Disulfide bonds are labeled as red sticks; the cysteine
forming the disulfide bonds are C122-C146, C136-C197, C188-C201, C294-C411, C405-C415, and C481-C492. (D) The three types of glycan structure at Asn 431
and 967 of Osr2HN (E) The connection between four HN domains. The black circles mark the N terminus of HN, and the red circles mark the C terminus of HN.
The flexible linker between the N terminus and the C terminus is indicated by a dotted line. (F) The epitope map of Osr2HN. Ep1-6 are different epitopes of HN.

EP, EP’, EP”, and EP” are the same epitopes in different HN domains.
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doses of either restructured Osr2HN or OsrHN monomer, with
a 21-d interval between doses. Both vaccine formulations were
adjuvanted with ISA 71VG (Seppic, France). Additionally, there
was a control group that received PBS with the adjuvant. Following
the first immunization, we observed that restructured Osr2HN
induced significantly higher titers of HN-specific antibodies in
mice compared to the OstHN monomer (Fig. 34). After the
booster dose was administered, antibody titers further increased
in the Osr2HN group. Furthermore, we assessed the antibody
subclasses in the sera on the 7th and 21st days after immunization
with Osr2HN, OsrHN, and PBS with adjuvant. On the 7th day
postimmunization, Ost2HN triggered significantly higher levels of
IgM than the OstHN monomer, whereas the other subclasses were
present at lower levels in all groups (Fig. 3B). By the 21st day, class
switching had occurred, with IgG1 being the predominant subclass
in both Osr2HN and OsrHN groups (Fig. 3C). The sera of the
Osr2HN group also exhibited moderate levels of IgG2, IgG3,
IgG4, IgM, and low levels of IgA. However, the antibody titers
of these six antibody subtypes in the Osr2HN group were higher
compared to those observed in the OstHN monomer group.

We used a panel of NDV to test the neutralizing activities of
sera against NDV variants, including five strains from four differ-
ent genotypes (including XX-08, F48E8, Muketeswar, ND1, and
ND?7). More importantly, Osr2HN induced potent and broad
neutralizing antibodies against all five strains. The 100% neutral-
izing titer (NT100) of sera from Osr2HN groups was significantly
higher than that of OstHN (as shown in Fig. 3 D-H). These
findings suggest that restructured Osr2HN exhibits superior
immunogenicity compared to OstHN. It may confer more potent
and broad cross-reactive protection against NDV challenges.

Additionally, we evaluated the T cell responses induced by
vaccination. After the 2nd immunization (0.5 pg), both vaccines
were found to induce IL-4", IL-2", and TNF-a" CD4" T cells,
with IL-4" CD4" T cells being dominant. The levels of IL-17"
and IFN-y" T cells in both groups were similar to those in the
adjuvant group (Fig. 3/). These results suggest that both Osr2HN
and OsrHN can induce a combination of Th1 and Th2 responses,
with the Th2 response being more prominent. Furthermore,
when comparing the Osr2HN and OstHN groups, we observed
that the Th1 and Th2 responses in the Osr2HN group were
higher than those in the OstHN group when the antigen dose
was 0.5 pg. However, this difference became less pronounced
when the antigen dose was increased to 10 pg (Fig. 3K).
Additionally, we analyzed the HN-specific CD8" T cell responses
in both groups. The CD8" T cell response generated by the
Osr2HN vaccine was slightly stronger than that of OsrHN, but
no statistically significant difference was observed between the
two groups (Fig. 31).

Immunogenicity of Osr2HN Vaccine in Chicken. To verify the
potential of Osr2HN as a vaccine immunogen, we evaluated its
immunogenicity in chickens and compare it with OsrHN and three
commercial whole-virus vaccines, including the inactivated vaccine
of the LaSota strain (gene II), live vaccine of the LaSota strain, and
recombinant inactivated vaccine (gene A-VII) engineered by reverse
genetics. All of these three commercial vaccines were produced
using chicken embryo culture. The program of immunization,
virus infection, and sampling is shown in Fig. 44.

First, we assessed the impact of vaccine dosage on the immune
response. Seven groups of SPF chickens (n = 8/group) were immu-
nized with 0, 0.5, 1.5, 4.5, 9, 18, and 36 pg of Osr2HN protein
with ISA 71VG adjuvants (Seppic, France). Sequential sera sam-
ples were collected at days 0, 5, 12, 19, and 26 postvaccination
and were analyzed for hemagglutination inhibition (HI) titer. As
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shown in Fig. 4B, all of the immunized groups with six different
doses developed high levels of specific HI antibodies at 12 d
postimmunization. The HI antibody titers were positively corre-
lated with immunization doses. Notably, we evaluated the anti-
body levels generated by the Osr2HN vaccine for up to 179 d,
and it was surprising that there was no significant decline in anti-
body levels within 105 d after a single immunization (Fig. 4C).
After the second immunization, the antibody titers rapidly
increased and remained high levels until the end of our observa-
tion at 179 d. This suggests that the Osr2HN vaccine is capable
of providing robust and sustained protection against NDV for a
considerable period.

Next, we compared the immunogenicity of Osr2HN with
OsrHN and three commercial whole-virus vaccines, and sera were
collected weekly to detect antibody titers produced after immu-
nization (Fig. 4F). Consistent with the result in mice, Osr2HN
induced a more robust humoral response than OstHN monomer
with higher titers of hemagglutination-inhibiting antibodies. The
group immunized with Osr2HN did not exhibit a significant
decrease in antibody titers throughout the 42-d observation
period, whereas the OstHN monomer group showed a continued
decline in antibody levels after 21 d. The PBS plus adjuvant group
did not induce HN-specific antibodies.

Compared with three commercial whole-virus vaccines (Fig. 4
D and E), restructured Osr2HN had a distinct advantage after
primary immunization, in that it produced a faster humoral
immune response. In the Osr2HN group, HI antibodies could
be detected on the fifth day after vaccination and reached 2% after
12 d of vaccination. The corresponding traditional LaSota inac-
tivated vaccine and the LaSota live vaccine groups had no detect-
able HI antibodies on the 5th day after vaccination, and the
antibody titers of these two commercial LaSota vaccine groups
at 12 d were 2° and 2*°, respectively, which were significantly
lower than Osr2HN. After a booster vaccination, the antibody
growth rate of Osr2HN was higher than the LaSota live vaccine
group and lower than the LaSota inactivated vaccine and the
A-VII inactivated vaccine group.

We also evaluated the levels of neutralizing antibodies in the
serum at 28 d after two-dose immunization against three genotypes
of NDV (XX-08, F48E8, and Muketeswar strains). Notably, the
neutralizing titers produced by Osr2HN were comparable to the two
inactivated vaccine groups and significantly higher than the HN
monomer and live vaccine groups (Fig. 4 G—1). Concretely, the sera
from the Osr2HN group showed a 100% neutralizing titer of 2"
against the homologous virus of XX-08, which was similar to the
two inactivated vaccines with no significant difference (P > 0 05),
and higher than that of the OstHN monomer group (2*°) and
LaSota attenuated vaccine (2°°). Furthermore, the Osr2HN immune
sera also demonstrated potent cross-reactive neutralizing activity
against the heterologous strains of F48E8 and Muketeswar. The
cross-reactivity titers of OerHN 1mmune sera against F48E8 and
Muketeswar strains were 2% and 2”7, respectively, which were signif-
icantly higher than those of OstHN monomer (2*% and 2*°) and
LaSota attenuated vaccines (2*'%” and 2°), was similar to that of the
two inactivated vaccines (2 > 0.05). This result indicates that the
restructuring of Osr2HN elicits a broad cross-reactive neutralizing
response against different genotypes of NDV.

To evaluate the T cell immunogenicity, flow cytometry was
employed to quantify the HN-specific CD4" and CD8" T cell
responses. The results demonstrated that a single dose of the
Osr2HN vaccine elicited a moderate and balanced activation of
CD4" and CD8" T cells, which were slightly higher than those
induced by OsrHN and equivalent to those induced by two inac-
tivated vaccines (Fig. 4 / and K). These findings strongly suggest
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Fig.3. Comparison of the immune responses induced by HN dimer and monomer in mice. (A) Antibody response induced by Osr2HN and OsrHN vaccination
in mice. Serum samples were collected in the third week after the first and second immunizations and tested by the ELISA assay. Error bars indicate SEM data
averaged from eight chickens per group. (B) Radar plot showing the Osr2HN and OsrHN induced antibody subclass at 7 d after the immunization. (C) Radar
plot showing the Osr2HN and OsrHN induced antibody subclass at 21 d after the immunization. (D-H) Virus Neutralization assays were performed using sera
from treatment groups collected on day 28 after booster immunization against five strains of NDV. The F48E8 strain is shown in (D), the Muketeswar strain in
(E), the XX-08 strain in (F), and ND1 and ND7 strains in (G) and (H), respectively. The results displayed are representative titers from one of three independent
experiments, with error bars indicating the SEM. (/) HN-specific CD8'T cells in the blood at week 3 after boosting immunization with Osr2HN and OsrHN. (/) HN-
specific CD4'T cells in the blood at week 3 after boosting immunization with 0.5 pg Osr2HN and OsrHN. (K) HN-specific CD4'T cells in the blood at week 3 after

boosting immunization with 10 pg Osr2HN and OsrHN.

that the Osr2HN vaccine possesses the capability to stimulate both
arms of the adaptive immune response.

To evaluate the safety of the vaccine, we conducted safety exper-
iments using a high dose. Twenty-day-old chickens were given
intramuscular injections of 1 mL of Osr2HN vaccine (25 pg) and
1 mL of LaSota inactivated vaccine, respectively. After a 21-d
period, the chickens were dissected for analysis (S Appendix,
Fig. S10). The results showed that the chickens administered a
high dose of the Osr2HN vaccine exhibited no signs of lesions,
and the vaccine at the injection site was completely absorbed. In
contrast, the chickens administered a high-dose LaSota inactivated
vaccine displayed persistent redness and swelling at the injection
site even after 21 d. Moreover, remnants of the vaccine, which
had not been fully absorbed, were observed within the muscular
layer at the injection site. Above all, these findings highlight the
potential of Osr2HN as a safer and highly effective vaccine can-
didate for preventing and controlling NDV.

Restructuring of HN Facilitates Epitope Exposure. To evaluate the
main epitopes of different vaccines, we synthesized an HN peptide
library consisting of 92 peptides, named P1 to P92, with 16-mers
and an offset of 6 (Fig. 54 and ST Appendix, Table S2). The peptide
library contained the complete sequence of HN protein (F48E8
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strain, GenBank accession No. ACK57499.1). Subsequently,
we employed these peptides in the Dot-ELISA to evaluate the
binding of antibodies induced by different vaccines at 21 d after
boost vaccination. All positions mentioned in this part represent
the locations of peptides within the full-length sequence of the
HN protein. As shown in Fig. 5B, the regions where Osr2HN
produced antibodies were on P17 to P26 (109 to 178 aa), P30
to P37 (187 to 244 aa), P41 to P58 (153 to 370 aa), and P78
to P89 (475 to 556 aa). Among them, P41 to P59 (153 to 370
aa) was the primary antigenic region, where a large number of
antibodies were detected. Correspondingly, the epitope of OstHN
monomer was mainly focused on P9 to P14 (61 to 106 aa), P19
to P25 (121 to 172 aa), P53 to P54 (325 to 346 aa), and P86 to
P87 (523 to 544 aa). However, the number of positive peptides
was significantly fewer than that in Osr2HN. Additionally, the
epitope regions of the LaSota inactivated vaccine were focused on
P1 to P3 (1 to 28 aa), P9 to P25 (61 to 172aa), and P53 to P56
(325 to 358 aa). Among these, P9 to P25 (61 to 172aa) and P53
to P56 (325 to 358 aa) were identified as the primary antigenic
epitope of the LaSota inactivated vaccine.

In the HN structure, the epitopes of the LaSota inactivated
vaccine and OsrHN monomer were mainly located in the head
of the HN protein and symmetrically distributed at the four
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corners of the HN tetramer. These also included the only linear
neutralizing epitope (341 to 355aa) currently identified (Fig. 5C).
In contrast, the epitopes of the Osr2HN were not only located in
the neutralizing epitope region at the four corners, similar to the
inactivated vaccine and Osr2HN, but also located at the catalytic
site that extends to the interface of two HN molecules in the
homopolymers. Furthermore, Osr2HN also induced antibodies
that recognize the peptides containing Arg 174, Arg 416, and Arg
498, as well as 198 and 236 sites. However, the sera from both
the inactivated vaccine group and the OstHN group did not
exhibit the presence of specific antibodies targeting these peptides.
Moreover, in comparison to Osr2HN and OsrHN, the LaSota
inactivated vaccine includes B cell epitopes located in the intravi-
rion and transmembrane regions. The presence of this epitope
may be attributed to the use of the whole inactivated virus as the
antigen. During the viral inactivation process, there is a possibility
of disruptions to the viral structure, leading to the exposure of
hidden epitopes that are not present in Osr2HN and OsrHN.
However, the role of these epitopes in vaccine-induced protection
remains uncertain.

Previous research has confirmed that the Arg triad in the HN
protein is critical for the inhibition of NA activity, and mutations
at 198 and 236 sites cause a decrease in NA and HA activities (39).
The HA inhibiting activity was determined in Fig. 4 B-F. We
further evaluated the NA inhibition activities of antibodies
induced by three different vaccines (Fig. 5D). We found that the
antibodies induced by the reconstructed Osr2HN exhibited higher
NA inhibition titers compared to those induced by OstHN and
inactivated vaccine.

Due to the crucial roles of HA and NA activities in virus entry
into and release from cells, we evaluated the neutralizing effects
of three immune sera during these processes. As shown in
SI Appendix, Fig. S11 the serum from the Osr2HN group exhib-
ited a significantly higher capacity to inhibit virus entry into and
release from BHK-21 cells compared to the OstHN monomer
group. To mitigate differences in antibody titers among the sera,
we further purified the antibodies and conducted neutralization
experiments using antibodies at equal concentrations (Fig. 5 £
and F). Notably, the difference between the Osr2HN vaccine and
the other two groups was further amplified. Specifically, at a con-
centration of 50 pg/mL, antibodies induced by Osr2HN com-
pletely blocked NDV infection and release from the cells, whereas
antibodies induced by the OstHN monomer only exhibited 45%
and 32.5% blocking efficacy in virus infection and release, and
antibodies induced by the inactivated LaSota vaccine group
showed 87% and 67% blocking efficacy. These findings strongly
suggest that the structural restructuring of Osr2HN enables more
effective exposure of critical epitopes, leading to the generation of
antibodies with higher neutralization activity.

Ultralow Dose of Osr2HN Is Sufficient to Protect Chickens
against Lethal NDV Infection. We evaluated the protective efficacy
of the Osr2HN vaccine using different doses and numbers of
inoculations. Chickens immunized with different amounts of
antigen were challenged at 28 d postvaccination with a lethal dose
(10°° EIDs) of the XX-08 strain virus by eye-dropping. Body
weight and clinical presentation were monitored daily. Chickens
in the PBS-mock group began to show depression, swollen eyelids,
opaque eyes, and loss of appetite on the second day postinfection
(dpi), and symptoms of asthma and salivation occurred at 3 dpi.
Seven of the eight chickens in the nonvaccinated control group
died at 4 and 5 dpi. The remaining chicken was killed due to the
severity of NDV clinical signs at 7 dpi (e.g., loss of body weight
>30%, severe diarrhea, and neurological signs). In contrast, all of
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the chickens from the vaccinated groups survived (Fig.6 A and
B). Complete protection without clinical symptoms was achieved
with two vaccinations at a low dose of Osr2HN (0.5 pg/dose).
However, the weight of the animals in the different groups showed
significant differences after challenge (Fig. 6C). The weight of
animals in the Osr2HN group maintained rapid gain after 2 wk
of challenge (mean, 13.33%), which was higher than the LaSota
attenuated vaccine group (11.69%), and significantly higher than
the two inactivated vaccine groups (LaSota inactivated vaccine
of 3.4% and A-VII inactivated vaccine of 3.3%, P < 0.001).
Moreover, we observed a transient increase in rectal temperature
in the chickens from the inactivated vaccine groups during the
3 d after the challenge, followed by a return to normal levels. In
contrast, the rectal temperature in the Osr2HN group remained
stable (Fig. 6D). Regardless of whether the antibody titer was
high or low, HN-specific antibodies in each immunized group
remained stable for 15 d after the challenge (Fig. 6E). The
anatomical results showed that the Osr2HN group had no organ
damage or bleeding, while the duodenum and glandular stomach
nipples of the negative group showed scattered bleeding points
(Fig. 6F). The results of H&E staining were consistent with the
anatomical results (Fig. 6G). In addition, some cell lysis and
necrosis were observed in the spleens of animals in the negative
group. In the single-dose vaccination experiment, chickens were
immunized with 5 pg of Osr2HN. It was observed that all eight
birds survived without displaying any symptoms during the study
period following the challenge (S7 Appendix, Fig. S12).

Discussion

Vaccines work by eliciting an immune response with consequent
immunological memory that mediates protection from infection
or disease (40). In 1955, some batches of polio vaccine given to
the public contained the live polio virus. This case, which came
to be known as the “Cutter Incident” (41), resulted in many cases
of paralysis. The ideal vaccine should be safe, effective, stable,
capable of large-scale production, and used in low doses. VLP
vaccines have successfully improved the immunogenicity of sub-
unit vaccines (42, 43). However, the stability and heterogeneity
of particles and the problems of epitope blocking have prevented
VLP from broader application. In this study, we designed a “diode”
vaccine model through use of flexible linkers. The reconstituted
Osr2HN protein exhibited quadruple epitopes (EP, EP’, EP”, and
EP”) that can form several different pairs and have different dis-
tances between two identical epitopes (3.26 to 12.61 nm).
Appropriate distances of identical epitopes in one antigen will
increase the efficacy of BCR cross-linking and B cell activation.
The nano-level inoculation dose of restructured antigens com-
pletely protected animals against virus challenge, which makes the
vaccine extremely safe and cheap.

In this study, HN monomers were connected by a flexible linker
to form a stable dimer. Two dimers were connected by an inter-
molecule disulfide bond forming the HN tetramer. Yuan et al.
obtained an HN tetramer structure (PDB ID: 3tle) by introduc-
ing a cysteine mutation (§92C) in the stalk region to increase the
stability of the polymer (18). Compared with the structure of the
HN tetramer based on an additional cysteine, the Osr2HN dimer
in this study has an angular deflection (60.65°). This may be
related to the pull of the linker between two HN monomers, but
the angular deflection of Osr2HN does not affect the function.
The epitopes of Ors2HN are exposed on the surface and are not
blocked. Moreover, we identified that the reconstruction of
Osr2HN enhanced the exposure of key epitopes and active sites.
Compared with the inactivated whole virus and natural HN
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Fig.4. Characterization of immune responses induced by Osr2HN vaccination in chickens. (A) Scheme of immunization, virus infection, and sampling. Chickens
(n = 8) were immunized with different vaccines, including Osr2HN, OsrHN, three commercial vaccines (LIV: LaSota inactivated vaccine, A-VIl: A-VIl inactivated
vaccine, and LAV: LaSota attenuated vaccine) as the positive controls, andTP309 with adjuvant as the negative control. At 28 d following the second immunization,
animals were challenged with highly pathogenic NDV. (B) Chickens were immunized with different doses of the Osr2HN protein, from 0.5 pg/dose to 36 pg/dose.
HN-specific antibodies were determined by the HI assay using NDV (LaSota strain). Error bars indicate SEM data averaged from eight chickens per group. (C)
Duration of antibodies after immunization with Osr2HN. After 106 d following the firstimmunization, the second immunization is performed. The immunization
dose is 10 pg per animal. (D and E) Comparison of antibody responses in chickens vaccinated with Osr2HN and commercial vaccines after primer immunization
(D) and boost immunization (E). Data are shown as means + SEM from six chickens. (F) Antibody response induced by Osr2HN and OsrHN vaccination in chickens.
Error bars indicate SEM data averaged from eight chickens per group. (G-/) Virus neutralization assays using three genotypes of NDV (XX-08 strain, F48E8 strain,
and Muketeswar strain) were performed with the sera from treatment groups sampled at day 28 after booster immunization. The results are representative titers
from one of three independent experiments with error bars representing the SEM. (/) HN-specific CD4'T cells in the blood at week 3 after boosting immunization
with different vaccines. (K) HN-specific CD8'T cells in the blood at week 3 after boosting immunization with different vaccines.

these factors contribute positively to preventing virus entry into
and release from host cells.
Compared with the natural HN monomers, the reconstructed

monomet, the reconstituted Osr2HN vaccine produced antibodies
against the neutralizing epitope region, and also produced anti-
bodies against both the active site and the interface of the HN

homopolymer. The Arg triad (consisting of Arg 174, Arg 416, and
Arg 498 sites) of the HN protein is critical for the organization
of NA activity (39). Additionally, the swing of the HN head
domain is crucial for the process of virus-host cell membrane
fusion. This swinging action relies on the flexible loop region that
connects the head and stalk domains (30, 44). The Osr2HN vac-
cine induces a substantial number of antibodies that recognize the
interface between two HN molecules in the homopolymers, which
may pose an obstacle to the swing of the head domain. Collectively,
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Osr2HN dimers markedly enhanced the immunogenicity of the
HN protein. Consistent with this result, Gao et al. confirmed that
a dimeric form of Middle East respiratory syndrome receptor-
binding domains produced significantly higher neutralizing anti-
body titers than the conventional monomeric form. The stable
dimer formed by two RBDs directly connected achieved enhance-
ment of neutralizing antibody titers compared with the dimer
formed by easily dissociated disulfide bonds (45). Compared with
Gao’s design, the flexible linker used in this study to form polymers

pnas.org



does not need to consider the flexibility and steric hindrance of
the N or C termini of the protein. Moreover, this flexible linker
is composed of Gly and Ser. The small sizes of these amino acids
provide flexibility and allow for mobility of the connecting func-
tional domains. The incorporation of a polar amino acid (Ser) can
maintain the stability of the linker in aqueous solution by forming
hydrogen bonds with water molecules. Thus, the polymer con-
struction in this study showed no restrictions on the selection of
proteins and has the possibility of a broad-scope application.

Of significance is the result that the vaccine dose was at the
nanogram level by the restructuring of the HN protein. The min-
imum protective dose of the restructured antigen was 0.5 pg/dose,
equivalent to 1/127th of a single rice seed. This amazing number

indicates that Osr2HN, as a superior immunogen based on the
plant expression system, will be of great value to public health.
Compared to current whole-virus NDV vaccines requiring admin-
istration at levels of 10°® EID50/dose and subunit vaccines used
in previous studies requiring doses over 30 pg/dose (46), the vac-
cination dose in our study was significantly lower due to the high
immunogenicity of Osr2HN.

The plant expression system used in this study offers several advan-
tages. Plant cultivation only requires light, water, and soil (or artificial
support), making it less expensive than bioreactor kits needed for
bacterial, mammalian, and insect cell culture systems (47).
Additionally, the buffer solution used for Osr2HN extraction and
purification is phosphate buffer containing different concentrations
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by three vaccines on virus release.
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Fig. 6. Survival and clinical conditions of vaccinated chickens after challenge. (A) Mortality and (B) morbidity curves of two-dose immunization after challenge
with wild-type NDV. (C) Weight gain of each immunization group after challenge. Error bars indicate SEM data averaged from eight chickens per group. (D) The
rectal temperature of chickens after challenge. (E) HI antibody titers after challenge. Error bars indicate SEM data. (F) Photographs of the duodenum and stomach

in different groups. (G) H&E staining of glandular stomach and spleen.

of NaCl, which is much cheaper than the culture medium required
for cell culture systems, as well as for Escherichia coli and yeast culture
systems. The expression level of Osr2HN in rice reached 3.7 mg/g.
Although a simple comparison is not accurate, the amount of protein
production is compared as mL of liquid culture equivalent to 1 g,
In E. coli expression system, yields of HN were 0.034 to 0.37 mg/
mL (48-50), with production based on the manufacturer’s instruc-
tion. This expression level is lower than Osr2HN in rice. These results
suggest that our system is comparable to the expression levels
achieved in an E. coli expression system. Furthermore, transgenic
rice is not susceptible to mammalian viral pathogens and plant
viruses do not infect human cells. These characteristics indicate that
transgenic rice seeds as bioreactors show great promise for the pro-
duction of pharmaceuticals for public health at low cost and with
high safety (51, 52). The vaccine platform established in this study
holds the potential for supporting the United Nations Sustainable
Development Goal of “no one is left behind.” (53).

Rice is a highly self-pollinating crop that is a favorable host for
molecular farming. The frequency of pollen-mediated gene flow is
very low (0.04 to 0.08%) between genetically modified (GM) rice
and adjacent non-GM plants (51, 54). This low frequency can be
further decreased to negligible levels by proper spatial isolation. The
field area of OsrHN transgenic rice included an isolation zone (>100
m) and a buffer zone around the field (>1.5 m). Furthermore, the
standard operation protocols for planting, harvesting, and storage
will largely diminish the environmental impacts. In addition, we
have developed an immunochromatographic test strip for detecting
the HN protein (22, 52). After soaking, rice tissue can be tested
without purification to detect gene flow.

In summary, we propose a vaccine antigen model of a head-to-tail
dimer through a flexible linker. Due to the precise activation of B
cells, the restructured antigen completely protected chickens from
lethal challenges with an ultralow inoculation dose. The extremely
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low dose will help to put more vaccines in one injection. In addition,
the high expression level of the reconstructed antigen in rice
endosperm will further reduce the cost of the vaccine and has huge
market potential. More importantly, the platforms and technologies
we have proposed in this study have no restrictions on the selection
of proteins and have the possibility of a broad-scope application.
Future studies will evaluate the immune activation mechanism of
bivalent vaccines in hopes to use the model for other types of viruses.

Materials and Methods

Construction of the Plant Vector and Rice Genetic Transformation. The
transgenic lines expressing Osr2HN were generated through Agrobacterium-
mediated transformation. Osr2HN was purified by ion exchange chromatography
and size exclusion chromatography. The expression of Osr2HN was validated by
western blotand colloidal gold-based immunochromatographic strip. The details
can be found in S/ Appendix.

Immune-Electron Microscopy. Immature transgenic rice seeds were collected
and fixed on day 14 after flowering. Ultrathin sections were prepared using an
ultramicrotome and then treated with a mouse anti-HN antibody (dilution 1:1,000)
followed by gold particle-labeled goat anti-mouse IgG (dilution 1:200). Finally,
the sections were stained with uranyl acetate and imaged using a transmission
electron microscope (H-7100, Hitachi, Tokyo). The detail is shown in S/ Appendix.

The Structure Analysis of Osr2HN. The crystallized Osr2HN was obtained using
a sitting drop vapor diffusion method with a precipitant solution (S/ Appendix)
and analyzed using X-ray diffraction. Manual rebuilding and structure refinement
were conducted, and the final structure was visualized using PyMol. Then SAXS was
employed to analyze the structure of Osr2HN in solution.

Glycoproteomics Analysis. The N-glycosylation profile of the HN protein was
analyzed using mass spectrometry. Briefly, the purified Osr2HN was reduced by
triethylammonium bicarbonate (TCEP) and then alkylated with iodoacetamide
(IAA). Subsequently, the HN protein was digested overnight at 37 °C using trypsin.
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The peptides were analyzed using C18-RPLC-MS/MS (HCD). The detailed method
is described in S/ Appendix.

Immunization Evaluation of Osr2HN in Mice and Chickens. The immuno-
genicity of various vaccines was assessed in BALB/c mice and SPF chickens. The plant-
derived HN vaccine was prepared by mixing the purified Osr2HN, OsrHN protein
with Montanide™ ISA 71 VG adjuvant (Seppic, France). The efficacy of the vaccine
was evaluated by analyzing the antibody response specific to HN using the Hl assay,
T cell response via flow cytometry, antibody isotype determination with ELISA, and
virus neutralization efficiency using the neutralization assay. The virus challenge
experiment was performed on day 28 after boosterimmunization.

Peptides Map Assay. The primary epitopes of the different vaccines were analyzed
by the peptide map assay. The peptides were synthesized and conjugated to BSA
using sulfo-SMCC according to the manufacturer's instructions (S/ Appendix) and
then coated on ELISA plates at a concentration of 100 ng/well. BSA without pep-
tides served as the negative control. The immunized sera from Osr2HN, OsrHN, and
LaSota inactivated vaccine were added at a dilution of 1:50. After incubation with
HRP-labeled anti-chicken antibodies, the plate was read using a microplate reader
at 0Dyg, Nm.

Ethics Statement. All of the animal experiments involved in this study were
carried out under the approval of the Animal Experimental Committee of the
Henan Academy of Agricultural Sciences. All of the animals received humane care
according to the Chinese animal ethics procedures and guidelines.
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