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The global spread of H5 clade 2.3.4.4 highly pathogenic avian influenza (HPAI) viruses threatens
poultry and public health. The continuous circulation of these viruses has led to their considerable

genetic and antigenic evolution, resulting in the formation of eight subclades (2.3.4.4a-h). Here, we
examined the antigenic sites that determine the antigenic differences between two H5 vaccine strains,
H5-Re8 (clade 2.3.4.4g) and H5-Re11 (clade 2.3.4.4h). Epitope mapping data revealed that all eight
identified antigenic sites were located within two classical antigenic regions, with five sites in region
A (positions 115, 120, 124, 126, and 140) and three in region B (positions 151, 156, and 185). Through
antigenic cartography analysis of mutants with varying numbers of substitutions, we confirmed that a
combination of mutations in these eight sites reverses the antigenicity of H5-Re11 to that of H5-Re8,
and vice versa. More importantly, our analyses identified H5-Re11_Q115L/R120S/A156T (H5-

Re11 + 3) as a promising candidate for a broad-spectrum vaccine, positioned centrally in the antigenic
map, and offering potential universal protection against all variants within the clade 2.3.4.4. H5-
Re11 + 3 serum has better cross-reactivity than sera generated with other 2.3.4.4 vaccines, and H5-
Re11 + 3 vaccine provided 100% protection of chickens against antigenically drifted H5 viruses from
various 2.3.4.4 antigenic groups. Our findings suggest that antigenic regions A and B are
immunodominant in H5 viruses, and that antigenic cartography-guided vaccine design is a promising

strategy for selecting a broad-spectrum vaccine.

Influenza A virus threatens both the poultry industry and mammalian
health. To date, 16 hemagglutinin (HA) and 9 neuraminidase (NA) sub-
types have been found in aquatic birds"?, and two HA and two NA subtypes
have been identified in bats**. In their reservoir species, most influenza virus
subtypes are low pathogenic, although two subtypes (H5 and H7) have
evolved into highly pathogenic strains’. The H5 highly pathogenic avian
influenza viruses (HPAIVs), with a mortality rate close to 100% in chicken
and turkey, have caused substantial economic losses to the global poultry
industry. According to the OIE-World Animal Health Information System
(OIE-WAHS, https://wahis.woah.org), the H5 HPAIVs have led to the loss
of 389 million poultry’. In addition to this damage to poultry, the H5 virus
also exhibits pandemic potential. As of January 5, 2024, the H5 AIVs have
caused 969 human infections, including 495 deaths’. It is therefore
imperative to develop strategies to control and prevent H5 subtype virus
infections.

The antigenic drift and shift of influenza viruses necessitates frequent
updates of vaccine strains, underscoring the need for broadly protective
influenza vaccines. To expand the protection breadth of current vaccines,
various strategies have been developed®. One such strategy is to combine
multiple HA antigens. For example, a combination of three H1 HA
immunogens improved the breadth of immunity against divergent H1
human influenza viruses’, demonstrating the efficacy of multi-antigen
strategies to achieve comprehensive immunity. Another innovative
approach, to developing an H3 vaccine, incorporated scrambled immu-
nodominant epitopes, and was proven effective in expanding coverage in
ferret models. This was achieved by reducing the immunodominance of
HA head epitopes, thereby enhancing the vaccine’s protective range'.
Moreover, a multivalent mRNA vaccine-induced protection against all 20
known influenza A virus subtypes and influenza B virus lineages in
animals'’. Another approach to generate broader subtype-specific
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immune responses is through consensus sequences'””". For example,
Giles et al. reported a broadly reactive H5 antigen that was optimized by
using a computational algorithm; the efficacy of this design to elicit
broadly reactive antibodies was confirmed in animal models'*. Although a
range of creative and varied strategies have been employed, only a few will
reach clinical trials, and the quest for a universal influenza vaccine remains
a formidable challenge.

Understanding the mechanism of antigenic change is key to devel-
oping a vaccine. The antigenicity of influenza A viruses is mainly deter-
mined by the HA protein, especially its head region'®. In the last century,
five major antigenic epitopes have been identified in the head domain of
HA by using mouse monoclonal antibodies (mAbs)"***’. The antigenicity
of influenza viruses was found to be primarily determined by a few key
amino acid substitutions around the receptor-binding site by character-
izing antigenic variants with polyclonal antibodies” . In the head
domain of HA, the amino acids at positions 129, 133, 151, 183, 185, and
189 (H5 numbering, used hereafter)*, located at epitope sites A and B,
were found to be the key determinants of the antigenicity of H5 viruses.
Although mAbs can detect subtly differences between antigenic variants,
polyclonal antisera, which correlate with host immune response, are used
the most to evaluate the antigenic distance between virus isolates.
Hemagglutinin inhibition (HI) and microneutralization (MN) assays are
also used to evaluate antigenic characteristics; however, it is difficult to
interpret raw HI and MN data. Accordingly, antigenic cartography was
developed to analyze and visualize the relationships among multiple
antigen-antibody reaction data pairs”**”. Benefiting from antigenic
cartography, the WHO has used this tool to supplement influenza sur-
veillance activities and guide vaccine strain selection™.

HPAIVs of the H5 subtype have evolved into 10 different genetic clades
(0-9) and many subclades. Notably, subclade 2.3.4.4 of the H5 viruses, first
identified in poultry in 2013 and spread worldwide by migratory birds, has
branched into eight subclades (2.3.4.4a to 2.3.4.4h)*"**. To control outbreaks
of clade 2.3.4.4 H5 virus in 2015, China developed the first 2.3.4.4 H5N1
vaccine (designated as H5-Re8)”, belonging to 2.3.4.4¢ clade’. Introduced
by migratory birds, the new clade 2.4.4.4h emerged among China’s poultry
in 2018, presenting a considerable antigenic difference from the vaccine
strain H5-Re8 and leading to the development of a new, antigenically
matched vaccine designated H5-Re11**. In this study, we sought to identify
the key amino acid substitution(s) that determine the antigenic difference

between H5-Re8 and H5-Rel1 by using antigenic cartography analysis. We
identified eight antigenic sites that determine the antigenic difference
between H5-Re8 and H5-Rell. In addition, we identified a promising
vaccine seed strain bearing three mutations that seem to confer solid pro-
tection against all circulating clade 2.3.4.4 (a-h) viruses.

Results

Mapping of antigenic sites

The vaccine strain H5-Re8 contains surface genes from a clade 2.3.4.4g
virus, A/chicken/Guizhou/4/13(H5N1) (GZ/4/13), and six internal genes
from the high-growth A/Puerto Rico/8/1934 (HIN1) (PR8) virus. It differs
antigenically from the H5-Rell strain that harbors surface genes from a
clade 2.3.4.4h virus, A/duck/Guizhou/S4184/2017(H5N6) (GZ/S4184/17),
and internal genes from PR8*. Sequence analysis indicates that there are 20
amino acid differences in HA1 between these two vaccines (Fig. 1).

To elucidate which amino acid substitution(s) determines this anti-
genic difference, we used reverse genetics to rescue 20 H5-Rell mutants.
Firstly, we evaluated the growth properties of the mutants and then analyzed
their antigenicity by using a HI assay with H5-Re8 and H5-Rel1 antisera. As
shown in Table 1, none of the mutations had an adverse effect on the growth
properties; all the mutants grew to relatively high titers (Table 1). To our
surprise, none of the substitutions changed the antigenicity of the mutants in
the HI assay, except mutant H5-Rel1_—126D (—, an amino acid deletion at
position 126), which showed higher titer with H5-Re8 antiserum, with an HI
titer that was 2-fold higher than that of the other mutants (Table 1). To
distinguish the subtle antigenic difference, a panel of 19 mAbs was generated
and used to evaluate the antigenicity of the mutants. The 19 mAbs identified
seven mutants that displayed considerable antigenic differences in the HI
assay (i.e., at least a 4-fold difference), namely H5-Rell_Q115L, H5-
Rell _R120S, H5-Rell N124D, H5-Rell _V140M, H5-Rell T1511, H5-
Rell_A156T, and H5-Rell_E185A (Fig. 2). Thus, eight antigenic sites in
H5 HA, 115, 120, 124, 126, 140, 151, 156, and 185, were identified.

Molecular basis of the antigenic difference between H5-Re8 and
H5-Re11

We next investigated which combination of antigenic substitutions changed
the antigenicity of H5-Rell to that of H5-Re8 or vice versa. First, we
categorized the eight antigenic positions into three groups: Group 1 con-
taining positions 115, 120, and 156, which were the three positions that most
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Fig. 1| Key amino acid alterations in the HA proteins of H5 viruses. a Alignment
of HA1 protein sequences (H5 numbering). Antigenic regions A, B, C, D, and E
are delineated and highlighted in orange, green, cyan, blue, and pink, respectively.
Sites with amino acid variations are marked and highlighted in red. b The site

exhibiting amino acid variation is depicted in the HA monomer of an H5 virus,
retrieved from the PDB database (SHUF). Amino acid substitutions at antigenic
sites are denoted in red, and the respective antigenic regions are marked with
corresponding colors.
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Table 1 | Cross-reactive Hl antibody titers of mutant viruses changed the antigenicity of H5-Rell (Fig. 2); Group 2 containing positions
with different antisera 140, 151, and 185, which changed the antigenicity of H5-Rell to a lesser
extent (Fig. 2); and Group 3 containing positions 124 and 126, which
affected the antigenicity of H5-Rell and resulted in the formation of a
H5-Re8 H5-Rei1 EIDso/ml HA(logs)  glycosylation site (Table 1 and Supplementary Fig. 1). Then, three mutants,

Virus (H5 numbering) Serum Virus titer

Re8 2048 64 8.63 8 H5-Rell_Q115L/R120S/A156T (H5-Rell + 3), H5-Rell_Q115L/R120S/
= e~ = A . V140M/T1511/A156T/E185A (H5-Rell +6), and H5-Rell_QI15L/
Re11_KA40R 256 255 8.17 7 RIZOS/N124D/—126D/V1'40M/T15lI/A156Tj/E18.5A (H5-Rell + 8) erre
rescued by gradually adding groups of mutations into the H5-Rel1 vaccine
ALl 256 256 8.83 8 strain. Their antigenicity was analyzed by using the HI assay with chicken
Re11_R120S 256 256 8.83 8 sera generated with one clade 2.3.4.4b virus, one clade 2.3.4.4g virus, and two
Re11_S123P 256 256 8.63 8 2.3.4.4h viruses that were antigenically different. Antigenic cartography
Rel1 N124D 256 256 8.63 8 showed that the antigenicity of mutant H5-Rell + 8 was closest to that of
Fo11 1260 o Py 517 p GZ/4/13 (donor virus of H5-Re8), whereas mutants H5-Rell + 6 and H5-
= . Rell + 3 were still antigenically different from GZ/4/13 (Fig. 3a and Sup-
Ret1_S129L 220 220 Gl g plementary Table 1). To confirm that the antigenic transition was caused by
Re11_V140M 256 256 8.50 7 the mutations, a H5-Re8 mutant with eight corresponding mutations, H5-
Re11 AMP 255 256 917 3 Re8_L115Q/S120R/D124N/D126-/M140V/I151T/T156A/A185E  (H5-
Re11 T1511 256 256 883 8 Re8 + 8), was generated and its antigenicity was evaluated. As expected, the
antigenicity of H5-Re8 + 8 was similar to that of both H5-Rell and GZ/
Reli-A1SoT 256 256 917 8 $4184/17 (donor virus of H5-Rell) (Fig. 3a and Supplementary Table 1).
Re11_K169R 256 256 9.17 ’ Compared with the HI assay, the MN assay is considered the gold standard
Re11_S183N 256 256 8.63 8 for the analysis of the antigenic properties of the viruses. Thus, the anti-
Re11_E185A 256 256 917 8 genicity of the mutants was further confirmed by the MN assay (Supple-
mentary Table 2). Although the antigenic map generated with the HI data
AL 256 256 917 8 differezyfrom that generied with tflgle MN datga (Fig. 3b), the MN map
Ret1_257v 256 256 8.17 8 confirmed that the antigenic transition between H5-Rell and H5-Re8 was
Re11_T259K 256 256 8.83 8 caused by substitutions at the eight antigenic sites.
Re11_I1269M 256 256 8.83 8
Re11_N273H 256 256 817 8 Selection of a broad-spectrum vaccine candidate based on
antigenic distance
Re11_S320N 256 256 8.83 8

—— _ — _ Since the implementation of the first clade 2.3.4.4g vaccine (H5-Re8) in
~ An amino acid deletion at position 126 (H5 numbering). 2015, three more vaccines, H5-Rell (2.3.4.4h), H5-Rel3 (2.3.4.4h), and
H5-Rel4 (2.3.4.4b), were generated to control clade 2.3.4.4 antigenic
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Fig. 2 | Antigenic heat map of H5-Rel1 mutants. The antigenicity of the H5-Re11 variants was determined by quantifying HI titers utilizing a panel of 19 mAbs generated in
our laboratory. A 4-fold difference in antigenicity was deemed significant.
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Fig. 3 | Antigenic cartography of the indicated mutants and reference viruses. a Antigen map constructed using HI titer data. b Antigen map generated based on MN titers.

Each square represents a 2-fold difference in either HI or MN titers. Viruses and serum samples are represented by circles and rectangles, respectively.
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created with MN titer data. Each square represents a 2-fold difference in either HI or
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respectively. The dashed red circle on the map marks the region where the titers of
the H5-Rell + 3 serum fall below the thresholds of 32 or 64 for the HI and MN titers,
respectively.

variants in China™ . The frequent updating of vaccine strains high-
lights the need to develop a vaccine strain with broader protective effi-
cacy. Our antigenic cartography analysis revealed that the mutant H5-
Rell + 3 was located in the relative center of the map, indicating
its potential to serve as a broad-spectrum vaccine candidate against
H5 viruses bearing the clade 2.3.4.4 HA gene. To evaluate the protective
breath of H5-Rell + 3, homologous serum of H5-Rell + 3 was gen-
erated and applied for antigenic analysis with all eight subclades
of 2.3.4.4 viruses (2.3.4.4a-h). In the HI assay, viruses in subclades
2.3.44a, 2.3.44c, and 2.3.4.4f reacted poorly with the H5-Rell + 3
serum, with an HI titer of 16, whereas the HI titer of H5-Rell + 3 against
viruses in other subclades was 32-512 (Supplementary Table 3). In the
antigenic map generated with the HI data, the breadth of the H5-
Rell + 3 serum response was calculated as described by Ron et al.

(Fig. 4a)”. The H5-Rell + 3 serum covered viruses in six subclades
of 2.3.4.4, except 2.3.4.4c and 2.3.4.4f, which have not circulated since
2019 and 2017, respectively’™” (Supplementary Fig. 2). We also
evaluated the protective efficacy by using the MN assay, the gold stan-
dard for evaluating a vaccine’s protective capabilities. Notably, the data
indicated that H5-Rell + 3 serum reacted well with viruses in all eight
subclades, with MN titers ranging from 64 to 1028, above the typical
protective value (titers > 40) (Supplementary Table 4). As expected, in
the antigenic map generated with the MN data (Fig. 4b), H5-
Rell + 3 serum was found to be located in the relative center of the
antigenic map, and its breadth covered all eight subclades of the 2.4.4.4
viruses. Together, these data suggest that H5-Rell + 3 is a potential
broad-spectrum vaccine candidate against viruses belonging to
clade 2.3.4.4.
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Protective efficacy of H5-Re11 + 3 inactivated vaccine against
clade 2.3.4.4 viruses

Lastly, we assessed the protective efficacy of the H5-Rell + 3 vaccine in
chickens that were immunized with a single dose of the inactivated H5-
Rell + 3 vaccine. The chickens were then challenged with clade 2.3.4.4
antigenic variants that previously caused epidemics in poultry: one 2.3.4.4g
virus, one 2.3.4.4b virus, and two 2.3.4.4h viruses belonging to two different
antigenic groups (Fig. 4). The antigenic map (Fig. 4) indicated that H5-Rel1
serum may confer relatively broad protection against other clade viruses.
Therefore, vaccine strain H5-Rel1 was used for comparison in the challenge
study. The H5-Rell + 3- inactivated vaccine was immunogenic in chick-
ens; three weeks after the single dose, the mean HI titer in chickens against
the homologous virus was 7.4 log,, which is 0.3 log, higher than that of the
H5-Rell vaccine (Fig. 5a, d, g, and j).

The H5-Re8 vaccine was used to control clade 2.3.4.4g viruses between
2015 and 2018 and provided full protection against GZ/S4184/17 (clade
2.3.4.4h), which emerged in 2017°. In the GZ/4/13 (clade 2.3.4.4g) virus-
challenged group, the H5-Rell + 3 vaccine induced a significantly higher
HI titer against GZ/4/13 than that induced by H5-Rell (Fig. 5a). All
chickens in the control groups died within 4 days post-challenge (p.c.), and
the two chickens that survived on day 3 p.c. shed high titers of viruses
through both the oropharynx and cloaca (Fig. 5b, c). In the H5-Rell-
vaccinated group, 60% of the birds died during the 14-day observation
period, and all the birds shed virus in the oropharynx and cloaca on days 3
and 5 p.c., except for one chicken that died on day 7 post-immunization
(p.i). However, in the H5-Rell + 3-vaccinated group, no virus was recov-
ered from the organs, and all the vaccinated birds were healthy during the
14-day observation period (Fig. 5b, c). These data indicate that H5-Rell
provides only partial protection against the 2.3.4.4g virus, whereas H5-
Rell + 3 offers complete protection against the same virus.

The H5-Rell vaccine was used to control clade 2.3.4.4h viruses
between 2018 and 2021°. In the GZ/S4184/17 (clade 2.3.4.4h) virus-
challenged group, the H5-Rell + 3 vaccine induced a similar HI titer
against GZ/S4184/17 to that induced by H5-Rel1 (Fig. 5d). All chickens in
the control groups died, and the three chickens that survived on day 3 p.c.
shed high titers of viruses in collected organs. In the H5-Rell + 3 and H5-
Rell-vaccinated groups, no virus was recovered from the organs, and all the
vaccinated birds were healthy during the 14-day observation period (Fig.
5e, f). These data demonstrate that H5-Rell + 3, despite harboring three
mutations, provides 100% protection against the GZ/S4184/17 virus.

The H5-Rel3 vaccine was used instead of H5-Re11 to control antigenic
variants in clade 2.3.4.4h, beginning in 2022°. In the A/duck/Fujian/S1424/
2020(H5N6) (FJ/S1424/20, donor virus of H5-Rel3) virus-challenged
groups, the H5-Rell + 3 vaccine induced a significantly higher HI titer
against FJ/S1424/20 than that induced by H5-Rel1 (Fig. 5g). All chickens in
the control groups died, and the three chickens that survived on day 3 p.c.
shed high titers of viruses in collected swabs. In the H5-Rell-vaccinated
group, all the chickens survived the 14-day observation period, but they all
shed viruses in the two tested organs on day 3 p.c., while 8 and 4 chickens
shed viruses in the oropharynx and cloaca swabs, respectively, on day 5 p.c.
In contrast, all the chickens in the H5-Rell + 3-vaccinated group were
healthy and shed no virus for 14 days (Fig. 5h, i). These results show that H5-
Rel1 mitigates lethality but fails to prevent virus shedding after FJ/S1424/20
challenge, whereas H5-Rell + 3 affords comprehensive protection against
the virus.

The H5-Rel4 vaccine was used to control clade 2.3.4.4b virus, begin-
ning in 2020°. In the A/whooper swan/Shanxi/4-1/2020(H5N8) (SX/4-1/20,
donor virus of H5-Rel4) virus-challenged group, the H5-Rell + 3 vaccine
induced a significantly higher HI titer against SX/4-1/20 than that induced
by H5-Rel1 (Fig. 5j). Chickens in the control group all died within 4 days
p-c., and the surviving birds shed viruses to high titers. In the H5-Rel1-
immunized group, no chicken died and no virus was shed in the cloaca
swabs; however, the virus was detected in oropharyngeal swabs from 4
chickens on days 3 and 5 p.c. For chickens immunized with the H5-
Rell + 3 vaccine, no virus was detected in the tested swabs, and no

symptoms were observed for 14 days (Fig. 5k, 1). These data indicate that
H5-Rell + 3 offers 100% protection against the 2.3.4.4b virus.

Taken together, these results indicate that the H5-Rell + 3 vaccine
provides solid protection against four antigenically drifted clade 2.3.4.4 H5
viruses.

Discussion

In this study, we mapped the antigenic sites of H5 HPAIVs, leading to the
discovery of a vaccine candidate that is stable in chicken embryonated eggs
for at least five passages (data not shown) and offers broad-spectrum pro-
tection against clade 2.3.4.4 viruses. Analysis of the antigenic differences
between H5-Re8 and H5-Rel1 revealed that these differences arise due to
substitutions at eight antigenic sites. These substitutions—Q115L, R120S,
N124D, —126D, V140M, T1511, A156T, and E185A—-result in H5-Rell
having antigenic properties similar to those of H5-Re8, and vice versa.
Antigenic cartography placed H5-Rell + 3 centrally on the antigenic map,
indicating its antigenic similarity to neighboring viruses. Further studies,
including antigenic analysis and protective efficacy testing, confirmed its
broad-spectrum efficacy against all viruses within the 2.3.4.4 clade. Our
results suggest that vaccine design guided by antigenic cartography is a
promising strategy for the development of broad-spectrum vaccines.

Five major antigenic regions (A-E) have been identified through the
characterization of escape mutants from mouse mAbs directed at the HA of
human influenza A viruses’*****. For human H3N2 viruses, antigenic
region B has been shown to be immunodominant over antigenic region A in
both humans and mice”*"*”. Similarly, the antigenic region B of HA plays a
critical role in the antigenic drift of subclade 2.3.4.4 H5 HPAIVs". However,
computational analysis has revealed that antigenic regions A and B have the
largest average information entropy, indicating that they are under the
highest immune pressure*. In our study, the epitope mapping data revealed
that all eight identified antigenic sites were located within two classical
antigenic regions, with five in antigenic region A (115, 120, 124, 126, and
140) and three in antigenic region B (151, 156, and 185). Consistent with our
data, multiple studies have shown that both antigenic regions A and B play a
critical role in the antigenic evolution of H5 viruses” *. Kaverin et al.
identified nine antigenic sites in the HA of A/mallard/Pennsylvania/10218/
84 (H5N2), including seven positions in antigenic region A (124, 126, 129,
136, 138, 140, and 141) and two positions in antigenic region B (152 and
153)*. Rudneva et al. identified 10 antigenic sites in A/duck/Novosibirsk/
56/05 (H5N1), including nine sites (113, 115, 117, 118, 120, 121, 123, 139,
and 141) in antigenic region A and one site (162) in antigenic region B*.
Position 126 in antigenic region A, which is involved in the formation of a
glycosylation site, is the only antigenic site that could be recognized by the
HI assay in our study, indicating its important role in viral antigenicity. Gu
et al. reported that the E126N mutation creates an N-linked glycosylation
site and results in an antigenic change in A/chicken/Hebei/A/2012(H5N2).
Wang et al. reported that the D124N mutation results in the formation of a
glycosylation site at site 126 and antigenic changes in H5N6 viruses®.
However, the role of antigenic site 156, another site involved in the for-
mation of a glycosylation site in antigenic region B, has only been recognized
by mAbs and not polyclonal antibodies (Table 1 and Supplementary Fig. 1),
indicating that antigenic region A may be immunodominant in certain H5
viruses.

Diverging from other methods used to develop broad-spectrum vac-
cines, our approach involved selecting a candidate that offers more extensive
protection. This choice was guided by antigenic cartography, based on the
hypothesis that a virus positioned centrally in an antigenic map would
exhibit the greatest range of immunity. Similarly, Hu et al. reported that a
booster vaccine (SARS-CoV-1) selected based on antigenic distance out-
performs other candidates to elicit broader neutralizing responses against
SARS-CoV-2 variants™. In our study, the H5-Rell + 3 vaccine was iden-
tified during the antigenic analysis of clade 2.3.4.4 viruses; however, the
mechanism of how to relocate the antigenic position of a vaccine strain to
the relative center position of the antigenic map remains to be investigated.
Although the HI assay has been the most commonly used serological assay
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Fig. 5 | Evaluation of the protective efficacy of H5-Rell + 3 vaccine against clade
2.3.4.4 viruses in chickens. Groups of birds were administered either the H5-
Rell + 3 vaccine, the Rell vaccine, or a PBS control. Three weeks post-immuni-
zation, sera were collected from all experimental chickens and analyzed for HI
antibody titers against both the vaccine strain and the challenge virus (a, d, g, and j).
To assess virus shedding, oropharyngeal and cloacal swabs were collected from all
surviving chickens on days 3 and 5 post-challenge (b, e, h, and k). Subsequently, all
the chickens were challenged with 10° EIDs, of the indicated virus in a 100-pl volume

of PBS. Following the challenge, chickens were monitored for two weeks to observe
signs of disease progression and mortality (c, f, i, and I). Virus titers presented are the
mean values derived from the birds that survived, with error bars indicating the
standard deviations. The blue pound symbols denote the instances where birds died
before the specified day. In cases where fewer than ten birds survived, the exact
number of survivors is noted. The dashed lines represent the lower limit of virus
detection. Statistical significance (p < 0.05) was determined by using GraphPad
software, utilizing an unpaired ¢-test method for the analysis.

npj Vaccines| (2024)9:152



https://doi.org/10.1038/s41541-024-00947-4

Article

to assess virus antigenicity, HI titer and protective efficiency against H5
viruses are not strictly correlated’"”. As a result, the protective breadth of
H5-Rell + 3, which completely prevented death and virus shedding in
chickens (Fig. 5), was not fully represented in the antigenic cartography
generated with the HI data (Fig. 4a), but was perfectly exhibited in the
antigenic map generated with the MN data (Fig. 4b).

Cao et al. demonstrated that a mAb against H5N1 virus AFlulgG01
that targets three sites on the membrane-distal globular head of HA1 [Site I
(Ile116,1le117, and Pro118), site IT (Trp122 and Ser123) and site IIT (Tyr164
and Thr167)] can inhibit virus-receptor binding and pH-induced, cell-cell
membrane fusion™. Given that two of the mutations of H5-Rell + 3,
namely Q115L, and R120S, are located close to sites I and II identified by
Cao et al,, it is reasonable to speculate that the H5-Rell + 3 vaccine may
elicit antibodies that recognize conformational epitope(s) that result in
broad protection. The mechanism that induces such broad protection
remains to be investigated.

In summary, our epitope mapping study identified eight antigenic
sites of the H5 virus, and our antigenic analysis found a broad-
spectrum vaccine candidate (H5-Rell + 3) that conferred full pro-
tection against multiple subclades of 2.3.4.4 H5 viruses. Our study
demonstrated that antigenic cartography-guided vaccine design is a
promising strategy for selecting a broad-spectrum vaccine. Further
antigenic analysis may identify additional vaccine candidates with
broader protection.

Materials and methods

Biosafety and animal welfare

The animal experiment protocols were approved by the Committee on the
Ethics of Animal Experiments (220706-01-GJ and 220815-02-GJ) at the
Harbin Veterinary Research Institute (HVRI) of the Chinese Academy of
Agricultural Sciences (CAAS). All animal experiments were carried out
under Biosafety Level 3 (BSL3) conditions. Experiments involving HPAIV's
were conducted in the BSL3 laboratory, whereas those involving LPAIVs
were performed in the BSL2 laboratory.

Viruses and cells

Viruses A/duck/Chongqing/S1049/2014(H5N6) (2.3.4.4a), A/duck/
Zhejiang/S4143/2017(H5N6) (2.3.4.4b), A/whooper swan/Shanxi/4-1/
2020(H5N8)  (SX/4-1/20,  2.3.4.4b),  A/duck/Zhejiang/S1327/
2016(H5N6) (2.3.4.4c), A/chicken/Jiangxi/5/2016(H5N6) (2.3.4.4d),
A/chicken/Hunan/6/2015 (H5N6) (2.3.4.4e), A/chicken/Hunan/1/
2016(H5N6) (2.3.4.4), A/chicken/Guizhou/4/2013(H5N1), (GZ/4/13,
2.3.4.4g), A/duck/Guizhou/S4184/2017(H5NG6), (GZ/54184/17,
2.3.4.4h), and A/duck/Fujian/S1424/2020(H5N6) (FJ/S1424/20,
2.3.4.4h) were isolated during routine surveillance (GISAID Accession
Numbers: EPI3279858, EPI3279859, EPI3279860, EPI3279861,
EP13279862, EP13279863, EP11921590, EPI_ISL_202553, EP13279864,
and EPI3279865). H5 vaccine strains H5-Re8, H5-Rel1, H5-Rel3, and
H5-Rel4, with the surface genes from GZ/4/13, GZ/S4184/17, FJ/
$1424/20, and SX/4-1/20, respectively, developed in the backbone of
PR8 were maintained in our laboratory’***. Mouse myeloma cells (Sp2/
0) and human embryonic kidney cells (293T) were cultured in DMEM
medium supplemented with 10% fetal bovine serum (FBS). Madin-
Darby canine kidney (MDCK) cells were cultured in a DMEM medium
containing 5% FBS. All cell lines were incubated at 37 °C in a 5% CO,
atmosphere.

Production and purification of mAbs

mADbs were generated by using the hybridoma technique as previously
described™. In brief, 6-week-old female BALB/c mice received intra-
muscular injections containing 50 pg of the pCAGGS vector, which
facilitates the expression of the H5-Re11WT HA protein, suspended in
200 pl of phosphate buffered saline (PBS). The mice were boosted twice
with 10 pg of inactivated Rell vaccine with a two-week interval
between boosts. Hybrid cells were generated by the fusion of Sp2/0

myeloma cells and antibody-secreting cells. The positive hybridoma
cells were identified by using the HI assay, and then monoclonal
hybridoma cells (1.0 x 10* per mouse) were intraperitoneally injected
into BALB/c mice sensitized with Freund incomplete adjuvant (500 pl
per mouse). To quantify the mAbs, ascites antibodies from mice were
purified by using a protein G affinity column (GE Healthcare, USA),
and the concentration of the mAbs was measured by using a BCA
protein assay kit (Bevotime. China).

Construction of recombinant mutant virus

In this study, the mutants were rescued with an avirulent HA gene
featuring specified amino acid substitutions, along with the remaining
gene segments from PR8. Initially, the HA gene from HPAIV was
rendered avirulent by modifying the HA cleavage site, which contains
multiple basic amino acids, to include only one basic amino acid—a
characteristic typical of LPAIV. The recombinant viruses were then
rescued using reverse genetics, as previously described™. In brief,
293T cells were seeded in a 6-well plate one day prior to transfection.
Following the manufacturer’s instructions, the cells were transfected
with 4 pg of eight DNA plasmids (approximately 0.5 pg per plasmid)
using Lipofectamine® LTX (Invitrogen, USA). After 10 h, the medium
was replaced with Opti-MEM containing 0.125 pg/ml TPCK-trypsin
(Sigma, USA). The cells were then incubated for 48 h at 37 °C and 5%
CO, before harvesting the supernatant. To propagate the virus stocks,
embryonated chicken eggs were inoculated with the supernatant from
the transfected cells. After a 48 h incubation at 37 °C, the allantoic fluid
was harvested, and the presence of introduced mutations, as well as the
absence of any unwanted additional mutations, was confirmed through
sequencing.

HI and MN assays

In accordance with methods delineated in previous studies™, HI assays were
conducted using a panel of chicken antisera or mAbs as previously
described™. Sera or mAbs were mixed with 25 pl of PBS that contained four
hemagglutinating units of the indicated virus. The resulting mixture was
then maintained at room temperature for 20 min. Then, 25 ul of 1% chicken
erythrocytes was added to the mixture, which was incubated for an addi-
tional 20 min. The titers were recorded and expressed as the reciprocal value
of the highest dilution of serum that completely inhibited the agglutination
of the chicken erythrocytes.

The MN assay was conducted as previously described™. Briefly, the
serum was serially diluted 2-fold using DMEM medium supplemented with
1 mg/mL TPCK-trypsin. Then, 50 ul of the serially diluted serum was mixed
with 50 pl of DMEM medium containing 100 50% tissue culture infectious
dose (TCIDs) of the indicated virus and incubated at 37 °C for 1 h. The
mixture was then transferred onto MDCK cells in 96-well plates, and the
cells were cultured at 37 °C for 2 days. The MN titer is the highest dilution
that inhibited virus replication.

56

Western blotting

The glycosylation patterns of HA proteins were assessed through Western
blot analysis. Briefly, the viruses were purified through ultracentrifugation
on a 30% sucrose cushion at 28,000 rpm for 90 min. Then, the viruses were
diluted with PBS and stored at —80 °C for further analysis. For Western
blotting, the viruses were lysed with NP-40 buffer containing Halt Protease
Inhibitor Cocktail for 30 min at 4 °C. The presence of protein bands was
determined using the Odyssey infrared imaging system, following incuba-
tion with Re-11 chicken anti-sera and an IRDye™ 700DX-conjugated sec-
ondary antibody.

Antigenic cartography

The antigenicity distances between viruses were assessed at https://
www.antigenic-cartography.org/, as previously described””’”. The HI
or MN titers were subjected to mathematical transformation to gen-
erate a comprehensive table delineating antigenic distances. This
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transformation was conducted using the equation Dy = b; — log, (Hy),
where Hj; represents the titer corresponding to antigen i reacting
against serum j, b is the log of the peak titer identified in reactions with
serum j, and Dj; is the target distance between virus i and serum j.
Subsequently, to optimize the representation, the error function
represented as (Dij—dij)z was minimized, with dj; denoting the
Euclidean distance between two respective points delineated on
the map.

Chicken study

To make an inactivated vaccine, 10 ml of the indicated virus was diluted
with PBS to contain 7 log2 HA units in a volume of 50 pl, and then
thoroughly mixed with 20 ml of oil adjuvant in a vaccine-generating
machine. To evaluate the protective efficacy of the indicated vaccine
strain against four viruses, GZ/4/13 (2.3.4.4g), GZ/S4184/17 (2.3.4.4h),
FJ/S1424/20 (2.3.4.4h), and SX/4-1/20 (2.3.4.4b), a total of 120 chickens
were used. Groups of 30 three-week-old White Leghorn specific
pathogenic free chickens (hen) were injected intramuscularly with one
dose (0.3 ml) of H5-Rell, H5-Rell + 3, or PBS (10 chickens each,
randomly selected). Three weeks post-vaccination (p.v.), serum sam-
ples were collected from all experimental chickens and assessed for HI
antibody titers against both the vaccine strain and the challenge virus.
Subsequently, ten chickens, immunized with H5-Rell, H5-Rell + 3,
or with PBS, were intranasally challenged with 10° 50% egg infective
doses (EIDs) of the indicated virus. These challenged birds were
monitored for disease symptoms and mortality for two weeks following
the challenge. Oropharyngeal and cloacal swabs were collected on days
3 and 5 p.c. to detect the presence of the virus in 10-day-old embryo-
nated eggs. All the chickens were euthanized by CO, at the end of the
experiment.

Statistical analysis

The raw data obtained from the samples were transformed to a logarithmic
scale prior to conducting further analysis. To evaluate the statistical sig-
nificance between distinct groups, the Unpaired ¢-test was employed using
GraphPad Prism (v8) software, assuming that both populations have an
identical standard deviation (SD). A p-value of less than 0.05 was considered
statistically significant.

Data availability

All data pertaining to this study are available within the main body of this
paper or in the Supplementary Materials section. Additionally, the resour-
ces, data, and reagents utilized in this study can be obtained from the
corresponding author upon reasonable request.
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