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% Check for updates Highly pathogenic avian influenza (HPAI) H5 viruses have recently been

documented in mammals including humans, posing a major threat to global
public health. To prevent a potential H5 pandemic, it is critical to elucidate the
antigenic evolutionary pattern and identify key drivers underlying its evolu-
tion. In this work, we construct a comprehensive antigenic map of H5 influenza
viruses spanning their evolutionary history and classified three antigenic
clusters with no cross-neutralization. The first corresponds to ancestral clades,
the second to 2.3.4.4* clades being predominant since 2010, and the third to
2.3.4.4 h clade. Despite the gradually increasing genetic distances from
ancestral to 2.3.4.4* to 2.3.4.4 h, their antigenic evolution does not follow the
same progressive pattern: the antigenic distance between 2.3.4.4 h and
ancestral is smaller than that between 2.3.4.4* and ancestral. This divergence is
associated with two distinct mutation patterns at six key amino acid positions:
(1) persistent mutations at positions 88 (N>R >S), 199 (D > N>S), and 205
(K>N>D), and (2) reversible mutations at positions 131 (Q >L>Q), 139 (S>
P>S), and 289 (N > H > N). These findings not only reveal the antigenic evo-
lution mechanism of H5 influenza, but also provide important guidance for
vaccine strain selection and broad-spectrum vaccine development.

Since the emergence of the highly pathogenic avian influenza (HPAI) in dairy cattle. More concerningly, a case of H5N1 infection in a dairy

H5N1 virus A/Goose/Guangdong/1/1996(GD/96), this subtype has
rapidly spread through wild bird populations in Europe, Africa, North
America, and Asia, with several lineages evolving'~. Clade 2.3.4.4b, first
detected in wild birds in Europe and Asia, caused multiple spillover
events among poultry and mink at the end of 2021, followed by sub-
sequent spread to wild mammals such as water rails, sea lions, red
foxes and striped skunks®®. In late March 2024, the United States
Department of Agriculture (USDA) reported an outbreak of H5N1 virus

farm worker was reported in Texas in the same month’. Since then,
clade 2.3.4.4b has expanded to 15 states, resulting in dozens of infec-
tions and one death in humans'®". The expanding pattern of zoonotic
transmission underscores the risk that continued viral evolution could
enable sustained human-to-human transmission and potentially pre-
cipitate an influenza pandemic.

In response to the potential threat of pandemic H5 viruses, nearly
30 vaccine stockpiles have been established globally, including
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A/Vietnam/1203/2004 (clade 1), A/Indonesia/05/2005 (clade 2.1), and
more recently A/Astrakhan/3212/2020 (clade 2.3.4.4b)"*. However,
the protective efficacy of these stockpile vaccines against currently
prevalent strains has yet to be evaluated. Given that the protective
efficacy of vaccines is largely determined by the degree of antigenic
match between vaccine strains and circulating viruses'™®, delineating
the antigenic relationships of H5 viruses and identifying the key amino
acid substitutions driving their antigenic evolution is essential for
assessing the effectiveness of existing vaccines and informing future
vaccine strain selection.

Previous studies on H5N1 antigenic evolution have primarily
focused on variations within individual clades. For example, Koel et al.
demonstrated that antigenic variation of clade 2.1 H5N1 virus is deter-
mined by 129, 133, 151, 183, 185 and 189, which are immediately adjacent
to the receptor binding site”. Zhong et al. showed that three sub-
stitutions in antigenic region B, especially D205K, are the major con-
tributors to the antigenic drift of the novel branch of clade 2.3.4%. Li
et al. revealed an evident impact of mutations at sites 88, 156, 205, 208,
239 and 289 to the HA antigenicity and highlighted that the combined
mutations at sites 205 and 208, were the major antigenic determinant
of clade 2.3.4.4*. Zhang et al. examined eight antigenic sites (115, 120,
124,126, 140, 151, 156, and 185) that determine the antigenic differences
between two HS5 vaccine strains, H5-Re8 (clade 2.3.4.4 g) and H5-Rell
(clade 2.3.4.4 h)*. Besides, several studies have characterized the anti-
genic evolution of HS influenza viruses. Thi et al. constructed an anti-
genic map of H5 viruses spanning from 2001 to 2014%. Kok et al.
systematically characterized the global antigenic evolution landscape
of H5 viruses and engineered immunogenic and antigenically central
vaccine HA antigens®. However, the antigenic transition pattern during
long-term evolution of H5 viruses and the key amino acid substitutions
driving their antigenic transitions remain to be elucidated.

In this work, we establish an H5 pseudotyped virus library containing
different clades and obtained sera from guinea pigs immunized with
vaccine-recommended strains. Through systematic neutralization assays,
we construct a comprehensive antigenic map spanning the evolutionary
history of H5 influenza viruses, reveal substantial differences between
their antigenic and genetic evolution, and identify the amino acid sub-
stitutions associated with transitions between adjacent antigenic clus-
ters. Additionally, we assess the neutralizing capacity of stockpile
vaccine-induced serum against clade 2.3.4.4b, 23.2.1a, 2.3.2.1c and
2.3.4.4 h viruses. These findings not only advance our understanding of
HS5 influenza virus antigenic evolution, but also provide insights for
vaccine strain selection and broad-spectrum vaccine development.

Results
Antigenic evolution of H5 influenza virus
Following evolutionary analysis and intensive sampling of three H5
influenza viruses (H5N1, H5N6, and H5NS), 135 strains were selected to
establish the H5 pseudotyped virus library (Supplementary Fig. 1,
Supplementary Table 1, Supplementary Table 2). High-throughput
neutralization assays were conducted using sera from guinea pigs
immunized with 28 strains (24 vaccine strains and four representative
strains) to systematically characterize the antigenic properties of H5
viruses. Based on the neutralization heatmap of H5 vaccine-immunized
serum against representative strains, we identified three antigenic
clusters of HS5 viruses that do not cross-neutralize each other (Fig. 1a,
Supplementary Fig. 2). The first corresponds to ancestral clades
(including 0 -9, 2.1%, 2.2*, 2.3.2%, 2.3.4*), the second to 2.3.4.4* clades
(including 2.3.4.4, 2.3.4.4b, 2.3.4.4c, 2.3.4.4¢, and 2.3.4.4 g) being pre-
dominant since 2010, and the third to 2.3.4.4 h clade. Similar antigenic
classification was observed across different NA subtypes, including
H5N1, H5N6, and H5NS (Supplementary Fig. 3).

The genetic map (Fig. 1b, Supplementary Fig. 4.) showed that the
three antigenic clusters presented a sequential distribution in genetic
space, with the genetic distance gradually increasing from ancestral to

2.3.4.4* to 2.3.4.4 h (Fig. 1d), consistent with the topology of the phy-
logenetic tree. However, the antigenic map (Fig. 1c) revealed that the
antigenic evolution does not follow the same progressive pattern: the
antigenic distance between 2.3.4.4 h and ancestral is smaller than that
between 2.3.4.4* and ancestral (Fig. 1d). Based on the average titer
calculations against different antigens, ancestral-immunized sera
exhibited significantly higher neutralization against 2.3.4.4 h versus
2.3.4.4* (P=0.0004), 2.3.4.4*immunized sera showed stronger neu-
tralization against 2.3.4.4 h than ancestral (P=0.0727) and 2.3.4.4h-
immunized sera exhibited significantly higher neutralization against
2.3.4.4* versus ancestral (P=0.0022) (Fig. 1e, Supplementary Fig. 5).
Therefore, between ancestral and 2.3.4.4 h, there is a larger genetic
distance but a smaller antigenic distance, suggesting a non-linear
relationship between antigenic and genetic evolution of H5 influenza
viruses.

Epidemiology of the main human-infected clades and the pro-
tective effect of existing vaccines

Epidemiological data showed that ancestral clades were predominant
before 2010, with clades 0-~9, 2.1*, 2.2*, 2.3.2*, and 2.3.4* emerging
successively. Around 2010, 2.3.4.4* clades emerged and gradually
replaced ancestral clades, with clade 2.3.4.4b becoming predominant.
2.3.44h was a small clade detected in limited regions and out-
competed by clade 2.3.4.4b after 2020 (Fig. 2a). The clades with
documented human infections since 2021 included 2.3.2.1a, 2.3.2.1c,
2.3.4.4b, and 2.3.4.4 h. Based on available sampling data, although
2.3.21a, 2.3.2.1c, and 2.3.4.4 h had fewer sampled strains, they exhib-
ited higher proportions of documented human infections (0.68%,
7.09%, and 8.89%, respectively) compared to the most frequently
sampled strain 2.3.4.4b (0.19%) (Fig. 2a, b). This observation indicates
that low-prevalence strains may have a high zoonotic potential and
epidemiological surveillance needs to focus on the clades 2.3.2.1a,
2.3.21c, and 2.3.4.4h. Clades 2.3.2.1a, 2.3.2.1c, and 2.3.4.4 h exhibit
geographically restricted distributions, primarily concentrated in
Asian countries. Among them, 2.3.2.1a and 2.3.2.1c are H5NI1-specific,
and 2.3.4.4 h is H5Né6-specific. Unlike the three clades above, the most
widespread clade, 2.3.4.4b, is distributed across multiple continents
and includes H5N1, H5N6, and H5NS (Fig. 2b).

We further analyzed the neutralizing ability of vaccine strains
from clades 2.3.4.4b, 2.3.4.4 h, 2.3.2.1a, and 2.3.2.1c (Fig. 2¢). The vac-
cine strains recommended by WHO for 2.3.4.4b in the past two years
are CR21 and AS20, both of which showed high neutralization activity
against clade 2.3.4.4b viruses, with titers range 1000-10,000. Addi-
tionally, we observed that TE24 (bovine-origin human isolate)-immu-
nized serum exhibited slightly higher neutralization titers against
clade 2.3.4.4b viruses compared to AS20 and CR21. The vaccine strain
for clade 2.3.2* neutralized 2.3.2.1c better than it did 2.3.2.1a. We also
note that the remaining vaccine strains within ancestral clades, such as
VIO4 and CAO7, can achieve a neutralization level of approximately
1000 for these two clades. The vaccine strain GD18 and the repre-
sentative strain GX17 for clade 2.3.4.4h neutralized most of the
2.3.4.4 h viruses with antibody levels of approximately 10,000. The
remaining two representative strains were relatively poorly immuno-
genic. The vaccine strains of ancestral and 2.3.4.4* clades both had
neutralization titers below 1000 against the 2.3.4.4 h strains. In sum-
mary, the immunized serum elicited by WHO-recommended candidate
vaccine strains demonstrate substantial protection against viruses of
corresponding clades.

Transition mechanisms between adjacent antigenic clusters

Between ancestral and 2.3.4.4* clades, six substitutions N88R, Q131L,
S139P, D199N, K205N, and N289H were identified (Fig. 3a, Supple-
mentary Fig. 6). We then evaluated the antigenic escape of these
mutations, both individually and in various combinations, using site-
directed mutagenesis (Supplementary Fig. 7a). In the forward
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Fig. 1| Antigenic relationships of H5 influenza viruses. a Molecular clock evo-
lutionary tree of representative H5 viruses and heatmap of neutralization titers of
corresponding pseudoviruses. In the phylogenetic tree, the blue, red, and green
areas indicate ancestral clades, 2.3.4.4* and 2.3.4.4 h, respectively. The vertical
coordinates in the heatmap indicate the abbreviation of each vaccine strain and
clade. Values in the heatmap indicate the logarithm (logyo) of the neutralization
titer ratio between the representative strain and the vaccine strain. The results are
based on 2-3 technical replicates. Three-dimensional genetic map (b) and antigenic
map (c) of H5 viruses, with their two-dimensional projections shown in the x-y, y-z,
and x-z planes. d The average genetic and antigenic distances among three anti-
genic clusters. e Cross-neutralization assays of immunized sera against different

antigens. The figure shows cross-neutralization of seventeen ancestral-immunized
sera against forty-nine 2.3.4.4* antigens and nine 2.3.4.4 h antigens (0.042 + 0.048
vs. 0.056 + 0.058), seven 2.3.4.4*immunized sera against seventy-seven ancestral
antigens and nine 2.3.4.4 h antigens (0.050+0.062 vs. 0.062+0.083), and four
2.3.4.4h-immunized sera against seventy-seven ancestral antigens and forty-nine
2.3.4.4* antigens (0.047 + 0.103 vs. 0.050 + 0.040), with all statistical comparisons
performed using two-sided Wilcoxon rank-sum tests without adjustment for mul-
tiple comparisons. The definitions of the minimum, maximum, center, box and
whisker bounds, and percentiles for the box plot are provided in Supplementary
Table 3. Source data are provided as a Source Data file.
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Fig. 2 | Epidemiology of the circulating clades and the protective effect of
existing vaccines. a Epidemiology of different clades of the H5 influenza virus
antigenic cluster. The figure depicts the epidemiology of each clade over time, the
distribution of human infections across the various clades, and the proportion of
documented human infections in each clade since 2021. b Geographical distribu-
tion of clades 2.3.2.1a, 2.3.2.1c, 2.3.4.4b, and 2.3.4.4 h and the composition of dif-
ferent NA subtypes and hosts. ¢ Analysis of the neutralization of clade 2.3.2.1a,

HK10 V12
serum

BA18 HKO08 SI14 AS20 CR21 TE24 WA14 HY16 VI20 GX17 GD18 FJ19 GX21

2.3.2.1c, 2.3.4.4b, and 2.3.4.4 h strains by of 28 immunized serum. The dotted line
represents a neutralizing antibody titer of 1000. Strains from different clades are
shown in different colors. Circles in the columns indicate the different strains in the
clade (n=3 (clade 2.3.2.1a), 10 (clade 2.3.2.1c), 29 (clade 2.3.4.4b) and 9 (clade
2.3.4.4 h)). Values were shown as geometric means with geometric standard
deviations (SD). The results are based on 2-3 technical replicates. Source data are
provided as a Source Data file.
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Fig. 3 | Key amino acid substitutions driving transitions between adjacent
antigenic clusters of H5. a Detailed mutation information of 6 M and 6’M.

b Identification of key mutations determining antigenic difference between
ancestral and 2.3.4.4* clades. Ancestral (forward) and 2.3.4.4* (reverse) was used as
template for mutational modifications to assess the escape from ancestral (n=2
biological samples) and 2.3.4.4*immunized serum (n =3 biological samples).
Values were shown as geometric means with geometric standard deviations (SD).
c Identification of key mutations determining antigenic difference between 2.3.4.4*
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clades and 2.3.4.4 h clade. 2.3.4.4* (forward) and 2.3.4.4 h (reverse) was used as
template for mutational modifications to assess the escape from 2.3.4.4* and
2.3.4.4h-immunized serum (n =3 biological samples). d Distribution of positions
88, 131, 139, 199, 205, and 289 across epitopes on the H5 HA protein, using the H3
epitope classification as a reference. e Evolutionary trajectories of positions 88,131,
139, 199, 205, and 289. Dashed lines separate ancestral, 2.3.4.4*, and 2.3.4.4 h, and
the different colors represent various amino acids. The results are based on 3
technical replicates. Source data are provided as a Source Data file.

validation, ancestral+6 M (six mutations based on ancestral) and
ancestral+kK205N showed an approximately 10-fold escape from
ancestral-immunized serum, comparable to 2.3.4.4* (Fig. 3b). The
reverse validation results showed 2.3.4.4*-6M (six mutations based on
2.3.4.4*) had an approximately 50-fold escape from 2.3.4.4*immu-
nized serum, comparable to ancestral (Fig. 3b), but 2.3.4.4*-K205N did
not lead to escape. Based on the bidirectional validation results, we
concluded that the antigenic difference between ancestral and 2.3.4.4*
clades is associated with the six substitutions (N88R, Q131L, S139P,
D199N, K205N and N289H).

Between 2.3.4.4* and 2.3.4.4 h, we identified amino acid sub-
stitutions at the same six positions: 88, 131, 139, 199, 205, and 289.
Specifically, 88 R, 199 N, and 205 N were mutated to 88S, 199S, and
205D, while 131L, 139 P, and 289H reverted to 131Q, 139S, and 289 N
(Fig. 3a). Further, we evaluated the antigenic escape of these muta-
tions, both individually and in various combinations, using site-
directed mutagenesis (Supplementary Fig. 7b). 2.3.4.4*+6’M (six
mutations based on 2.3.4.4*) and 2.3.4.4*+L131Q +P139S caused
approximately 10-fold escape from 2.3.4.4*immunized serum

(Fig. 3c). The reverse validation results showed 2.3.4.4h-6'M (six
mutations based on 2.3.4.4 h) had an approximately 20-fold escape
from 2.3.4.4h-immunized serum, comparable to 2.3.4.4*(Fig. 3c), but
2.3.4.4h-L131Q-P139S did not lead to significant escape. Based on the
bidirectional validation results, the antigenic difference between
2.3.4.4*and 2.3.4.4 his associated with six substitutions (R88S, L131Q,
P139S, N199S, N205D and H289N).

As a result, we identified that six amino acid positions 88, 131, 139,
199, 205 and 289 play important roles in antigenic difference between
three antigenic clusters. These six positions are distributed across
multiple antigenic epitopes (Fig. 3d, Supplementary Fig. 8). Positions
139, 199, and 205 are located within antigenic region B, 289 maps to
region C, and positions 88 and 131 are situated near regions E and A,
respectively. Importantly, these six sites exhibit two mutation patterns,
persistent mutations at positions 88 (N>R >S),199 (D > N >S), and 205
(K>N>D), and revertant mutations at positions 131 (Q>L>Q), 139
(S>P>S), and 289 (N>H>N) (Fig. 3e, Supplementary Fig. 9a). The
revertant mutations may explain the antigenic reversion observed in
2.3.4.4 h despite its continued genetic evolution.
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Mechanisms underlying antigenic differences among

ancestral clades

Ancestral clades included clades 0-~9, 2.1%, 2.2* 2.3.2* and 2.3.4*
Among them, the vaccine strains in clade 0~9 and 2.3.4* are usually
able to neutralize most of strains contained in ancestral clades (Fig. 4a,
b). In contrast, vaccine strains in clades 2.1*, 2.2*, and 2.3.2* only
neutralize their corresponding clade strains (Fig. c-d), indicating
some degree of antigenic drift in 2.1*, 2.2, and 2.3.2*. Further, we

sought to identify amino acid substitutions responsible for these
antigenic drifts.

Between GD96 and clade 2.1*, seven mutations (Fig. 4e, Supple-
mentary Fig. 6), N61D, N140D, D142E, S157P, A172T, K205R, and E228K
were identified. In the forward validation, GD96 +7 M (seven muta-
tions based on GD96) and GD96 + N61D + D142E + S157P + E228K
showed more than 30-fold escape from GD96-immunized serum,
comparable to clade 2.1* (Fig. 4f). The reverse validation also
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Fig. 4 | Mechanisms underlying antigenic differences among ancestral clades.
a-b Neutralizing capacity of vaccine strains from clades 0 - 9 and 2.3.4* against all
clades within ancestral (n =17 (clade 0 - 9), 13 (clade 2.1*), 8 (clade 2.2*), 11 (clade
2.3.2%), and 13 (clade 2.3.4*)). Values were shown as geometric means with geo-
metric standard deviations (SD). c-d Neutralizing capacity of vaccine strains from
clades 2.1%, 2.2*, and 2.3.2* against all clades within ancestral. e Phylogenetic
topology among clades within ancestral and amino acid substitutions in clades 2.1*%,
2.2*, and 2.3.2* compared to GD96. f Identification of mutations contributing to
antigenic difference between GD96 and 2.1*. GD96 (forward) and 2.1* (reverse) was
used as template for mutational modifications to assess the escape from GD96 and
2.1*immunized serum. Modifications included 7 M, various mutation combinations
(n=3 biological samples). g Identification of mutations contributing to antigenic

difference between GD96 and 2.2*. GD96 (forward) and 2.2* (reverse) was used as
template for mutational modifications to assess the escape from GD96 and 2.2*
immunized serum. Modifications included 8 M, various mutation combinations
(n=3 biological samples). h Identification of mutations contributing to antigenic
differences between GD96 and 2.3.2* The clade 2.3.2* (reverse) and GD96 (forward)
was used as a template for revertant mutation to assess the escape from clade 2.3.2*
and GD96-immunized serum. Modifications included 10 M, various mutation
combinations (n =3 biological samples). i Distribution of positions 61, 69, 110, 140,
142,145, 149, 154, 157, 171, 172, 205, 228, 243, and 285 across epitopes on the H5 HA
protein surface, using the H3 epitope classification as a reference. The results are
based on 3 technical replicates. Source data are provided as a Source Data file.

demonstrated that the 21*7M and 2.1*-N61D-D142E-S157P-
E228K exhibited escape from 2.1*immunized serum at levels com-
parable to GD96 (Fig. 4f). Other combinations and single mutation
exhibited only partial or minimal immune escape (Supplementary
Fig. 10a, b). Thus, we conclude that four substitutions (N61D, D142E,
S157P, and E228K) drove the antigenic difference between GD96 and
clade 2.1*

Between GD96 and clade 2.2* eight mutations (Fig. 4e, Supple-
mentary Fig. 6), N61D, D110N, N140D, D142E, H154Q, S171N, K205R,
and E228K were identified. In the forward validation, GD96 + 8 M (eight
mutations based on GD96) and GD96 + N61D + D142E + E228K showed
approximately 60-fold escape from GD96-immunized serum, com-
parable to clade 2.2* (Fig. 4g). However, the reverse validation showed
that 2.2*-8M (eight mutations based on 2.2*) and 2.2*-N61D-D142E-
E228K exhibited approximately 5-fold escape from 2.2*immunized
serum, which is slightly less than that of GD96 (Fig. 4g). Other com-
binations and single mutation exhibited only partial or minimal
immune escape (Supplementary Fig. 10c-d). Thus, we conclude that
three substitutions (N61D, D142E, and E228K) were related to the
antigenic difference between GD96 and clade 2.2*, but some unvali-
dated sites may also play certain roles.

Between GD96 and clade 2.3.2%, ten mutations (Fig. 4e, Supple-
mentary Fig. 6), R69K, DI110N, N140D, S145L, S149A, H154Q, S171N,
K205R, E243D, and L285V were identified. In the reverse validation,
2.3.2*10M (ten mutations based on 2.3.2*), 2.3.2*-N140D-K205R, 2.3.2*-
DI10N-H154Q-S17IN, and 2.3.2*-R69K-S145L- S149A-E243D-L285V
showed more than 10-fold escape from 2.3.2*immunized serum,
comparable to GD96 (Fig. 4h). However, the forward validation
showed that these combinations did not lead to escape. The asym-
metric results between forward and reverse validation suggest a
complex antigenic relationship between GD96 and clade 2.3.2*. The
antigenic difference may be associated with all ten mutations, while
other unvalidated sites might also contribute to some extent.

These results suggest that the antigenic differences within
ancestral clades were determined by concerted mutations at multiple
positions (Supplementary Fig. 9b). The evolutionary trajectories of
these positions showed that most positions underwent only two amino
acid substitutions, whereas positions 140 and 205 experienced more
than three amino acid changes (Supplementary Fig. 11). Structural
analysis (Fig. 4i, Supplementary Fig. 8) revealed that these mutations
were mainly concentrated in five epitopes, especially in epitopes A
(140, 142, 154, 157) and B (171, 172, 205), suggesting that these regions
were hotspots for antigenic variation in H5 viruses.

Discussion

The hemagglutination inhibition (HI) assay is a classical and reliable
method in the antigenicity studies of influenza viruses. However, the
use of chicken erythrocytes has been shown to measure the relative
insensitivity of the human response to the avian influenza virus
H5N1**%%, The pseudovirus-based neutralizing antibody assay is more
sensitive, convenient, and safer to operate, and has been validated to
correlate well with classical HI assay”. Based on the pseudovirus

system, we constructed the comprehensive antigenic map of H5
influenza viruses spanning their evolutionary history.

Although H5 viruses evolved into multiple genetic clades, they can
be clearly divided into three major antigenic clusters based on their
antigenic properties. The three antigenic clusters exhibit characteristic
patterns in their NA subtypes, host ranges, and geographic distribu-
tions. The first corresponded to ancestral clades, which focused on
H5NI1 subtypes, and were concentrated in several Asian countries. The
five clades within ancestral were endemic in different regions during
the same period (2005 -~ 2012). The second corresponded to 2.3.4.4*
clades, which encompasses HSN6 and H5N8 subtypes in addition to
H5N1. Notably, clade 2.3.4.4b emerged in the Middle East and became
the predominant clade across Asia, Europe, and Africa®®™°. Its host
range and cross-species transmission potential have further expanded
following persistent outbreaks in U.S. dairy populations®. 2.4.4.4 h
clade, introduced by migratory birds in 2018, was classified as the third
antigenic cluster in our study. This clade showed considerable anti-
genic difference from the vaccine strain H5-Re8 (clade 2.3.4.4g),
leading to the development of a new, antigenically matched vaccine
designated H5-Rel1>*,

The currently globally concerning clade 2.3.4.4b belonged to the
second antigenic cluster. In response to its threat, the Centers for
Disease Control and Prevention (CDC) has developed two candidate
vaccine strains (CVVs): A/Astrakhan/3212/2020 (AS20) and A/Amer-
ican Wigeon/South Carolina/USDA-000345-001/2021 (CR21). Recent
studies demonstrated that A/Texas/37/2024 (TE24), isolated from a
farm worker in Texas, showed cross-reactivity with the CVVs and was
effectively neutralized by ferret antisera induced by CVVs*. Our study
also confirms that TE24-immunized guinea pig sera exhibit compar-
able or even higher neutralization levels against the 2.3.4.4b strain
compared to AS20 and CR21. In addition, other vaccine strains within
the 2.3.4.4* clades also showed effective neutralization.

In this study, we identified a unique non-linear transition pattern
among the three antigenic clusters, where antigenic distance is
decoupled from genetic distance of HS5 influenza virus. Phylogeneti-
cally, ancestral to 2.3.4.4* to 2.3.4.4 h represents a linear progression
with sequentially increasing genetic distances. However, antigenically,
the distance between ancestral and 2.3.4.4 h was smaller than that
between ancestral and 2.3.4.4*%, indicating nonlinear divergence. This
unique non-linear antigenic evolution pattern differs from that
observed in H3N2 and HINI subtypes. Smith et al.** identified 11 anti-
genic clusters that characterized the antigenic profile of H3N2 viruses
from 1968 to 2003, demonstrating a remarkable correspondence
between antigenic and genetic evolution. Liu et al.** developed PRE-
DAC-H1, a computational method for predicting antigenicity of human
influenza A (HIN1) viruses, which systematically mapped the antigenic
patterns and evolution of human HINI1 viruses, revealing a stepwise
linear evolutionary relationship in the HIN1 subtype. These results
indicated the diverse patterns of antigenic evolution among different
influenza virus subtypes.

Further, we found the nonlinear antigenic evolution is associated
with two distinct mutation patterns at six key amino acid positions: (1)
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persistent mutations at positions 88 (N >R >S),199 (D >N >S), and 205
(K>N>D), and (2) reversible mutations at positions 131 (Q > L >Q), 139
(S>P>S), and 289 (N>H>N). Structurally, the six key sites exhibit
diverse distribution characteristics on the HA protein. Positions 205 and
199 are located in the top of antigenic region B, directly exposed to
immune recognition; position 139 lies within region A; positions 131 and
88 are situated on the lateral surface; and position 289 is positioned
near the stem region within region C.

The progressive mutation at position 88 (N >R >S) progressively
altered the surface charge distribution, potentially affecting antibody
binding, such as with H5M9 and 100F4°. For position199, the D >N>S
substitution may facilitate immune escape to some antibodies (20A11,
16F13, 13D4) by altering glycosylation patterns®. The mutation K>
N> D at 205 position may alter surface charge distribution, which has
been validated to affect the binding with many antibodies, such as
AVFLulgGO03, VNO4-(2, 8, 9), 20A11, 16F13, 13D4, 3B1, 3H11, 4C2, 2D9,
and so on***", These results indicated the import role of position 205 in
the H5 virus antigenic evolution.

Reversions suggest a trade-off between immune escape and
structural-functional constraints. The reversion at site 139 (S>P>S),
may help restore the conformational flexibility essential for this region,
as the rigidity introduced by proline could impair protein function®*’,
The reversion at site 131 (L > Q > L), may help preserve the appropriate
hydrophobicity and spatial structure in this area. Meanwhile, the
reversion at site 289 (N > H > N) is likely important for maintaining the
original glycosylation pattern, which plays a critical role in viral stability
and immune evasion*®*!, These reversion mutations suggest that while
the virus acquires immune escape capabilities, it is necessary to pre-
serve fundamental structural stability and biological function.

Due to substitutions N88R, Q131L, S139P, D199N, K205N and
N289H, 2.3.4.4* achieved substantial immune escape from ancestral
clades and became the dominant strain after 2010. In contrast,
although 2.3.4.4h continued to evolve at the same six positions,
revertant mutations at positions 131, 139, and 289 have increased its
antigenic similarity to ancestral. This unexpected structural reversion
likely reduced its competitive advantage in hosts with pre-existing
immunity, leading to its replacement by 2.3.4.4* after limited regional
circulation. It is worth noting that structural and immunological ana-
lyses cannot fully explain the antigenic convergence and reversion.
Further biochemical and phenotypic studies will be essential to clarify
the precise role of these sites in viral fitness and transmission.

In the ancestral clades, vaccine strains from clades 0 - 9 and 2.3.4*
showed broad neutralization ability against all clades within ancestral,
whereas vaccine strains from clades 2.1* 2.2%, and 2.3.2* provided
protection only against their respective clades. The antigenic specifi-
city of three clades was related with the synergistic effects of “N61D,
D142E, S157P, E228K”, “N61D, D142E, E228K”, and “R69K, DI11ON,
N140D, S145L, S149A, H154Q, S17IN, K205R, E243D, L285V”, respec-
tively. Several of these positions have been previously reported in
other studies, such as key positions126, 141, 156, and 189 (corre-
sponding to 142,157,172, and 205 in our numbering system) identified
by Zhang et al.’; positions 129, 133, 183, and 189 (corresponding to
positions 145, 149, 199, and 205 in our numbering system) determined
by Koel et al.”’. Additionally, Li et al.”* identified positions and 205 as
crucial antigenic determinant positions.

During the validation of key positions, we observed some incon-
sistencies in bidirectional verification results. For instance, when bidir-
ectionally testing the 6 M and 6'M mutants, the results deviated from
initial expectations (Fig. 3b, c, Supplementary Fig. 7). We propose that
other positions likely contribute as well, potentially through strain-
specific functional adaptations, although these six key residues can
cause the antigenic change. Similar inconsistencies emerged during
validation between GD96 and 2.1*, GD96 and 2.2*, as well as GD96 and
2.3.2* (Fig. 4f-h, Supplementary Fig. 10), indicating other unvalidated
sites might also contribute to some extent. We acknowledge that our

screening process could not comprehensively cover all variant sites due
to the substantial workload involved, representing a limitation of our
validation approach. Therefore, the key positions identified in this study
should be interpreted with the understanding that uncharacterized
sites may also contribute to the observed phenotypes.

In this study, we established a comprehensive antigenic map of H5
influenza virus, systematically elucidated its non-linear antigenic evo-
lutionary pattern, and identified the amino acid substitutions being
related with antigenic evolution. Most identified antigenic sites are
located in the HA head domain, resembling immune escape mutation
distribution observed in human influenza viruses H3N2 and HIN1***,
For H3 and H1 subtypes, studies have shown they experience relatively
weaker immune pressure from avian hosts compared with human*e,
Since H5 viruses currently circulate primarily in avian species and only
sporadically infect humans without sustained human-to-human
transmission capability, we hypothesize that their exposure to
human immune selection pressure remains relatively low. However,
should H5 viruses acquire efficient human-to-human transmissibility,
their antigenic evolution patterns may change. For example, certain
mutations could alter receptor-binding specificity'®*’ (shifting from
«2,3- to a2,6-sialic acid preference). Under human population immune
pressure, immune escape may accelerate, potentially increasing HA
mutation rates. Additionally, reassortment with seasonal influenza
strains could introduce novel antigenic combinations. Therefore,
continuous monitoring of H5 antigenic variation is imperative.
Although clade 2.3.4.4b currently predominates, clades 2.3.2.1a and
2.3.2.1c are also actively circulating. Given that no current vaccine
offers broad protection against these epidemic clades, we recommend
establishing comprehensive surveillance systems while developing
broadly protective vaccines.

Methods

Cells

MDCK (Canis familiaris, kidney, RRID: CVCL-0422) and 293 T (Homo
sapiens, embryonic kidney, RRID: CVCL-0063) cell lines were obtained
from the American Type Culture Collection. All cell lines were cultured
in Dulbecco’s modified Eagle medium (DMEM, high glucose; HyClone,
Cat#SH30243.01) with 100 U/ml of penicillin-streptomycin solution
(GIBCO, Cat#15140163), and 10% fetal bovine serum (TransGen Bio-
tech, Cat#FS201) at 37 °C in a humidified atmosphere with 5% CO,.

Vaccine and representative strain selection

A total of 135 experimental strains were used in this study, including 24
vaccine strains, and 111 representative strains (Supplementary
Tables 1-2). The vaccine strains were recommended by the WHO for
2024-2025 (https://www.who.int/teams/global-influenza-programme/
vaccines/who-recommendations/zoonotic-influenza-viruses-and-can-
didate-vaccine-viruses). The 111 sequences were selected as follows. As
of 29 May 2024, 17,591, 2623 and 3571 HA protein sequences were
downloaded from the Global Initiative on Sharing All Influenza Data
(GISAID) database for H5N1, H5SN6 and HS5NS, respectively. Taking
H5NI1 as an example, sequences from the human host were dedupli-
cated using a similarity threshold of 0.98, resulting in 40 sequences;
sequences from other mammalian hosts (excluding humans) were
deduplicated using a similarity threshold of 0.99, resulting in
24 sequences; and sequences from avian hosts were deduplicated
using a similarity threshold of 0.96, resulting in 12 sequences. There-
fore, a total of 76 sequences were selected as representative
H5N1 strains. Using the same strategy, 27 and 8 sequences were
selected as representative strains for HSN6 and H5NS, respectively. In
total, 111 H5 influenza virus strains, 24 vaccine strains were selected for
subsequent pseudotyped virus construction. These representative
strains covered all clades of H5 viruses and showed even distribution
across the phylogenetic tree of H5, demonstrating their representa-
tiveness (Supplementary Fig. 1).
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Phylogenetic tree construction

Multiple sequence alignment was performed using MAFFT v7.505 with
the A/Goose/Guangdong/1/96 (H5N1) (GD/96) strain as the reference
sequence. A maximum likelihood phylogenetic tree was constructed
with FastTree v2.1.11 using the optimal amino acid substitution model.
For evolutionary parameter estimation, divergence time and evolu-
tionary rate were estimated within a Bayesian framework using BEAST
v2.7.7 with an uncorrelated relaxed molecular clock model assuming a
lognormal distribution. The Blosumé62 substitution model was
employed with gamma-distributed rate heterogeneity and a propor-
tion of invariant sites. The MCMC chain was run for 50 million gen-
erations with sampling every 1,000 generations. The MCMC results
were analyzed using Tracer v1.7.2 to ensure effective sample sizes
greater than 200. Finally, a maximum clade credibility (MCC) tree was
generated using TreeAnnotator with 20% burn-in and node heights set
to posterior mean values.

Site-directed mutagenesis

The HA and NA protein sequences listed in Supplementary Tables 1-2
were downloaded from GISAID. PcDNA3.1-HA and pcDNA3.1-NA
recombinant plasmids were constructed by inserting the codon-
optimized HA and NA sequences of H5 viruses into pcDNA3.1. The
entire sequence was synthesized on the backbone plasmid
pcDNA3.1(+) using General Biological System (Anhui, China). The
pcDNA3.1-HA plasmid was used as the template to generate the plas-
mid harboring specific mutations of HA. Following site-directed
mutagenesis PCR, the template chain was digested using Dpnl
restriction endonuclease (NEB, USA). Afterwards, the PCR product was
directly used to transform E. coli DH5a competent cells, after which
single colonies were selected and the construct sequenced.

Pseudotyped virus production

Onday1,293T cells were resuspended to a concentration of 5 ~ 7 x 10°
cell/ml and seeded into a T75 culture flask (15 mL cell suspension per
flask). Cells were incubated overnight at 37 °C in a humidified incu-
bator with 5% CO». On day 2, 293 T cells were co-transfected with the
HA plasmid, NA plasmid and HIV backbone plasmid (pSG3Aenv-
FlucAnef) at a mass ratio of 1:1:2 using transfection reagent
Lipofectamine™ 3000 (Invitrogen, Carlsbad, CA, USA). These cells
were incubated at 37 °C with 5% CO, for 6 hours, after which the
medium was replaced with fresh DMEM supplemented with
1% fetal bovine serum (FBS). At 48 hours post-transfection, the
virus-containing supernatant was collected, filtered through a 0.45-
pum pore-size polyethersulfone membrane (Millipore, Cat#
SLHPO33RB), aliquoted into 2 mL cryovials, and stored at —80 °C until
further use.

Production of immunized sera

Animal experiments were conducted in strict accordance with the
institutional animal care and use guidelines of the Institute of Medical
Biology, Chinese Academy of Medical Sciences & Peking Union Medi-
cal College (IMBCAMS, Yunnan, China). The experimental protocol
received formal approval from the IMBCAMS Animal Ethics Commit-
tee (Approval No. DWSP20240616). 24 vaccine strains and four
representative strains, including TE24 (A/Texas/37/2024), GX17
(A/Guangxi/13486/2017), FJ19 (A/duck/China/FJ1914/2019), and GX21
(A/GX-hechi/01/2021), were used to immunize guinea pigs. Twenty-
eight experimental groups (n=3 female guinea pigs per group; body
weight 200-220 g) received intramuscular electroporation-mediated
delivery of 200 ug pcDNA3.1-HA plasmid constructs (28 distinct var-
iants, one plasmid per group) on days 0, 14, and 28. Immunization was
repeated three times at two-week intervals, and serum samples were
obtained two weeks after the third immunization. Serum samples were
stored at —20 °C, then thawed and heat-inactivated at 56 °C for 30 min
before use.

Neutralization assay

Immunized sera were diluted to an appropriate initial concentration
and then subjected to a three-fold serial dilution. Subsequently, 100 pL
of each serum dilution was added into a 96-well plate. The resulting
dilutions were mixed with 50 pL of pseudotyped viruses at a con-
centration of 1300 TCIDso/ml and incubated at 37 °C for 1 h. Afterwards,
MDCK cells were added into the plates (2 x10* cells/100 pL per well).
The cells were incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO, for 48 h, after which the chemiluminescence signals were
detected using the Britelite plus reporter gene assay system (Perki-
nElmer, Ensight). The pseudovirus neutralization titer was calculated
using the Reed-Muench method in PerkinElmer Ensight software. The
results are based on 2-3 replicates unless specified otherwise.

Construction of antigenic and genetic maps

The antigenic map was constructed based on pseudotyped virus
neutralization titer data. Firstly, the raw data were log-transformed and
normalized to convert the exponential differences between titers into
alinear relationship. The T-distributed stochastic neighbor embedding
algorithm was chosen for dimensionality reduction to maintain the
local structural relationships of the data to more accurately show the
complex antigenic differences among viral strains. In cluster analysis,
hierarchical clustering was performed using Ward’s method to form
compact clusters by minimizing the within-cluster variance, which
allowed us to discover virus groups with similar antigenicity. The
genetic map was constructed based on the HA amino acid sequences
of H5 viruses. After performing multiple sequence alignment, genetic
diversity was quantified by calculating the proportion of variant sites
between sequences. The same downscaling and clustering strategy
was subsequently used to ensure methodological consistency between
antigenic and genetic analyses. All data analyses were performed using
Python, relying on the Biopython, scipy, and sklearn scientific com-
puting libraries.

Data analysis and processing

GraphPad Prism 8 (GraphPad Software Inc, San Diego, CA, USA) was
used for statistical analysis. Values were shown as geometric means
with geometric standard deviations (SD).

Data availability

The dataset that supports the findings of this study are available in
Figshare with the identifier [data (s) “https://doi.org/10.6084/m9.
figshare.29517866"]. Source data are provided with this paper.
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