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ABSTRACT

Influenza pandemics arise when novel influenza
virus subtypes emerge in populations with little or no
pre-existing immunity. The recent expansion of H5N1
virus  circulation in including
documented spread in cattle and sporadic human
infections — coupled with the emergence of mutations
associated ~ with enhanced pandemic potential,
underscores the persistent threat of novel influenza
strains. Pandemic preparedness critically depends on
developing effective vaccines capable of providing
broad protection across diverse viral strains. While
vaccination remains the most effective strategy for
preventing influenza and its complications, pandemic
vaccine development faces substantial challenges. These
include the rapid mutation rates characteristic of
influenza viruses, driven by error-prone RNA
replication, broad host range, environmental selection
pressures, and frequent genetic recombination. Such
factors complicate predictions of which strain will
trigger the next pandemic and hinder efforts to create
universal Recent advances
production platforms, bioinformatics, and artificial
intelligence have accelerated pandemic
development capabilities. Continued
essential to enhance vaccine technology, expedite
production timelines, and broaden vaccine efficacy
against the full spectrum of influenza virus strains.
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Influenza is an acute respiratory disease caused by
influenza viruses, characterized by rapid viral mutations
that occur through antigenic drift and antigenic shift.
This disease has posed a persistent threat to global
public health, with seasonal epidemics occurring
annually and occasional pandemics that can have far-
reaching consequences (/-2). An influenza pandemic is
defined by the global spread of a novel influenza A
virus subtype, against which most of the world’s
population possesses little or no pre-existing immunity,
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resulting in rapid international transmission. The 1918
Influenza Pandemic, caused by the HIN1 influenza
virus, resulted in an estimated 50 million deaths
worldwide (with some estimates reaching 100 million)
and significantly reduced global life expectancy by
10-12 years, marking it as one of the most catastrophic
public health events in human history. Subsequent
pandemics — including the 1957 H2N2 influenza, the
1968 H3N2 influenza, and the 2009 HIN1 influenza
— were generally less severe than the 1918 event but
nonetheless remained serious threats to human life and
economic stability (3). The substantial impacts of
influenza pandemics on global public health,
economies, and societies underscore the critical
importance of effective preparedness and response
strategies to reduce pandemic severity, save lives, and
minimize  socio-economic  disruptions.  Vaccines
represent the most effective intervention for preventing
influenza and its complications. However, developing
vaccines for pandemic influenza viruses presents
significant challenges. The virus mutates rapidly, and
predicting which strain will trigger the next pandemic
remains difficult. Here we address the progress,
challenges, and prospects for vaccine development in
preparation for the next influenza pandemic.

Etiological Basis of Influenza Pandemics

Pandemic influenza strains primarily arise from
genetic between human
influenza viruses and zoonotic influenza viruses. For
example, the hemagglutinin (HA), neuraminidase
(NA), and polymerase basic protein 1 (PB1) genes of
the 1957 H2N2 influenza pandemic strain originated
from avian influenza viruses; the NA and PB1 genes of
the 1968 H3N2 influenza strain were similarly avian-
derived; and the 2009 HIN1 influenza strain emerged
from a triple reassortment involving human, avian, and
viruses  (4).  Consequently,
strengthening surveillance and research on animal
influenza viruses, particularly avian influenza viruses, is
essential for pandemic preparedness. The potential
threats posed by H7N9 and H5Nx subtypes warrant
particular attention (5). Historically, H7N9 viruses
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acquired dual receptor-binding capability (recognizing
both avian « 2,3-linked and human « 2,6-linked sialic
acid receptors) through G186V and Q226L mutations
in their HA protein, thereby identifying these viruses as
high-pandemic-risk candidates (6). Similarly, H5Nx
viruses have demonstrated extensive global spread and
host adaptability since their first emergence in humans
in 1997. Among these subtypes, H5N1 and H5N6
pose the greatest threat to humans, with case fatality
rates exceeding 50% (7-8). Since 2021, H5Nx clade
2.3.4.4b viruses have caused large-scale outbreaks in
avian populations, subsequently expanding to infect
over 48 genera of terrestrial and marine mammals,
including cattle, thereby elevating the risk of novel
virus emergence (9-10). Notably, dual receptor (o 2,3
and o 2,6) binding capacity has been documented for
bovine clade 2.3.4.4b H5N1 highly pathogenic avian
influenza viruses (HPAIVs), which, combined with
mammalian-adaptive mutations such as E627K in the
polymerase basic protein 2 (PB2) protein, significantly
increases their pandemic risk (77). Animal experiments
have further confirmed that these viruses can undergo
airborne transmission in ferrets (12—13). Concurrently,
other subtypes, including HION3 and H3N8 viruses,
continue to enhance their mammalian adaptability and
transmission  capacity through key murtations,
indicating that the risk posed by strains with pandemic
potential cannot be ignored (/4-15). These findings
collectively underscore the critical importance of early
detection and identification of emerging influenza
virus strains.

Influenza Pandemic Prevention and

Control: Current Progress of Vaccines

During the 2009 HIN1 influenza pandemic,
clinical trials were conducted across multiple countries.
China’s advanced split influenza A virus vaccine
demonstrated a protection rate exceeding 85%, with
some formulations achieving over 90% efficacy.
Although global deployment was delayed, the vaccine’s
excellent safety profile was subsequently confirmed
through surveillance in 70 million recipients and
comprehensive post-marketing monitoring, providing
critical evidence for worldwide vaccination strategies
(16). In response to ongoing pandemic threats and
viral evolution, diverse platforms for influenza vaccine
research and development have since been established
globally, encompassing inactivated, split, live
attenuated, subunit, adjuvanted, cell culture-based,
nucleic acid, and universal influenza vaccines (1/7-18).

Inactivated influenza vaccines currently represent the
most widely deployed vaccine type worldwide. The
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inactivation process employs chemicals such as
formaldehyde or B-propiolactone to eliminate the
virus’s replicative capacity and pathogenicity while
preserving its antigenic structure (/9). Several
countries, including China and the United States, have
approved inactivated HS5NI1 subtype pandemic
vaccines — China’s SFDA granted approval in 2008,
while the U.S. FDA approved formulations in 2007
and 2020. However, because these vaccines target
previously circulating epidemic strains, regular updates
to vaccine components are essential to maintain
protective efficacy (20). Live attenuated influenza
vaccines (LAIVs) utilize weakened influenza viruses
that retain the ability to infect the respiratory mucosa
without causing disease (27). Currently, no LAIVs
have received approval for pandemic use. Recombinant
protein vaccines represent an actively developing
platform, produced by expressing specific influenza
virus antigens — such as the HA protein — in
heterologous expression systems including bacteria,
yeast, or insect cells (22).

Notable progress has been achieved in novel vaccine
platforms. Nucleic acid vaccines, encompassing both
mRNA and DNA vaccines, offer the advantage of
rapid development and production once the genetic
sequence of the target virus is identified. These
vaccines can be engineered to target multiple influenza
strains simultaneously, potentially providing broader
protection. They also eliminate the need for live virus
in production, thereby simplifying the manufacturing
process and reducing associated safety concerns (23).
countries have initiated research and
development of novel pandemic influenza vaccines for
humans, with some vaccines approved to enter clinical
trial stages and others receiving emergency use or
conditional market approval. For example, the
nanoparticle vaccine H5-MNP in Switzerland and the
DNA vaccine pVAX-H5 in Russia are currently in the
preclinical research stage (24-25); the self-amplifying
mRNA H5NI vaccine in Australia has entered Phase I
clinical trials (26); and the mRNA-1018 (H7 and H5)
in the United States, along with a codon-optimized
mRNA influenza A(H5N1) prepandemic vaccine
candidate, have advanced to Phase I/II clinical trials
(27-28). In recent years, advances in bioinformatics
and artificial intelligence have substantially accelerated
the development of pandemic vaccine technology
platforms.

China has demonstrated a transition from
technology adoption to independent innovation in
influenza vaccine research and development, providing
valuable technical solutions and practical experience to
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global influenza prevention and control efforts. Madin-
Darby canine kidney (MDCK) cell-based influenza
technology offers an alternative that
circumvents the egg supply limitations during
pandemics and avoids potential egg-adaptation
mutations associated with traditional egg-based
production (29). Currently, nine domestic companies
have advanced related cell-based vaccines into clinical
trials in China: two have completed Phase I clinical
trials, while four others are progressing through Phase I
or Phase III clinical trials (Table 1). The advantages of
low contamination risk and ease of scale-up production
position this technology to facilitate industrial-scale
manufacturing of cell culture-based influenza vaccines
in China.

In universal vaccine research, most candidates
remain in the preclinical stage. The Fluaxe mRNA-
LNP vaccine has demonstrated cross-protection in a

vaccine

BALB/c mouse model, inducing strong neutralizing
antibodies against HIN1, H3N2, H5N1, H7N9
subtypes, and influenza B Victoria lineage virus strains,
with neutralizing titers increasing 4- to 9.6-fold.
Notably, the vaccine also elicited cross-neutralizing
antibodies against strains not included in the original
design, encompassing multiple influenza subtypes (e.g.,
H2, H6, H8, H11, H13, H15, H16). In challenge
experiments, the vaccine conferred 100% protection
against lethal doses of HIN1 and influenza B Victoria
virus while significantly reducing lung viral loads by up
to 180.9-fold (30). Similarly, an epitope-optimized
nanoparticle vaccine targeting HIN2, developed in
China, successfully elicited high levels of cross-reactive
antibodies against 14 HIN2 strains from distinct
clades in a BALB/c mouse model. In lethal challenge
experiments, this vaccine conferred 100% survival and
significantly ~ reduced lung viral loads (31).
Furthermore, a chimeric hemagglutinin-based mRNA-
LNP vaccine platform has demonstrated the capacity
to elicit robust and durable stalk-specific antibody
responses in a rhesus macaque model. Following a two-
dose immunization regimen, the induced serum
antibody responses and bone marrow plasma cells
persisted for at least 10 and 8 months, respectively.
Ciritically, passive transfer of serum collected from
vaccinated macaques conferred effective protection in
mice against lethal challenge with heterologous
influenza viruses, confirming the functional protective
efficacy of the vaccine-induced antibodies (32).
Collectively, these data provide compelling preclinical
evidence supporting the continued development of
universal influenza vaccines.
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Core Challenges and Future Directions for

Influenza Vaccines

Despite substantial progress in vaccine technology,
the development and deployment of influenza vaccines
for pandemic scenarios encounter several critical
obstacles. First, the extended development and
production timelines of traditional vaccines limit their
capacity to deliver timely protection during the initial
outbreak phase. During the 2009 HIN1 pandemic, for
instance, vaccine availability in most countries lagged
behind peak transmission, substantially diminishing
the preventive impact (42). Second, achieving
antigenic concordance between vaccine candidates and
circulating viral strains represents a fundamental
challenge for pandemic vaccine effectiveness. Current
influenza vaccines — predominantly inactivated and
live-attenuated formulations — rely on predictions of
dominant strains for the upcoming season. When these
predictions prove inaccurate, antigenic mismatch
occurs, substantially reducing vaccine efficacy (43).
Moreover, ongoing viral evolution can cause
circulating strains to diverge from stockpiled vaccine
strains, further compromising protective immunity.
Even advanced platforms such as mRNA vaccines
remain susceptible to this antigenic mismatch (44).
Consequently, exploiting conserved viral antigens to
engineer a universal influenza vaccine capable of
conferring broad cross-subtype protection has emerged
as a pivotal strategy for transcending the inherent
limitations of strain-specific vaccine approaches. The
successful development of such universal vaccines
would facilitate advanced manufacturing and strategic
stockpiling, thereby strengthening global pandemic
preparedness infrastructure.

Although universal influenza vaccines demonstrate
considerable potential for overcoming the limitations
of traditional vaccines, no significant breakthrough has
been achieved over the past two decades, and their
development continues to face substantial challenges.
First, universal vaccines target conserved viral antigens
such as the HA stalk, M2 ectodomain (M2e),
nucleoprotein (NP), and NA, which typically elicit
relatively weak protective immune responses (45).
Adjuvant development has emerged as a major research
focus to overcome this bottleneck. However, adjuvant
strategies introduce their own complexities. Adjuvant
mechanisms are highly diverse and intricate,
necessitating extensive experimental screening to
identify optimal combinations with specific antigens.
Furthermore, while adjuvants enhance
immunogenicity, their potential safety risks must be
rigorously controlled, imposing stringent demands on
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TABLE 1. Cell-based influenza vaccines in clinical development in China.

Institution Vaccine Clinical Target Study desian Registration or acceptance
phase population y 9 ID
. . . . . . Randomized,
Shanghal Institute of Quadrivalent influenza split vaccine Phase | >6 months  double-blind, CTR20241054 (33)
Biological Products (MDCK cells) (completed)
controlled
. . . . . Randomized,
Chgngchun Institute of  Quadrivalent influenza subunit vaccine Phase | >3years  double-blind, CTR20241413 ( (34)
Biological Products (MDCK cells) (Completed)
controlled
. . . . . Randomized,
Wuhap Institute of Quadrivalent influenza split vaccine Phase lll >3 years double-blind, CTR20233159 (35)
Biological Products (MDCK cells)
controlled
. . . . Randomized,
Tianyuan Bio-Pharma Q“ad”Va'e?;/l'gﬂculfg(zjss)p“t VaceiN®  phase| >6months double-blind, CTR20240729 (36)
controlled
. . . . Randomized
Quadrivalent influenza split vaccine = Phase | CTR20250319 (37)
Che(r)]hzngqu OIymyax, (MDCK cells) Phase | >6 months double-blind, Phase Ill: CTR20254267 (38)
gdu Xinnuoming, and controlled
Lanzhou Bailing . . . . Randomized,
Biotechnology Co., Ltd, 2ot ('R;:‘DJS'&Z?;”‘:)” vaccine  ppasel  >6months  double-blind, CTR20250309 (39)
controlled
sh . Quadrivalent influenza split vaccine  Clinical trial Random|z.ed,
enzhen Kangtai (MDCK cells) aporoval >6 months  double-blind, CXSL2400449 (40)
Biological Products Co., PP controlled
Lid, & zrdiiow Bl Trivalent influenza split vaccine Ol Randomized,
Biotechnology Co., Ltd. (MDCK ceIIZ) implied >3 years  double-blind, CXSL2500428 (40)
permission controlled
. . . . . . Clinical trial
National vaccine and serum Quadrivalent influenza split vaccine Lo
institute (MDCK cells) implied - - CXSL2300148 (40)
permission
Quadrivalent influenza split vaccine Sijicalnal
AIM Vaccine Co., Ltd. (MDCK ceIIs)p implied - - CXSL2400629 (40)
permission
. . . . . Randomized,
.She.nzhen Kangtai Quadrivalent influenza split vaccine Phase| >6months double-blind, CTR20254299 (41)
Biological Products Co. (MDCK cells) controlled

Note: “~” represents missing data.
Abbreviation: MDCK=madin-darby canine kidney.

rational adjuvant design (46). Consequently, adjuvant
technology represents not merely a solution but also a
critical bottleneck in universal influenza vaccine
development. Second, vaccine efficacy assessment
systems require urgent updating. Traditional influenza
vaccines rely on neutralizing antibody titers as
correlates of protection, whereas universal vaccines may
depend more heavily on T-cell immunity or on non-
neutralizing antibodies (36). This shift toward new
immunological testing paradigms necessitates the
development of novel immune correlates and efficacy
benchmarks, which pose significant regulatory and
clinical challenges. Third, the breadth of protection
remains limited. Multi-target strategies that combine
conserved internal antigens (e.g., NP) with optimized
surface proteins (e.g., the HA stalk) are therefore
imperative to broaden the protective spectrum (21).
Finally, large-scale production processes for novel
vaccine platforms, including messenger RNA (mRNA)
and virus-like particles (VLPs), remain
underdeveloped. Given these multifaceted challenges,
universal influenza vaccines will only fulfill their
potential following systematic advances in antigen
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design, adjuvant technology, evaluation criteria, and
manufacturing capabilities (47). Until such progress is
achieved, the timely updating of vaccine strains in
response to viral evolution remains the cornerstone of
effective influenza immunization.

Summary

Vaccine technology has undergone a transformative
evolution — from the complete absence of viral
vaccines during the 1918 pandemic to the rapid
deployment achieved during the 2009 HINT outbreak
and subsequent innovations. These technological
combined with the global
surveillance network, have positioned the international
community more strategically than ever to combat
future influenza pandemics. Nevertheless, we face
substantial challenges in translating this technological
potential effective prevention and control
capabilities. ~ Critical ~ issues  regarding  the
immunogenicity, evaluation systems, and production
processes of universal vaccines remain unresolved.

advances, influenza
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Chinese Center for Disease Control and Prevention



China CDC Weekly

Moreover, vaccines alone cannot terminate outbreaks.
Their effectiveness depends on sustained viral
surveillance and integration within a comprehensive
strategy that encompasses antivirals and non-
pharmaceutical  interventions  (NPIs).  Evidence
demonstrates that NPIs — including mask-wearing,
social distancing, and public space disinfection — that
were implemented during the COVID-19 pandemic
resulted in a 46.3% reduction in global influenza cases
during the 2020-2021 winter season (48). However,
following the relaxation of these measures, influenza
activity rebounded dramatically, increasing by 131.7%
in winter and 161.2% in summer (48). These
empirical observations highlight the critical importance
of integrating NPIs with influenza vaccination
programs: during the initial emergence of novel
influenza strains or periods when vaccines remain
unavailable, NPIs function as an essential barrier to
slow transmission and provide crucial time for vaccine
development and deployment. Once vaccines become
widely accessible, NPIs continue to serve a vital
complementary role by addressing gaps in vaccine-
induced protection, thereby collectively strengthening
immune defense systems. Furthermore, emergency
vaccine supply capabilities must be enhanced by
leveraging established industrial platforms for seasonal
influenza vaccines to enable rapid production of
pandemic influenza vaccines.

To prepare for future influenza pandemics, a
comprehensive strategy must be implemented across
three critical domains. First, global influenza
surveillance networks require continuous strengthening
to ensure the collection of accurate etiological data that
supports evidence-based vaccine strain selection.
China’s national influenza surveillance network
exemplifies this approach, encompassing 1,041 sentinel
hospitals and 665 network laboratories that collectively
test over one million samples annually through virus
isolation and deep sequencing, thereby establishing a
robust foundation for influenza prevention and
control. Second, targeted research must address
fundamental technical barriers in universal vaccine
development, particularly those related to conserved
antigen immunogenicity and scalable manufacturing
processes, with the ultimate goal of eliminating
dependence on strain prediction. Third, a coordinated
framework that integrates vaccination programs with
complementary interventions — specifically antiviral
therapeutics and non-pharmaceutical measures —
must be optimized to establish multilayered pandemic
defense capabilities. Only through achieving synergistic
integration of surveillance systems, vaccine research
and development, and comprehensive control measures

Chinese Center for Disease Control and Prevention

can we adequately prepare for the next influenza
pandemic.
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