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A B S T R A C T   

The global spread of highly pathogenic avian influenza (HPAI) A (H5N1) clade 2.3.4.4b virus since 2021 ne-
cessitates a re-evaluation of the role of vaccination in controlling HPAI outbreaks among poultry, which has been 
controversial because of the concern of silent spread with viral mutation and spillover to human. We system-
atically reviewed and meta-analyzed all existing data from experimental challenge trials to assess the efficacy of 
HPAI vaccines against mortality in specific pathogen free (SPF) chickens, with evaluation of the certainty of 
evidence (CoE) using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) 
approach. Out of 223 screened publications, 46 trials met our eligibility criteria. Inactivated vaccines showed an 
efficacy of 95% (risk ratio [RR] = 5% [95% CI: 1% to 17%], I2 = 0%, CoE high) against homologous strains and 
an efficacy of 78% (RR = 22% [95% CI: 14% to 37%], I2 = 18%, CoE high) against heterologous strains (test for 
subgroup difference p = 0.02). Live recombinant vaccines exhibited the highest efficacy at 97% (RR = 3% [95% 
CI: 1% to 13%], I2 

= 0%, CoE high). Inactivated recombinant vaccines had an overall efficacy of 90% (RR = 10% 
[95% CI: 6% to 16%], I2 = 47%, CoE high). Commercial vaccines showed an overall efficacy of 91% (RR = 9% 
[95% CI: 5% to 17%], I2 = 23%, CoE high), with 96% efficacy (RR = 4% [95% CI: 1% to 21%], I2 = 0%, CoE 
high) against homologous strains and 90% efficacy (RR = 10% [95% CI: 5% to 20%], I2 

= 31%, CoE moderate) 
against heterologous strains. Our systematic review offers an updated and unbiased assessment of vaccine effi-
cacy against HPAI-related mortality, providing timely and crucial information for re-evaluating the role of 
vaccination in poultry avian influenza control policy amist the global HPAI outbreak post-2021.   

1. Introduction 

Since 2021, the highly pathogenic avian influenza (HPAI) A (H5N1) 
clade 2.3.4.4b virus, has spread globally [1–3], resulting in significant 
morbidity and mortality among domestic poultry [4] and affecting the 
supply chain of poultry products as well as human food safety [5–7]. 
This situation necessitated a re-evaluation of the role of vaccination in 
controlling avian influenza among poultry [8]. At the 90th General 
Session of the World Organization for Animal Health (WOAH) on May 
25, 2023, the challenges and unsustainability of relying solely on con-
ventional biosecurity measures and mass culling as control strategies 
were recognized [9]. In response, France has implemented a pilot 
vaccination program targeting approximately 64 million commercial 

ducks, set to begin on October 1, 2023 [10]. 
Until now, the use of vaccination as a strategy against HPAI in 

poultry has remained highly controversial. This is primarily due to 
concerns that vaccination might complicate surveillance efforts by 
masking HPAI-related mortality [11,12], leading to silent spread 
[13–15] and viral mutation [16–18] with the potential risk of spillover 
to humans and the danger of a new wave of global pandemic. However, 
the primary data on the efficacy of vaccination in domestic poultry 
comprise of challenge tests with very small sample sizes. To date, data 
on vaccine efficacy against HPAI have not been synthesized according to 
modern methodological standards for evidence-based veterinary 
medicine. 

To inform policymaking, we systematically reviewed and meta- 
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analyzed all existing data from experimental challenge trials to assess 
the efficacy of HPAI vaccines against mortality in specific pathogen free 
(SPF) chickens, with evaluation of the certainty of evidence (CoE) using 
the Grading of Recommendations Assessment, Development, and Eval-
uation (GRADE) approach [19]. 

2. Methods 

2.1. Protocol and registration 

This study adhered to the guidelines outlined in the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses Protocols 
(PRISMA). A flow chart illustrating the study's design and methodology 
is provided in Fig. 1. 

2.2. Literature search 

The literature search was conducted using the PubMed, Embase, and 
Science Citation Index (Web of Science) databases. To be relevant for 
contemporary vaccine technology in the poultry farming, our literature 
search covered the period from January 1, 2010, to September 5, 2023. 
All selected studies were in English. The search strategy utilized the 
following query: ((poultry) OR (chicken) OR (layer)) AND ((avian 
influenza [Title]) OR (HPAI [Title]) OR (LPAI [Title]) OR (bird flu 
[Title]) OR (avian flu [Title])) AND ((vaccine [Title])) AND ((efficacy 
[Title]) OR (protect [Title]) OR (immunization [Title])) (Appendix 
Table 1). 

The inclusion criteria for study selection were defined as follows:  

1. Studies must include a challenge test as part of their experimental 
design.  

2. The target population for the challenge test should be SPF or serum- 
antibody-negative (SAN) chickens.  

3. The challenge test must utilize an HPAI strain that causes a mortality 
rate of 90% or higher in the sham-inoculated control group. 

Exclusion criteria were carefully defined to ensure the meta-analysis 
remained focused and coherent. The following study types were 
excluded:  

1. In vitro studies.  
2. Studies involving non-chicken animal or human subjects.  
3. Research using a vaccine seed or challenge strain classified as low 

pathogenic avian influenza (LPAI). 

This deliberate exclusion of certain study types was intended to 
enhance the homogeneity and reliability of the evidence, thereby 
strengthening the validity of our conclusions. 

2.3. Quality of studies 

Two authors (IST and BYP) independently searched the literature, 
applied the criteria to screen all identified literature, and assessed the 
risk of bias in each study using the Cochrane Collaboration tool [20]. 
Any discrepancies encountered at each stage of the study selection 
process were resolved by discussing with an independent third reviewer 
(CTF). This approach ensures methodological rigor in the evaluation of 
study quality. 

2.4. Data extraction 

The assessment of vaccine efficacy against mortality was based on 
the count of fatal cases. In cases where the primary literature lacked 
explicit operational definitions, the analysis defaulted to evaluating 
mortality at a seven-day interval post-challenge. Vaccines in this study 
were methodically categorized into four principal groups according to 
their manufacturing technologies: inactivated vaccines, recombinant 
vaccines, DNA vaccines, and virus-like particle (VLP) vaccines. Notably, 
even if a vaccine is inactivated but derived from a mixed or “reassorted” 
virus, it is classified as a recombinant vaccine. For recombinant vac-
cines, only data related to hybrid recombinant formulations were 

Fig. 1. PRISMA flow diagram. (SPF: Specific Pathogen Free; LPAI: Low Pathogenic Avian Influenza).  
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included in our analysis, while data on parental viral strains were 
deliberately excluded. In cases examining vaccine adjuvants, both 
groups - those receiving adjuvant-containing vaccines and those 
receiving adjuvant-free vaccines - were included in the experimental 
group for analysis. Where studies used different concentrations of a 
vaccine, the analysis employed data from the highest concentration 
administered. In the subgroup analysis focusing on the relationship 
between the vaccine seed strain and the challenge virus, strains were 
categorized as “homologous” if they shared the same HA (including HA1 
and HA2) and NA proteins and belonged to the same “clade.” 
Conversely, strains were deemed “heterologous” if there was a differ-
ence in HA or NA proteins or if there was a discrepancy in the “clade” 
classification between the vaccine seed and the challenge virus. 

2.5. Statistical analysis 

Statistical analyses were performed using R version 4.0.3 (R Foun-
dation for Statistical Computing, Vienna, Austria), with the “meta” 
package. We conducted a random-effects meta-analysis using the 
inverse-variance method to estimate the effects between experimental 
and control groups, while correcting for confounding variables. The 
primary outcome measure was the risk ratio (RR) of post-challenge 
mortality in vaccinated versus unvaccinated groups. Vaccine efficacy 
was calculated as 1 minus the pooled RR. To assess the robustness of our 
findings, subgroup analyses were conducted. For evaluating potential 
publication bias, both funnel plot asymmetry and Begg's test were uti-
lized. Statistical significance was set at a p-value threshold of less than 
0.05. 

For evaluating potential publication bias, both funnel plot asym-
metry and Begg's test were utilized. The p-value of the Q test was used to 
test the presence of heterogeneity. The heterogeneity index (I2) was used 
to measure the extent of heterogeneity. I2 values at 25%, 50%, and 75% 
imply low, medium, and high heterogeneity [21]. Statistical significance 
was set at a p-value threshold of less than 0.05. 

2.6. Grade of evidence 

For the assessment of the CoE using the GRADE approach [19], we 
employed the GRADEpro tool (available at https://gradepro.org/). This 
tool evaluates the confidence level in the effect estimates, based on 
several critical factors, including risk of bias, inconsistency, indirect-
ness, imprecision, and publication bias. Additionally, considerations 
such as the presence of a large effect, and plausible confounding that 
would change the effect were also integral to evaluating the confidence 
level in the effect estimates. The definitions for the levels of certainty are 
as follows:  

• High CoE: further research is very unlikely to change our confidence 
in the estimate of effect.  

• Moderate CoE: further research is likely to have an important impact 
on our confidence in the estimate of effect and may change the 
estimate.  

• Low CoE: further research is very likely to have an important impact 
on our confidence in the estimate of effect and is likely to change the 
estimate.  

• Very low CoE: any estimate of effect is very uncertain. 

The results of our assessment are illustrated in Appendix Fig. 1. 

3. Results 

3.1. Study selection and characteristics 

We identified a total of 223 publications, of which 220 were sourced 
from database searches and 3 through other methods. After duplicate 
removal, 77 publications were screened, and 54 underwent full-text 

assessment. Ultimately, our dataset included data from 46 trials across 
20 experimental studies [22–41], as detailed in Appendix Table 2. These 
trials collectively involved 863 SPF chickens. Of these, 596 were 
administered vaccinations. It is important to note that within some 
publications, multiple trials utilized the same placebo groups, resulting 
in the total number of subjects in the placebo control groups being 267. 

The evaluated vaccines in this study comprised 26 trials of recom-
binant vaccines, 16 trials of inactivated vaccines, two trials of VLP 
vaccines, and two trials of DNA vaccines. Geographically, 30 trials were 
conducted in countries with established mass vaccination programs, 
specifically China, Egypt, Indonesia, and Vietnam [42]. Two trials were 
conducted in Belgium, a country at the early stages of implementing a 
vaccination program. The remaining 14 trials were conducted in various 
other countries, including South Korea, the United States, Australia, the 
Netherlands, Taiwan, and South Africa. Temporally, 10 trials were 
published in 2010, eight in 2021, and seven in 2017, with the remaining 
studies spread across the years 2011 to 2022. The risk of bias is judged to 
be low for the majority of the trials (Appendix Table 3). 

3.2. Vaccine efficacy and grading of evidence 

The overall RR for mortality outcomes, calculated from 46 trials 
across 20 experimental studies, was 0.11, with I2 of 36% (CoE moder-
ate). Consequently, the overall efficacy of the vaccine in reducing 
mortality was estimated to be 89%, using the formula: 1 – pooled RR =
1–0.11 (Appendix Fig. 2). A subgroup analysis was conducted to 
determine the efficacy of all vaccines based on the alignment between 
the strain used in the vaccine seed and the challenge virus. This analysis 
showed a vaccine efficacy of 91% (I2 = 0%, CoE high) against homol-
ogous strains and a vaccine efficacy of 87% (I2 = 50%, CoE moderate) 
against heterologous strains (Appendix Fig. 2). Additionally, subgroup 
analysis was performed based on the country. In countries with a mass 
vaccination policy, the overall vaccine efficacy against mortality was 
0.90 with an I2 of 0% in China, 0.81 with an I2 of 0% in Egypt, 0.84 with 
an I2 of 55% in Indonesia, and 0.86 with an I2 of 0% in Vietnam (Ap-
pendix Fig. 3). Publication bias assessment, as shown by a funnel plot in 
Appendix Fig. 4, resulted in a Begg's test p-value of 0.411, indicating no 
significant publication bias. Leave-one-out sensitivity analyses produced 
results similar to the main analysis when stratified by strains (Appendix 
Fig. 5). 

Fig. 2 presents a forest plot for inactivated vaccines, showing a 
significantly higher efficacy against homologous strains than heterolo-
gous strains (95% with I2 of 0%, CoE high, versus 78% with I2 of 18%, 
CoE high, test for subgroup difference p = 0.02). Additionally, the 
analysis indicated that booster doses might be superior to a single dose 
regimen, exhibiting an efficacy rate of 88% and no heterogeneity (I2 =

0%), compared to an 81% efficacy rate with an I2 of 30%, although the 
test for subgroup difference did not reach statistical significance (p =
0.40, Appendix Fig. 6). Moreover, challenge tests conducted three weeks 
or longer post-vaccination demonstrated a higher efficacy rate of 84% 
with an I2 of 30%, as opposed to a 78% efficacy rate with an I2 of 0% for 
tests performed less than three weeks, (test for subgroup difference p =
0.64, Appendix Fig. 7). The assessment of publication bias, illustrated by 
a funnel plot in Appendix Fig. 8, resulted in a Begg's test p-value of 
0.726, indicating no significant publication bias. Finally, leave-one-out 
sensitivity analyses produced results consistent with the main analysis, 
as seen in Appendix Fig. 9. 

Within the category of recombinant vaccines, live recombinant 
vaccines have demonstrated considerable effectiveness in preventing 
mortality, achieving an efficacy of 97% with an I2 of 0% (Fig. 3), and the 
CoE was moderate. In contrast, inactivated recombinant vaccines have 
shown an overall efficacy of 90%, with medium heterogeneity (I2 =

47%, Fig. 4). Stratifying the data, based on the alignment between the 
vaccine seed strain and the challenge virus, yielded an efficacy of 90% 
(I2 = 0%, CoE high) against homologous strains and an efficacy of 90% 
(I2 = 60%, CoE moderate) against heterologous strains. The assessment 
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of publication bias for both live and inactivated recombinant vaccines 
was conducted using funnel plots (Appendix Figs. 10 and 11). The funnel 
plot for inactivated recombinant vaccines showed minimal asymmetry; 
however, the p-value of Begg's test for inactivated recombinant vaccines 
was 0.782, indicating no substantial evidence of publication bias. 
Sensitivity analyses for these two types of vaccines yielded results 
consistent with the main analysis (Appendix Figs. 12 and 13). 

In commercially available vaccines that have been broadly manu-
factured, the overall vaccine efficacy was estimated to be 91%, with an 
I2 of 23%. Notably, vaccines utilizing a homologous strain (with an ef-
ficacy of 96%, an I2 = 0%, and CoE moderate; Fig. 5) demonstrated 
superior efficacy in reducing morbidity compared to those using a het-
erologous strain (with an efficacy of 90%, an I2 = 31%, and moderate 
CoE) (test for subgroup difference p = 0.35). Furthermore, the analysis 
indicated that booster doses, with an efficacy rate of 96% and no het-
erogeneity (I2 = 0%), were more effective than a single-dose regimen, 

which showed a 90% efficacy rate with an I2 of 30%, although the dif-
ference did not reach statistical significance, as shown in Appendix 
Fig. 14. The evaluation of publication bias for commercial vaccines, 
conducted using a funnel plot, yielded a Begg's test p-value of 0.7057, 
suggesting no significant evidence of publication bias (Appendix 
Fig. 15). Sensitivity analyses also yielded results similar to those of the 
main analysis (Appendix Fig. 16). 

4. Discussion 

This systematic review and meta-analysis provide updated, high- 
quality evidence on the estimated efficacy of vaccines in reducing 
mortality caused by HPAI. Our results show that HPAI vaccines have an 
efficacy against mortality ranging from 78% to 97%, depending on 
vaccine platforms and match (or mismatch) between vaccine strains and 
challenge strains. This protective effect was particularly marked when 

Fig. 2. Forest plot of inactivated vaccines illustrating efficacy in mortality across different stains. (“clade = homogenous” meant the vaccine seed and the challenging 
strain belonged to the same clade, and “clade = heterologous” meant the vaccine seed and the challenging strain belonged to different clades.) 

Fig. 3. Forest plot of live recombinant vaccines illustrating efficacy in reducing mortality.  
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the vaccine strain and the challenging strain belonged to the same clade, 
a trend most notable in inactivated vaccines and current commercial 
vaccines. 

Previous studies showed that vaccinated chickens challenged with 
the HPAI virus can still transmit it to both vaccinated and unvaccinated 
poultry [43]. This phenomenon, known as “silent spread,” is a major 
concern in the widespread implementation of vaccination in poultry. 
However, our findings indicate that vaccine efficacy is not guaranteed to 
be 100%, regardless of the platform, interval, dosage, or strains 
involved. Therefore, the excess mortality rate from HPAI in vaccinated 
flocks may still be detectable, exceeding the normal weekly mortality 
rates for layers (less than 0.1% [44]) and broilers (less than 1% [45]) 
even under the best-case scenario with a 3% mortality rate from live 
recombinant vaccines or with booster doses in commercial vaccines. 
These results suggest that massive vaccination may not mask the sur-
veillance of HPAI and highlight the importance of maintaining bio-
security measures. However, further field epidemiological studies are 
necessary to resolve these uncertainties. 

A finding with important implications is the large difference in 
vaccine efficacy against homologous HPAI strains versus heterologous 
HPAI strains for inactivated vaccines (95% vs 78%, p = 0.02) and 
commercial vaccines (96% vs 90%, p = 0.35). Therefore, the rapid 
evolution of HPAI viruses can compromise the effectiveness of vaccines. 

A 2017 study [46] assessing vaccine efficacy in Indonesia highlighted 
significant inconsistencies, implying a reduction in vaccine efficacy due 
to the evolution of the dominant HPAI strain. Ongoing updates in 
epidemiological surveys and the development of new vaccines are 
therefore essential. Interestingly, this trend was not observed in re-
combinant vaccines, suggesting that the efficacy of recombinant vac-
cines might be less likely to be affected by genetic variations. 

Another important finding is that challenge tests conducted with a 
mean interval of two weeks show a vaccine efficacy lower but compa-
rable to that after the three-week post-vaccination period recommended 
by WOAH [47] for optimal immune response development (78% vs. 
84%, p = 0.64). These findings underscore the necessity for further 
research into the onset of vaccine efficacy, the trajectory of neutralizing 
antibody titers post-vaccination, and the potential for emergency use of 
vaccines. 

Although a previous meta-analysis summarized the efficacy of 
vaccination using data published before 2010 [48], it did not employ the 
Cochrane systematic review methodology to assess the quality of evi-
dence, and the main finding suffered from publication bias. A systematic 
review and meta-analysis on the efficacy of commercial HPAI vaccines 
in Indonesia before 2017 [46], which also did not assess the quality of 
evidence, revealed that LPAI vaccines are ineffective against HPAI virus 
and that high heterogenicity in efficacy exists among HPAI vaccines 

Fig. 4. Forest plot of inactivated recombinant vaccines illustrating efficacy in reducing mortality across different strains. (“clade = homogenous” meant the vaccine 
seed and the challenging strain belonged to the same clade, and “clade = heterologous” meant the vaccine seed and the challenging strain belonged to 
different clades.) 
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probably because of rapid viral evolution. Another systematic review 
and meta-analysis [49], which also did not assess the quality of evi-
dence, investigated the correlation between the standardized mean 
difference in survival and the HA1 amino acid sequence similarity of the 
challenge strain (or hemagglutination inhibition [HI] titer against the 
challenge strain). However, it did not provide a summary of the vac-
cine's effect on HPAI-associated mortality in terms of the absolute 
reduction in death percentage. Our systematic review offers an updated 
and unbiased assessment of vaccine efficacy against HPAI-related mor-
tality, providing timely and crucial information for re-evaluating the 
role of vaccination in poultry avian influenza control policy amidst the 
global HPAI outbreak post-2021. 

This study has some limitations. The efficacy assessments in this 
meta-analysis were conducted exclusively on SPF White Leghorn 
chickens, rather than directly on commercial layers or broilers, which 
limits the generalizability of the results to these groups. Additionally, 
the lack of specific-pathogen maternal antibodies in the study subjects 
hinders understanding of how such antibodies might influence vaccine 
efficacy. Lastly, the heterogeneity observed in some results could be due 
to varying operational procedures across studies, such as differences in 
vaccination schedules, challenge test timings, and vaccine dosages. 

5. Conclusions 

In summary, this meta-analysis offers an updated and unbiased 
assessment evalution of avian influenza vaccine efficacy in poultry, 
demonstrating an efficacy range of 78% to 97%, depending on vaccine 
platforms and match (or mismatch) between vaccine strains and chal-
lenge strains. Our results show that vaccination, which does not 
completely prevent HPAI-related mortality among poultry, needs to be a 

part of a comprehensive new global avian influenza control strategy. 
Adoption of vaccination in poultry farming may dramatically decrease 
economic loss from mass culling of poultry populations and thus 
enhance food security to the human population. Our findings also 
indicate that current concerns for potential risk for human health from 
silent transmission with mutation could be overstated as vaccination is 
unlikely to mask the outbreak of HPAI. These findings are vital for 
shaping global vaccine strategies and policies, providing timely and 
crucial information for re-evaluating the role of vaccination in poultry 
avian influenza control policy amidst the global HPAI outbreak post- 
2021. 
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