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The characteristics of the avian influenza virus and its worldwide spread have led to intense and unprecedented scientific activity and industrial production for preventive veterinary vaccines. However, knowledge gaps remain regarding the best strategies to prevent epidemiological events in the future. In this context, the present study aimed to provide a global analysis on the scientific and industrial production of avian influenza type A vaccines for farm animals and pets during the period 2019 2023. The Scopus database was used as the primary source of information (12,162 keywords, 2,437 scientific articles, 659 academic journals, and 46 countries) for the academic analysis, while technical information posted on official institutional websites (136 commercial formulations, 24 vaccines manufacturers, and 17 countries) was collected to conduct the industrial analysis. 3,045, 25.0%) exhibited the highest levels of co-occurrence in the sciences; the journal Vaccine was the most productive in terms of articles (11.8%, 288/2,437), and the countries with the most publications were the USA (25.5%, 622/2,437) and China (23.1%, 564/2,437). The most internationally marketed vaccines were inactivated (86.0%, 117/136), avian (47.1%, 64/136), and combined (52.2%, 71/136) vaccines as well as those containing Newcastle antigens (38.0%, 27/71). In conclusion, the study demonstrated the fundamental role of classical production methods (based on the use of the whole pathogen) in avian influenza A research and the production of veterinary vaccines.
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1 Introduction

Avian influenza is currently a major animal health concern worldwide. It is a zoonotic disease that spread among wild/domestic birds and mammals (terrestrial or aquatic), including cattle, and humans (1, 2). The virus is highly contagious and is transmitted between infectious and susceptible animals, principally via the respiratory route, therefore it is considered a mandatory notification sickness by the Word Organization for Animal Health (WOAH).

The severity of the clinical effects usually varies according to the type of virus-those with low pathogenicity result in low mortality rates, while the highly pathogenic ones can cross the respiratory and intestinal barriers, spread through the bloodstream, damage all tissues, and lead to high mortality rates (3–5). In all cases, vaccines are considered as additional preventive tools to limit the spread of the virus, reduce the severity of the disease, reduce the morbidity rate during outbreaks, improve the recovery of the sick animal and reduce the significant damage it causes, including zoonotic damage (6, 7).

Anti-influenza immunopreventive formulations have some limitations, such as the low capacity for generating cross-immunity and effectiveness dependent on the antigenic closeness between circulating and vaccine strains (8). The uncertainty regarding this last aspect is based on the abrupt genetic and antigenic changes of the etiological agent, caused by its ability to replicate without mutation protection mechanisms and by the recombination of genomes between strains (9–11). The hemagglutinin and neuraminidase contributes to this problem (12, 13), as subtle changes in the amino acids in its structure can lead to the emergence of new lineages, with renewed capacity to cross the barrier between species (10, 14, 15), and escape the defense of the host. These frequent mutations of the virus are the main limiting factor for the development of an effective vaccination (16).

Many companies and governments are considering research and development of veterinary vaccines against avian influenza type A despite these difficulties (17). Although this official projection can achieve technological sovereignty and self-sufficiency of vaccination programs, it also requires strategies to produce safe, effective, and stable high-yielding vaccines with high yields (18). Therefore, the WOAH has made recommendations to interested nations (19), providing access to production technology adaptable to their epidemiological realities (20). However, all the information mentioned is not sufficient to achieve success, as it is necessary to know the scientific-commercial environment surrounding these vaccines, the emerging production technologies, and the new diversity of adjuvants (21).

Unfortunately, this knowledge is often unavailable to researchers and entrepreneurs as it is dispersed among various scientific fields and is not very attainable. In view of these difficulties, technological surveillance studies are a useful tool for obtaining, concentrating and analyzing existing scientific-technological knowledge, understanding the global commercial environment and facilitating strategic decision-making in the industrial sector. Based on this, the present study aimed to identify research, production technology and commercial trends of veterinary vaccines against avian influenza A in farm animals and pets during the period 2019–2023 globally.



2 Materials and methods

This study was descriptive in nature, employing a methodology that combines qualitative and quantitative methods. It involved retrospective bibliometric research covering the last 5 years (2019–2023), along with additional cross-sectional market studies conducted in 2023. The study was conducted from September to November 2023, and in no case was the use of experimental animals required.


2.1 Search for key terms and data extraction


2.1.1 Bibliometric study

Our analysis was restricted to scientific articles written in English, published in the last 5 years (January 1, 2019–October 31, 2023) and indexed in the Scopus database, which constitutes the largest database of peer-reviewed scientific literature worldwide (22).The retrospective analysis of the most recent literature on avian influenza immunoprevention in avian, equine, swine, and canine species exclusively took into account original article, systematic reviews, data analyses and short research reports.

The identification and selection of relevant publications was performed independently by two researchers (AD-O and ER-M) to enhance the methodological strength, and disagreements were resolved in public discussions with a third member of the research team (DLC-D). The fields ‘title’, ‘abstract’ and ‘keywords’ as well as the main terms and their grammatical variants used in the English scientific literature to refer to avian influenza (avian flu, bird flu, equine flu, swine flu, and canine flu) and selected animal species (bird, poultry, chicken, turkey, duck, horse, pig, porcine, hog, dog, and pets). Careful checks were performed to ensure that the initial search was as sensitive as possible and that any restrictions increased specificity without compromising sensitivity.

The processes for searching, selecting, and collecting the articles in the databases were conducted using keywords and Boolean connectors. One example search is: TITLE-ABS-KEY (“avian influenza virus” OR “avian influenza” OR “equine influenza” OR “swine influenza” OR “canine influenza”) AND TITLE-ABS-KEY (“influenza vaccine” OR “vaccine” OR “vaccines” OR “combined vaccine”). Several attributes were extracted from the selected articles, including frequently used keywords, principal author’s, country or region of origin, and journal that published the article. Articles with corrections, book and chapter reviews, news, discussions and retracted publications were excluded.




2.2 Market study


2.2.1 Data extraction

To identify candidate veterinary vaccine manufacturers, the database prepared by the scientific-technological observatory belonging to the LABIOFAM Business Group was initially consulted. The final list was defined through a two-stage selection process. In the first step, two reviewers (ADO and MP) independently identified candidates (n = 45) involved in the research, development, manufacture, export and marketing of veterinary vaccines. A conservative approach was adopted in this step and all vaccine manufacturers selected by at least one of the reviewers were retained for the next step. Geographic location and type of ownership (public or private) were not exclusion criteria.

The second step was based on the commercial availability of avian influenza A vaccines for use in poultry, equines, swine or canines. Based on this criterion, 13 companies that stated on their official websites that they declared not to have a formulation available were excluded from the study. The technical contents provided by the manufacturers that could characterize the vaccines were also analyzed, for example: production technology, adjuvants and antigen used in each formulation. The absence of an explicit description in Spanish or English excluded eight vaccines manufacturers. Finally, both reviewers discussed their respective final selections until a consensus was reached on each company (n = 24). In the absence of consensus, the opinion of a third reviewer (DLC-D) was solicited.




2.3 Data analysis and visualization

The complete records of the retrieved articles were downloaded or manually entered into a Microsoft Excel spreadsheet (Microsoft Corporation, Redmond, WA, USA), and any discrepancy or disagreement was discussed and resolved with other authors. For the metric analysis of the extensive scientific production obtained (keywords: 12,162, academic journals: 659, countries: 46), a minimum of seven coincidences was established in order to obtain legible co-occurrence maps and visualize the most relevant thematic nodes. The retrieved records were exported to the EndNote X9 bibliographic reference manager, where duplicates were eliminated.

To explore the co-occurrence relationships of keywords, academic journals and countries together with their respective scientific collaboration networks, the software tool VOSviewer 1.6.18, developed by Jan van Eck and Ludo Waltman of Leiden Nees University, was used. Knowledge maps based on academic articles were represented by circular nodes (n = 68), connecting links and colors for the different clustering clusters. The intensity of relationships between nodes was estimated as a function of their proximity and the thickness of the connecting lines: close labels and thick connecting lines were interpreted as high co-occurrence rate (23).

The public platform SCImago Journal & Country Rank,1 developed by the SCImago group based on information from the Scopus database, was used to assess the quality of scientific articles (n = 2,437) on veterinary vaccines against avian influenza published in academic journals from 2019 to 2023. The quartile in which each journal is located (Q1-Q4), the SCImago Journal Rank index (indicator of the prestige of academic journals that takes into account the number of citations received and the prestige of the journals from which the citations originate), and h-index were considered (number of h citations a journal has received in other publications).

The market analysis included technical information on 136 commercial formulations from 24 company in 17 countries. The data were previously registered and coded in an electronic Microsoft Excel spreadsheet (2019) for organizational and control purposes. The variables-animal species, production technology (traditional or modern), type of vaccines (inactivated, live attenuated, recombinant, subunit and RNA vaccines), adjuvants, vaccine strains (subtypes and host of origin), and types of formulation (monovalent, polyvalent, and combined)-were summarized and expressed in absolute (n) and relative frequency (%). Groups of formulations with similar profiles were subsequently identified, and the existing associations between their attributes were determined through multiple correspondence analyses using the FactoMineR software package, version 4.3.1 (USA).

The selected variables for exploring possible relationships were production technology, formulation, and animal species. Subsequently, significant differences in the frequencies of vaccine strain use (high and low pathogenicity) and types of formulation across animal species (avian, swine, equine, and canine) were identified using the independent chi-square test. Once it was confirmed that the frequencies of use were not homogeneous (p-value <0.05), the pairwise chi-square test was employed using the R package, version 0.7.2 (USA). The p-values obtained were adjusted using the Holm–Bonferroni method to reduce errors incurred when performing multiple tests.




3 Results


3.1 Scientific trend


3.1.1 Knowledge map

The complex co-occurrence network or knowledge map, consisting of keywords (n = 12,162) found in scientific articles (n = 2,437) on the veterinary prevention of avian influenza, is shown in Figure 1. The nodes visualized (n = 68) using the VOSViewer clustering algorithm formed five important clusters (green, yellow, dark blue, red, and light blue), all with intense collaboration links between them. The most frequently used descriptors were “influenza vaccine” and exhibited the highest frequency of use in specialized publications (50.5%, n = 6,144) during the period 2019–2023 and was located near the center of the map.
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FIGURE 1
 Co-occurrence of keywords and links established between the thematic areas dedicated to veterinary vaccines against avian influenza type A during the period 2019–2023. Source: Authors’ own elaboration with VOSviewer® v1.6.18 software based on data obtained from Scopus®.


The thick and numerous connecting lines displayed indicate high levels of co-occurrences with numerous nodes, highlighting the controlled study (25.0%, n = 3,045), inactivated vaccine (11.8%, n = 1,440), immunological adjuvants (9.0%, n = 1,100), and the recombinant vaccine (n = 1,005, 8.2%). It is important to note the closeness and strong co-occurrence links it established with other nodes outside its thematic cluster, such as live vaccine (red, n = 720) and canine vaccine (yellow, n = 510), while with horse (red, n = 19) it maintained little links and co-occurrence.

Cluster 1 (green, n = 21, 30.9%) exhibited the greatest strength and breadth in the visualized knowledge map. It focused on inactivated, recombinant, and DNA vaccines; adjuvants; and study of immunogenicity. Meanwhile, cluster 2 (yellow, n = 19, 27.9%) was associated with controlled studies, field strains, specific-pathogen-free chicken embryos, in vitro and in vivo studies, and dogs. Cluster 3 (dark blue, n = 14, 20.6%) was particularly related to hemagglutinin, virus antigen, virus isolation, virus genome, phylogeny study, genotype, and avian species. Cluster 4 (red, n = 10, 14.7%) was linked to disease surveillance, influenza A subtype H5N1, H5N2, H7N7, H7N3, H7N9, H1N1, zoonoses, pig, clinical trials, safety, and live vaccines. Cluster 5 (light blue, n = 4, 5.9%) had the least representation among all and was located on the periphery of the map, focusing on research on cross-protection, epitopes, and universal vaccines (Figure 1).



3.1.2 Publication sources

The associative analysis between relevant academic journals on the topic of vaccines against avian influenza (n = 659), their publications (n = 2,437), and the respective citations generated (n = 23,332) showed that only 3.6% (n = 24) had the highest productivity (Figure 2). When arranged in descending order based on their impact, the latter showed a high scientific level as a whole, where 50.0% (12/24) were Q1, 33.3% (8/24) were Q2, 16.7% (4/24) were Q3, and none of them were classified as Q4. From a country standpoint, 37.5% (9/24) of the most productive journals were from the United Kingdom, followed by the Netherlands (25.0%, 6/24), the United States (20.8%, 5/24), Switzerland (12.5%, 3/24), and Austria (4.2%, 1/24), thus demonstrating the dominance of the Anglo-Saxon language in the production and impact of scientific research on veterinary avian influenza vaccines.
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FIGURE 2
 Most productive scientific journals on veterinary vaccines against avian influenza type A during the period 2019–2023. Source: Authors’ own elaboration with VOSviewer® v1.6.18 software based on data obtained from Scopus®.


The most active journal (n = 288, 11.8%) and with the highest citation levels (n = 2,899, 12.4%) in this topic during the period 2019–2022 was Vaccine, which occupied the central core of the bibliometric map. It was followed by others of similar prestige and scientific influence, such as PLOS One (153 publications and 1,819 citations), Viruses (88 publications and 529 citations), Veterinary Microbiology (70 publications and 970 citations), and Journal of Virology (63 publications and 1,868 citations). All citations accounted for 27.2% (n = 662) of publications worldwide, and 34.7% (n = 8,085) of them were linked to the topic of veterinary vaccines against influenza.

The bibliometric analysis also revealed that the five journals had in common their origin in developed countries, their indexations in Q1 and Q2 since 2019, SJR ≥1.49, and h-indices ≥114, in addition to their publication of articles in multiple thematic categories. It is remarkable that among the relevant journals on the subject (n = 659), Pakistan Veterinary Journal (Q1, SJR: 0.53, and h-index: 37) and the Veterinary World of India (Q2, SJR: 0.48, and h-index: 48), both from developing countries, had a total of 76 publications and 22 citations during the period 2019–2023.



3.1.3 Academic collaboration

Figure 3 shows the countries that participated in publications on veterinary vaccines against avian influenza (n = 46) and their collaborative links (n = 391). Distribution based on country revealed six clusters: the United States (dark blue) in the center, surrounded by China (red), Egypt (yellow), the Netherlands (purple), Italy (green), and Mexico (light blue). The six countries mentioned above accounted for 66.3% (n = 1,616) of all scientific publications related to the topic (n = 2,437) during the period 2019–2023, with the United States as the main contributor (n = 622, 25.5%), followed by China (23.1%, n = 564) and Egypt (6.6%, n = 160).
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FIGURE 3
 Most productive countries and their collaborative links in terms of veterinary vaccines against avian influenza type A during the period 2019–2023. Source: Authors’ own elaboration with VOSviewer® v1.6.18 software based on data obtained from Scopus®.


A similar hierarchical order was observed when analyzing the international collaboration groups, led once again by the United States (n = 36 countries) and China (n = 28 countries). However, the scientific network had significant participation from six Asian countries (South Korea, Vietnam, Japan, India, Pakistan and Iran), seven European countries (Belgium, Poland, Spain, Italy, Germany, the Netherlands and Russia), Canada and Egypt.




3.2 Business trend


3.2.1 Characterization of the selected companies

Technical information from 136 vaccines developed, produced, and marketed by 24 biopharmaceutical companies was used to characterize the global market for veterinary vaccines against avian influenza type A in avian, equine, swine, and canine species during 2023. Based on the geolocation declared for their headquarters, America was the best represented, with 13 companies (Avimex, Laboratorios Avilab, BioChemiq, Elanco, Farvet, Instituto Rosenbusch S.A., Lapisa, Microsules, MSD Animal Health/Merck & Co., Sanfer, Veterquimica, Viren S.A., and Zoetis), followed, in descending order, by Europe with six (Bioveta Ltd., Boehringer Ingelheim, Ceva Santé Animale, Dechra Pharmaceutical, Laboratorios Hipra S.A., and Vaxxinova), Asia with four (Navetco, Qilu Animal Health, Razi Vaccine & Serum Research Institute, and Stavropol Biofabrika), and Africa with one (Mevac). Distribution based on country showed that Mexico was leading with five companies, followed by the United States of America with three, Argentina with two, and the remaining participating countries such as the Czech Republic, Germany, France, England, Peru, Spain, Egypt, Uruguay, Vietnam, China, Iran, Russia, the Netherlands, and Chile, each with one.

It was found that 100% of the 24 companies selected showed a strong association in the use of similar technologies to produce veterinary vaccines against avian influenza (Figure 4). Vaccines manufactured with traditional technology (inactivated) were the most common on the international veterinary market (86.0%, 117/136), followed in decreasing order by modern vaccines (recombinant, subunit and RNA vaccines) with 13.9% (19/136).
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FIGURE 4
 Global manufacture of veterinary avian influenza vaccines grouped by production technology, animal species and formulation. Source: Scientific-technological observatory of the Grupo Empresarial LABIOFAM.


In general terms, 98.5% (134/136) of commercial veterinary avian influenza vaccines were found to be highly dependent on adjuvants. The strategy for industrial use of adjuvants was diverse: 81.3% (109/134) of the formulations contained a single immunostimulant, while the remaining 18.7% (25/134) included mixtures of two or more. The catalog of licensed adjuvants was dominated by oily compounds (52.2%, 70/134), commercial mixtures such as Havlogen®, Amphigen®, MetaStim® and Carbimmune® (18.7%, 25/134), compounds of natural origin such as saponins, polymers and carbomers (16.4%, 22/134) and, finally, aluminum hydroxide (12.7%, 17/134).



3.2.2 Animal species

A second distinctive feature of the avian influenza veterinary vaccine market was the existence of significant differences between observed and expected frequencies of use across all species analyzed, suggesting that influenza vaccine use varies significantly by animal species (Table 1). In particular, there were two extremes of higher and lower frequency of use; birds showed significant values of higher association, while canines use it the least.



TABLE 1 Global production of avian influenza veterinary vaccines grouped by farm animal and pets.
[image: Table1]

All species included in the study have inactivated vaccines for immunoprotection (85.2%, 116/136), but only the canine has a commercial vaccine based on RNA technology (Nobivac® NXT Canine Flu, H3N2). The avian species was the most favored by the companies included in the study (47.1%, 64/136), followed, in descending order, by the equine (34.6%, 47/136), porcine (13.2%, 18/136) and canine species. (5.1%, 7/136). Figure 5 shows that equids are the animal species with the greater diversity of vaccines, of which 87.2% are inactivated (41/47), 6.4% (3/47) are recombinant, 4.3% (2/47) are subunit vaccines, and only 2.1% (1/47) are live attenuated vaccines. (Flu Avert®, H3N8).
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FIGURE 5
 Globally reported production technologies for manufacturing veterinary avian influenza vaccines, grouped by animal species. Source: Scientific-technological observatory of the Grupo Empresarial LABIOFAM.




3.2.3 Commercial vaccine strains

Regarding influenza strains used for industrial purposes, Table 2 summarizes the observed and expected frequencies according to animal species during 2023. The absence of homogeneity at the international level was observed. All species showed significant differences in the use of low and high pathogenicity strains, except for canines. Avian vaccines used approximately 3.0 times more highly pathogenic strains in their formulation, while swine vaccines used 24.0 times more low pathogenic strains. This indicates that the selection of strain type may be influenced by the animal species and its context of use.



TABLE 2 Low and high pathogenicity strains available for global manufacture of avian influenza vaccines distributed by farm animal and pets.
[image: Table2]

A diverse range of subtypes (n = 13) used in the production of commercial vaccines was identified (Figure 6). The H5Nx subtype (H5N1, H5N2, H5N3, H5N6 and H5N8) showed the highest antigenic diversity (38.5%, 5/13), followed by the H7Nx subtype (H7N1, H7N3 and H7N7) with 23.1% (3/13). Avian vaccines were found to have the greatest variety of subtypes in their formulation (10/13), followed by porcine (6/13), equine (4/13), and finally canine (2/13).

[image: Figure 6]

FIGURE 6
 Avian influenza strains isolated from different animal species available for global veterinary vaccine production. Note: *highly pathogenic vaccine strains. Source: Scientific-technological observatory of the Grupo Empresarial LABIOFAM.


It was observed that H3N8 (37.5%, 51/136), H5N2 (22.0%, 30/136) and H3N2 (15.4%, 21/136) subtypes were the most commonly used in commercial monovalent, multivalent and combination vaccines. Industrial use of the H3N8 subtype was concentrated in equine vaccines (88.2%, 45/51), while the H5N2 and H3N2 subtypes were mainly reported in poultry (96.6%, 29/30) and swine (76.1%, 16/21) formulations, respectively. Thus, the exclusivity of the H1N1, and H1N2 subtypes for swine vaccines was observed, whereas the H9N2, H7N3, H5N8, H5N6, H5N3, and H7N1 subtypes were reserved only for avian use.

The organization of vaccine strains present in commercial vaccines by subtype and animal species also revealed a large genetic diversity (n = 53). Figure 7 shows that H3N8 strains isolated from equids were the most diverse (19/53, 35.8%), representing the American and Eurasian lineages as well as the South American, Kentucky and Florida sublineages. In addition, it was the only subtype used for the manufacture of live vaccines (A/Equine 2/Kentucky/91).
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FIGURE 7
 Avian influenza A strains identified in the global manufacture of veterinary vaccines, grouped by subtype and host of origin. Source: Scientific-technological observatory of the Grupo Empresarial LABIOFAM.




3.2.4 Commercial formulations

It was found that 100% (n = 24) of the companies contained in their product catalogs vaccines formulated with one (monovalent) or more influenza subtypes (polyvalent), while 66.7% (16/24) produced combined vaccines (mixtures of viral and bacterial antigens). It is important to note that combined vaccines despite being produced by fewer companies dominated the market with 52.2% (71/136), followed by monovalent (29.4%, 40/136) and finally polyvalent (18.4%, 25/136).

Significant differences according to the type of formulation and animal species were identified by the chi-square test (Table 3). Avian monovalent vaccines showed significantly higher frequencies of use compared to the other species. However, equine, swine and avian multivalent vaccines did not differ significantly from canine vaccines, which are the least common in the international market. As for combined vaccines, those for avian and equine species were significantly more widely used than those for canines. This suggests that the choice of influenza vaccine type is significantly influenced by animal species, which could reflect differences in biological needs, management practices or vaccination strategies.



TABLE 3 Manovalent, polyvalent and combined vaccines against avian influenza grouped by farm animal and pets.
[image: Table3]

From the point of view of antigenic composition, the formulations combining influenza + Newcastle were the most dominant (38.0%, 27/71), followed by influenza + herpesvirus type 1 (29.5%, 21/71) and influenza + herpesvirus type 4 (28.1%, 20/71). Furthermore, formulations containing bacterial antigens mostly contained tetanus toxoid (33.8%, 24/71), indicated exclusively for equines (Figure 8).
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FIGURE 8
 Viral and bacterial antigens included in commercial avian influenza vaccines grouped by animal species. Source: Scientific-technological observatory of the Grupo Empresarial LABIOFAM.






4 Discussion

The present academic-commercial analysis of veterinary vaccines against avian influenza confirms that the disease is a priority for the veterinary sector (24). It shows the key role of classical vaccines in reduce the virus shedding in the animal population (25), despite doubts about their efficacy (short-lived immunity), the inability to induce sterilizing immunity and the complications of their use in epidemiological surveillance (7, 8, 26). In this endeavor, science and the veterinary biopharmaceutical industry converge on the same path: inactivated virus vaccine. This common position may be associated to the less clinical signs, less degree of pathological lesions and lower titer of viral excretion observed in birds vaccinated with this type of vaccine (25, 27, 28) and to its rapid development-production.

The popularity achieved by this type of production technology is also supported by decades of application with excellent results and the possibility of each country possibility to manufacture its own formulations from national isolates (24). In this context, classical autogenous vaccines have the advantages of adapting to local health needs, accelerating the response to new influenza subtypes in the field, avoiding vaccinating with outdated strains, achieving national self-sufficiency and low sales prices per dose, and avoiding excessive costs related to long transport times (29, 30). For these reasons, it is expected that science will continue to update local vaccine strains (31) to manufacture and test new inactivated vaccines for chickens/ducks (32), pigs (33) and companion animals (34), depending on the epidemiological conditions in different countries.

The evidence gathered in this research also shows that recombinant vaccines against influenza are the second-best solution studied and marketed globally during the period 2019–2023 to immunoprotect productive species. Such a stance coincides with scientific advances on molecular mechanisms of genomic replication (35), characterization of conserved and variable sites of the viral RNA (36), and, in particular, the expression of hemagglutinin and/or neuraminidase genes in avian smallpox, turkey herpesvirus, Newcastle virus, Escherichia coli, and plants (Nicotiana benthamiana) (37–40). This latter alternative approach offers significant advantages associated with the ability to grow the plants on a large scale, rapid and efficient production in required quantities, low costs (40) and thermostability of the antigen (39). However, like other vaccines, it does not overcome the challenge of cross-protection and the high risk of occupational exposure from handling the avian influenza antigen remains. The introduction of these plant species for vaccine production requires improved technologies both to minimize the alkaloid (toxic substance) content and to increase the antigen yield. It also requires confined cultivation systems to avoid the possibility of agrochemical contamination, adverse weather conditions, irregular soil composition and pathogen attack (40).

The low presence of modern vaccines (n = 16) in the product catalogs issued by the companies studied (n = 136), allows inferring that much of the new scientific knowledge remains in the exploratory field, and few are converted into marketable products. Consequently, the role of these formulations in global veterinary health management during the 2019–2023 period remains limited. Changing this reality in the future involves obtaining vaccines capable of effectively stopping virus replication and excretion and generating specific antibodies that do not interfere with the diagnosis of naturally infected animals. Although some progress has been made in this regard (41–43), much work remains to be done; it is necessary to surpass the indicators of safety, efficacy and duration of immunity achieved by traditional vaccines in the field, demonstrate the stability of the synthetic antigen and explore the use of the mucosa (buccal, nasal and ocular) as routes of administration for different animal species.

The need to optimize the efficacy of inactivated vaccines and, the development of new purified, synthetic or recombinant antigens that are specific and well characterized but not very immunogenic, explains, at least in part, the great scientific interest in developing new and potent adjuvants that help to increase the immune response, in addition to generating a rapid decrease in clinical signs (44). The academic projection shown in Figure 1 involves aluminum nanoparticles composed of quaternized chitosan (45), different fractions of purified saponins (46), and natural oils of plant origin (47), among other novel compounds. However, it is expected that the introduction of academic advances into industrial practice will require time and significant financial resources. Its delayed implementation is associated not only with the diversity of animal species with different immune systems but also with delays in the development of economical, and robust formulations (low toxicity, generate a potent immune response, optimum antigen adsorption-dsorption capacity, biodegradable, and stable under normal storage conditions) that comply with good production practices (48, 49). Despite this, the industry remains very attentive to the evaluation of these substances because their incorporation has many advantages: optimization of the immunogenic efficacy of current vaccines, increase the immune response at mucosal level without the need for injection, production of larger quantities of doses with fewer antigens, and reduction of production costs without sacrificing the quality of the vaccine (47).

Another coincidental feature identified in this study is the dominance of avian, and swine vaccines both in scientific articles and in the market. This occurrence, although observed in a previous study on veterinary infectious diseases (23), and confirms once again that science and industry continue to focus on the immunoprotection of fundamental species in the production of animal protein for the human consumption, promoting the livelihood of rural poor, especially in underdeveloped countries, and supporting national food security (30).

Together with the identification of common interests between science and industry, divergent thematic areas were also found. In the first case, there was no correspondence between the high number of co-occurrences identified in the bibliometric study (n = 720) and the scarce presence of live vaccines in the market (0.7%, 1/136, Flu Avert®, H3N8). This fact suggests that science insists on achieving modified live strains (less virulent or avirulent) despite serious safety issues in clinical use and cumbersome manufacturing processes. This research may be encouraged by the fact that these are the only vaccines that best mimic natural infection, thus inducing strong humoral and cellular immunity. Several attenuation options have been explored, such as degradation of viral proteins (50), deletion of the NS1 gene encoding non-structural protein 1, or point mutations in the haemagglutinin gene (51–55). Although the results are successful in generating robust humoral, mucosal and cellular immunity against homologous and heterologous viruses, the resulting genetic constructs have not progressed beyond the scientific frontier. These options have yet to overcome numerous regulatory barriers and to implement new vaccination strategies involving the simultaneous use of live and inactivated vaccines.

In the second case, the numerous co-ocurrent publications on canine vaccination against avian influenza (n = 510) and the poor presence of commercial vaccines may be related to the gradual changes taking place in our societies regarding pet ownership and care. The loss of traditional pet functions such as protection, hunting and defense to contemporary functions such as companionship and provision of affection (56, 57) encourages pet adoption, cohabitation in smaller spaces and sharing of pathogens. The increased likelihood of zoonotic events, coupled with frequent reports of influenza infections of various subtypes in dogs (58), raise new concerns that necessitate further research into immunoprotection. However, this scientific interest has not yet translated into vaccine production, and dogs are the least represented species in the global market, with only 4.5% of commercial vaccines available in 2023.

The final area of divergence identified in this study concerns equine vaccines. In this respect, little scientific interest in research into new equine flu vaccines was observed (n = 19), despite the fact that equine flu is a species of great military, cultural, genetic, sporting, recreational and economic value. This reality is contradicted by the large number of commercial vaccines available on the world market (34.5%, 47/136), being the second most immunoprotected animal species. This imbalance between science and industry is difficult to explain considering the great usefulness of the horse for humans since ancient times (transportation, agricultural and livestock work, meat, milk, hair, and leather) and the great impact of the disease on the equine industry (compulsory health declaration, low sporting performance and restrictions on international trade) (59, 60).

With respect to the significant genetic diversity of influenza strains (high and low pathogenicity subtypes) involved in research and commercial vaccine production was an expected occurrence, given the extensive antigenic variants observed in wild strains (61). Consequently, it is not coincidental to find close links between the field strains with the highest global circulation and vaccine strains (62), in particular those with a high capacity to rapidly spread between migratory birds, domestic birds, mammals and humans such as H3Nx, and H5Nx. The industrial use of numerous lineages responsible for outbreaks in Africa, Asia, America and Europe is extremely important to increase the effectiveness of disease prevention and control programs in countries that practice vaccination and reduce the frequency of animals with severe forms of the disease (63–65).

The unstable health situation associated with the constant genetic evolution of the pathogen, the increasing number of affected species and the ‘One Health’ approach will encourage the veterinary and human scientific and industrial communities to continue their collaboration. Unity of public and private interests will be imperative not only for effective, coordinated and sustained epidemiological surveillance and reporting actions worldwide, but also for rapid dissemination of knowledge on new influenza A virus sequences and outbreaks, in order to prevent possible future pandemics (66, 67).

The positive impact observed in those countries that decided to implement massive vaccination (66), may change in the future. The rapid antigenic evolution of the virus, chemical instability of hemagglutinin/neuraminidase, and wide range of susceptible and transmitting hosts make it almost impossible to predict the subtype of the next pandemic virus and, therefore, the existence of an adequate vaccine (12, 67). Faced with these questions, science is attempting to design so-called “universal vaccines” that include several subtypes of influenza in the same formulation. In this regard, in vivo tests using H1N9/H3N8/H5N1/H7N3 mixtures yield satisfactory results; however, there is still a long way to go (68). The efficacy and safety of these vaccines depend on many factors: antigenic match of vaccine strains to circulating strains, manufacturing procedures, adjuvants, antigen concentration, dosage and method of administration (69). Therefore, these formulations cannot be expected to be applied in daily clinical practice in the short term, which justifies their peripheral position observed in Figure 1. The success of this new immunoprotective option is closely linked to the union of public and private interests. The resulting alliance will allow not only effective, coordinated and sustained epidemiological surveillance, but also rapid dissemination of emerging epidemic strain sequences for inclusion in new formulations (70, 71).

The extensive network of academic journals publishing veterinary scientific results on avian influenza, the significant participation of countries in joint research (Figure 2) and the large number of commercial vaccines worldwide (Table 2) reveal a reality: scientists, vaccine manufacturers and farmers are jointly searching for answers to defeat the same adversary. All, from different approaches, identify this virus as a major threat to the security of nations and urgently need to reduce the serious health and economic impacts that the disease can cause (increased mortality, reduced production and trade restrictions) (72). The high international priority given to this virus (7, 8) may have been an element promoting the balance observed between academic and industrial production of veterinary vaccines in some of the countries involved in this study, such as the United States, Vietnam, Iran, Spain, Germany, Russia, the Netherlands, and Egypt.

This heterogeneity is due to the wide geographical distribution of the disease, its great epidemiological complexity, the increasing number of affected species (1, 2), the experience in research, development and application of vaccines that some countries possess (73), as well as the existence of an economic cooperation framework that prioritizes cross-border research between developing nations and high-income international scientific institutions (74). In this context, the prominent presence of the United States and China coincides with the largest epidemic events reported globally and therefore, they are the most interested in collaborating with other nations to mitigate zoonotic risks and the resulting economic and trade impacts (62, 64). For these reasons, they dedicate significant research funds resulting in a high volume of publications and international collaborations, as illustrated in Figure 3 (75).

The commercial interest of pharmaceutical companies in introducing influenza vaccines combined with antigens from different subtypes (18.4%, 25/136), viruses, and bacterias (52.2%, 71/136) to the market arises from multiple reasons. These include extending protection against several subtypes in a single administration (76), preventing a greater number of diseases per dose, rapid compliance with the vaccination schedule, and increased immunization coverage. Other elements favoring the presence of these formulations on the world market are the constant emergence of antibiotic-resistant bacterial strains (77), co-circulation of different pathogens in the same population, reduced costs in application, transportation, and storage of biological material as well as decreased stress in animals due to less manipulation (78). Therefore, these formulations are highly appreciated by animal health professionals and prove highly useful in the case of avian influenza. Recent evidence confirms that this pathogen has the capacity to co-infect animals, increasing the frequency and severity of respiratory tract lesions (79). Based on this evidence, combination vaccines emerge as an appropriate solution, eliciting a rapid and improved immune response in both avian and equine species compared to monovalent vaccines against Newcastle and herpesvirus types 1 and 4 (24, 80, 81).



5 Limitations and strengths of the study

This study has several limitations in its implementation. First, Scopus was the sole database consulted, and only articles written in English were considered. This could potentially lead to an underestimation of the available information, as other important databases and languages used to communicate scientific findings were not included. However, these decisions were made considering that Scopus constitutes the largest database of peer-reviewed scientific literature globally (22) and that the main international journals (Q1 and Q2) exclusively accept articles in English (70, 71, 82). Additionally, articles written in other languages (Spanish, Portuguese, French, German, Russian, and Chinese, among others) tend to receive fewer citations, despite being indexed in international databases (83). Second, the bibliometric search may have overestimated the productivity of certain countries because the primary authors’ affiliation does not always reflect their true institution of origin or the place where the research was conducted. Third, by analyzing 24 companies from 17 countries, it was possible to exclude others of regional importance, thus potentially causing biases or data omissions.

However, the results shown include formulations from the largest commercial players in the global veterinary biopharmaceutical sector, such as Boehringer Ingelheim, Elanco, MSD Animal Health, and Zoetis. Despite all these limitations, the study can be used to identify global trends in veterinary biopharmaceutical science and industry for preventing avian influenza. Furthermore, it can serve as a starting point for future research on this topic, involving similar or different productive and affective species, thereby addressing the identified limitations.



6 Conclusion

The study demonstrated the fundamental role of classical production methods (based on the use of the whole pathogen) in avian influenza A research and the production of veterinary vaccines.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

AD-O: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. ER-M: Data curation, Formal analysis, Methodology, Software, Validation, Writing – review & editing. MP: Data curation, Formal analysis, Writing – review & editing, Investigation, Methodology, Validation, Writing – original draft. DC-D: Conceptualization, Data curation, Formal analysis, Funding acquisition, Resources, Supervision, Visualization, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Acknowledgments

The authors thank Dirección Nacional de Investigación de la Universidad Cooperativa de Colombia and Manuel Alejandro La O Arias for their assistance.



Conflict of interest

AD-O and MP were employed by Grupo Empresarial LABIOFAM.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Footnotes

1   https://www.scimagojr.com



References

 1. Abdelwhab, EM, and Mettenleiter, TC. Zoonotic animal influenza virus and potential mixing vessel hosts. Viruses. (2023) 15:980. doi: 10.3390/v15040980 

 2. Sreenivasan, C, Li, F, and Wang, D. Emerging threats of highly pathogenic avian influenza a (H5N1) in US dairy cattle: understanding cross-species transmission dynamics in mammalian hosts. Viruses. (2024) 16:1703. doi: 10.3390/v16111703 

 3. Le, K, Nguyen, T, Huynh, L, Chu, H, Nguyen, L, Nguyen, T , et al. Genetic, antigenic, and pathobiological characterization of H9 and H6 low pathogenicity avian influenza viruses isolated in Vietnam from 2014 to 2018. Microorganisms. (2023) 11:244–60. doi: 10.3390/microorganisms11020244 

 4. Abotaleb, M, Mourad, A, Fouad, E, Abdo, W, and Nassif, A. Pathogenicity and pathogenesis of a recent highly pathogenic avian influenza subtype H5N8 in mule ducklings in Egypt. Vet World. (2023) 16:59–67. doi: 10.14202/vetworld.2023.59-67 

 5. Auer, A, Panzarin, V, Monne, I, Crimaudo, M, Angot, A, Gourlaouen, M , et al. Comparative assessment of lyophilized and wet reagents for the molecular detection of H5N1 high pathogenic avian influenza virus and H9N2 low pathogenic avian influenza virus. J Virol Methods. (2023) 314:114686. doi: 10.1016/j.jviromet.2023.114686 

 6. Moraes, D, Vincent, A, Wang, X, Zhu, Z, Berg, E, Trevisan, G , et al. Veterinarian perceptions and practices in prevention and control of influenza virus in the Midwest United States swine farms. Front Vet Sci. (2023) 10:1089132. doi: 10.3389/fvets.2023.1089132 

 7. Dey, P, Ahuja, A, Panwar, J, Choudhary, P, Rani, S, Kaur, M , et al. Immune control of avian influenza virus infection and its vaccine development. Vaccine. (2023) 11:593. doi: 10.3390/vaccines11030593 

 8. Chen, J, Wang, J, Zhang, J, and Ly, H. Advances in development and application of influenza vaccines. Front Immunol. (2021) 12:711997. doi: 10.3389/fimmu.2021.711997 

 9. Chauhan, RP, and Gordo, M. An overview of influenza a virus genes; protein functions; and replication cycle highlighting important updates. Virus Genes. (2022) 58:255–69. doi: 10.1007/s11262-022-01904-w 

 10. Vreman, S, Kik, M, Germeraad, E, Heutink, R, Harders, F, Spierenburg, M , et al. Zoonotic mutation of highly pathogenic avian influenza H5N1 virus identified in the brain of multiple wild carnivore species. Pathogens. (2023) 12:168. doi: 10.3390/pathogens12020168 

 11. Ospina-Jimenez, F, Gomez, P, Rincon-Monroy, A, Ortiz, L, Perez, R, Peña, M , et al. Sequence based antigenic analyses of H1 swine influenza a viruses from Colombia (2008–2021) reveals temporal and geographical antigenic variations. Viruses. (2023) 15:2030. doi: 10.3390/v15102030 

 12. Russell, C. Hemagglutinin stability and its impact on influenza a virus infectivity; pathogenicity; and transmissibility in avians; mice; swine; seals; ferrets; and humans. Viruses. (2021) 13:746. doi: 10.3390/v13050746 

 13. Pal, A, Pal, A, and Baviskar, P. Molecular characterization of RIGI, TLR7 and TLR3 as immune response gene of indigenous ducks in response to avian influenza. Front Mol Biosci. (2021) 8:633283. doi: 10.3389/fmolb.2021.633283 

 14. Zhu, R, Xu, S, Sun, W, Li, Q, Wang, S, and Shi, H. Gene amino acid mutations contribute to antigenic variation and immune escape of H9N2 influenza virus. Vet Res. (2022) 53:43–11. doi: 10.1186/s13567-022-01058-5 

 15. Wan, Z, Zhao, Z, Sang, J, Jiang, W, Chen, J, Tang, T , et al. Amino acid variation at hemagglutinin position 193 impacts the properties of H9N2 avian influenza virus. J Virol. (2023) 97:e0137922–2. doi: 10.1128/jvi.01379-22 

 16. Zhang, N, Quan, K, Chen, Z, Hu, Q, Nie, M, Xu, N , et al. The emergence of new antigen branches of H9N2 avian influenza virus in China due to antigenic drift on hemagglutinin through antibody escape at immunodominant sites. Emerg Microbes Infect. (2023) 12:2246582. doi: 10.1080/22221751.2023.2246582 

 17. Meseko, C, Onogu, N, Kumar, B, and Culhane, M. Rational approach to vaccination against highly pathogenic avian influenza in Nigeria: a scientific and global best practice. Arch Virol. (2023) 168:263. doi: 10.1007/s00705-023-05888-2

 18. Spackman, E, and Pantin-Jackwood, M. Practical aspects of vaccination of poultry against avian influenza virus. Vet J. (2014) 202:408–15. doi: 10.1016/j.tvjl.2014.09.017 

 19. Anderson, T, Capua, I, Dauphin, G, Donis, R, Fouchier, R, Mumford, E , et al. FAO-OIE-WHO joint technical consultation on avian influenza at the human-animal Interface. Influenza Other Respir Viruses. (2010) 4:1–29. doi: 10.1111/j.1750-2659.2009.00114.x 

 20. Entrican, G, and Francis, J. Applications of platform technologies in veterinary vaccinology and the benefits for one health. Vaccine. (2022) 40:2833–40. doi: 10.1016/j.vaccine.2022.03.059 

 21. Viviani, L, Balks, E, Beken, S, Brady, M, Clayton, R, Cliquet, F , et al. 3Rs implementation in veterinary vaccine batch-release testing: current state-of-the-art and future opportunities. A webinar and workshop report. Biologicals. (2023) 83:101695. doi: 10.1016/j.biologicals.2023.101695 

 22. Baas, J, Schotten, M, Plume, A, Côté, G, and Karimi, R. Scopus as a curated, high-quality bibliometric data source for academic research in quantitative science studies. Quant Sci Stud. (2020) 1:377–86. doi: 10.1162/qss_a_00019

 23. van Eck, N, and Waltman, L. Software survey: VOSviewer, a computer program for bibliometric mapping. Scientometrics. (2010) 84:523–38. doi: 10.1007/s11192-009-0146-3 

 24. Ducrot, C, Gautret, M, Pineau, T, and Jestin, A. Scientific literature on infectious diseases affecting livestock animals, longitudinal worldwide bibliometric analysis. Vet Res. (2016) 47:42. doi: 10.1186/s13567-015-0280-2 

 25. Asaad, H, Hassanin, O, Saif-Edin, E, Ibrahim, S, Mohamed, A, Hamad, M , et al. Molecular and histopathological studies on commercial vaccines against H9 avian influenza in broilers. Inter J Comp Vet Res. (2024) 2:30–9. doi: 10.21608/ijcvr.2024.326923.1005

 26. Tseng, I, Pan, B, Feng, Y, Fang, C, and Fang, C. Re-evaluating efficacy of vaccines against highly pathogenic avian influenza virus in poultry: a systematic review and meta-analysis. One Health. (2024) 18:100714. doi: 10.1016/j.onehlt.2024.100714 

 27. Zhai, K, Dong, J, Zeng, J, Cheng, P, Wu, X, Han, W , et al. Global antigenic landscape and vaccine recommendation strategy for low pathogenic avian influenza a(H9N2) viruses. J Infect. (2024) 89:106199. doi: 10.1016/j.jinf.2024.106199 

 28. Maartens, H, Frizzo da Silva, L, Dawson, S, Love, N, and Erasmus, J. The efficacy of an inactivated avian influenza H5N1 vaccine against an African strain of HPAI H5N8 (clade 2.3. 4.4 B). Avian Pathol. (2023) 52:176–84. doi: 10.1080/03079457.2023.2181145 

 29. Mehrabadi, F, Ghalyanchilangeroudi, A, Ghafouri, SA, Hosseini, H, Zabihi, P, Modiri, H , et al. Comparison of autogenous and commercial H9N2 avian influenza vaccines in a challenge with recent dominant virus. Iran J Vet Res. (2020) 21:109–14.

 30. Pal, M, and Girma, A. Perspective of vaccination in veterinary medicine: a review. J Adv Microbiol Res. (2022) 3:47–51.

 31. Lee, MS, Jang, EY, Cho, J, Kim, K, Lee, CH, and Yi, H. Development and comparison of two H5N8 influenza a vaccine candidate strains. Arch Virol. (2019) 164:127–36. doi: 10.1007/s00705-018-4062-9 

 32. Elsafty, M, Morsy, A, Elsayed, M, Soliman, R, and Abotaleb, M. Efficacy of some avian influenza H5 vaccines against local highly pathogenic avian influenza viruses subtype H5N8 isolated in 2018 and 2020 in Egypt. VacciMonitor. (2023) 32:e03123

 33. Hayashi, H, Isoda, N, Bazarragchaa, E, Nomura, N, Matsuno, K, Okamatsu, M , et al. Potency of an inactivated influenza vaccine against a challenge with a/swine/Missouri/A01727926/2015 (H4N6) in mice for pandemic preparedness. Vaccine. (2020) 8:768. doi: 10.3390/vaccines8040768 

 34. Velineni, S, Hainer, N, Conlee, D, and Hutchinson, K. Vaccination with an inactivated canine influenza H3N2 virus vaccine is safe and elicits an immune response in cats. J Feline Med Surg. (2020) 22:199–202. doi: 10.1177/1098612X19833261 

 35. Zhu, Z, Fodor, E, and Keown, R. A structural understanding of influenza virus genome replication. Trends Microbiol. (2023) 31:308–19. doi: 10.1016/j.tim.2022.09.015

 36. Funk, M, de Bruin, ACM, Spronken, MI, Gultyaev, AP, and Richard, M. In silico analyses of the role of codon usage at the hemagglutinin cleavage site in highly pathogenic avian influenza genesis. Viruses. (2022) 14:1352. doi: 10.3390/v14071352 

 37. Balzli, CL, Bertran, K, Lee, DH, Killmaster, L, Pritchard, N, Linz, P , et al. The efficacy of recombinant Turkey herpesvirus vaccines targeting the H5 of highly pathogenic avian influenza virus from the 2014–2015 North American outbreak. Vaccine. (2018) 36:84–90. doi: 10.1016/j.vaccine.2017.11.026 

 38. Adebajo, MC, Ademola, SI, and Oluwaseun, A. Seroprevalence of fowl pox antibody in indigenous chickens in Jos north and south council areas of plateau state, Nigeria: implication for vector vaccine. ISRN Vet Sci. (2012) 2012:154971. doi: 10.5402/2012/154971 

 39. Xu, L, Qin, Z, Qiao, L, Wen, J, Shao, H, Wen, G , et al. Characterization of thermostable Newcastle disease virus recombinants expressing the hemagglutinin of H5N1 avian influenza virus as bivalent vaccine candidates. Vaccine. (2020) 38:1690–9. doi: 10.1016/j.vaccine.2019.12.054 

 40. Phan, T, Tran, X, and Ho, T. Plant crude extracts containing oligomeric hemagglutinins prot Hennemann ect chickens against highly pathogenic avian influenza virus after one dose of immunization. Vet Res Commun. (2023) 47:191–205. doi: 10.1007/s11259-022-09942-3 

 41. Aida, V, Pliasas, V, Neasham, P, North, J, McWhorter, K, Glover, S , et al. Novel vaccine technologies in veterinary medicine: a herald to human medicine vaccines. Front Vet Sci. (2021) 8:654289. doi: 10.3389/fvets.2021.654289 

 42. Chiba, S, Kiso, M, Yamada, S, Someya, K, Onodera, Y, Yamaguchi, A , et al. An mRNA vaccine candidate encoding H5HA clade 2.3.4.4b protects mice from clade 2.3.2.1a virus infection. NPJ Vac. (2024) 9:189–94. doi: 10.1038/s41541-024-00988-9 

 43. Sun, Z, Wang, Q, Li, G, Li, J, Chen, S, Qin, T , et al. Development of an inactivated H7N9 subtype avian influenza serological DIVA vaccine using the chimeric ha epitope approach. Microbiol Spectr. (2021) 9:e0068721. doi: 10.1128/Spectrum.00687-21

 44. Shichinohe, S, and Watanabe, T. Advances in adjuvanted influenza vaccines. Vaccines. (2023) 11:1391. doi: 10.3390/vaccines11081391 

 45. Liu, J, Guo, S, Jin, Z, and Zhao, K. Adjuvanted quaternized chitosan composite aluminum nanoparticles-based vaccine formulation promotes immune responses in chickens. Vaccine. (2023) 41:2982–9. doi: 10.1016/j.vaccine.2023.03.067 

 46. Suartha, I, Suartini, GA, Wirata, IW, Dewi, N, Putra, G, Kencana, G , et al. Intranasal administration of inactivated avian influenza virus of H5N1 subtype vaccine-induced systemic immune response in chicken and mice. Vet World. (2018) 11:221–6. doi: 10.14202/vetworld.2018.221-226 

 47. Abdelkhalek, A, Kayed, A, Moatasim, Y, El Sayes, M, El-Shesheny, R, and Khalil, A. Efficiency of natural oils as alternative adjuvants to mineral oils in inactivated avian influenza vaccine formulation. Br Poult Sci. (2023) 65:28–33. doi: 10.1080/00071668.2023.2290557

 48. Brito, L, and O'Hagan, D. Designing and building the next generation of improved vaccine adjuvants. J Control Release. (2014) 190:563–79. doi: 10.1016/j.jconrel.2014.06.027 

 49. Mascarenhas, C, Ferreira, J, and Marques, C. University–industry cooperation: a systematic literature reviewand research agenda. Sci Public Policy. (2018) 45:708–18. doi: 10.1093/scipol/scy003

 50. Si, L, Shen, Q, Li, J, Chen, L, Shen, J, Xiao, X , et al. Generation of a live attenuated influenza a vaccine by proteolysis targeting. Nat Biotechnol. (2022) 40:1370–7. doi: 10.1038/s41587-022-01381-4 

 51. Lee, J, Li, Y, Cino-Ozuna, AG, Duff, M, and Lang, Y. Bat influenza vectored NS1-truncated live vaccine protects pigs against heterologous virus challenge. Vaccine. (2021) 39:1943–50. doi: 10.1016/j.vaccine.2021.02.077 

 52. Vandoorn, E, Parys, A, Chepkwony, S, Chiers, K, and Van Reeth, K. Efficacy of the NS1-truncated live attenuated influenza virus vaccine for swine against infection with viruses of major North American and European H3N2 lineages. Vaccine. (2022) 40:2723–32. doi: 10.1016/j.vaccine.2022.03.051 

 53. Landreth, S, Detmer, S, Gerdts, V, and Zhou, Y. A bivalent live attenuated influenza virus vaccine protects against H1N2 and H3N2 viral infection in swine. Vet Microbiol. (2021) 253:108968. doi: 10.1016/j.vetmic.2020.108968 

 54. Jang, H, Elaish, M, KC, M, Abundo, MC, Ghorbani, A, Ngunjiri, JM , et al. Efficacy and synergy of live-attenuated and inactivated influenza vaccines in young chickens. PLoS One. (2018) 13:e0195285. doi: 10.1371/journal.pone.0195285 

 55. Blanco-Lobo, P, Nogales, A, Rodríguez, L, and Martínez-Sobrido, L. Novel approaches for the development of live attenuated influenza vaccines. Viruses. (2019) 11:190. doi: 10.3390/v11020190 

 56. Hennemann, J, Schäfer, S, Sopp, R, and Michael, T. The relationship between dog ownership, psychopathological symptoms and health-benefitting factors in occupations at risk for traumatization. Int J Environ Res Public Health. (2020) 17:2562. doi: 10.3390/ijerph17072562 

 57. Bibbo, J, Rodriguez, K, and O’Haire, M. Impact of service dogs on family members’ psychosocial functioning. Am J Occup Ther. (2019) 73:7303205120p1–7303205120p11. doi: 10.5014/ajot.2019.031690 

 58. Klivleyeva, G, Glebova, I, Shamenova, M, and Saktaganov, T. Influenza a viruses circulating in dogs: a review of the scientific literature. Open Vet J. (2022) 12:676–87. doi: 10.5455/OVJ.2022.v12.i5.12 

 59. Happell, DE, Barnett, DC, James, K, Craig, B, Bain, F, Gaughan, E , et al. Voluntary surveillance program for equine influenza virus in the United States during 2008-2021. Pathogens. (2023) 12:192. doi: 10.3390/pathogens12020192 

 60. Merkies, K, and Franzin, O. Enhanced understanding of horse-human interactions to optimize welfare. Animals. (2021) 11:1347. doi: 10.3390/ani11051347 

 61. Xu, H, Zhu, S, Govinden, R, and Chenia, HY. Multiple vaccines and strategies for pandemic preparedness of avian influenza virus. Viruses. (2023) 15:1694. doi: 10.3390/v15081694 

 62. Szablewski, C, Iwamoto, C, Olsen, S, Greene, C, Duca, L, Davi, T , et al. Reported global avian influenza detections among humans and animals during 2013-2022: comprehensive review and analysis of available surveillance data. JMIR Public Health Surveill. (2023) 9:e46383. doi: 10.2196/46383 

 63. Puryear, WB, and Runstadler, JA. High-pathogenicity avian influenza in wildlife: a changing disease dynamic that is expanding in wild birds and having an increasing impact on a growing number of mammals. J Am Vet Med Assoc. (2024) 262:601–9. doi: 10.2460/javma.24.01.0053 

 64. el-Shesheny, R, Franks, J, Turner, J, Seiler, P, Walker, D, Friedman, K , et al. Continued evolution of H5Nx avian influenza viruses in Bangladeshi live poultry markets: pathogenic potential in poultry and mammalian models. J Virol. (2020) 94:e01141–20. doi: 10.1128/JVI.01141-20 

 65. Gonzalez-Obando, J, Forero, E, Zuluaga-Cabrera, M, and Ruiz-Saenz, J. Equine influenza virus: an old known enemy in the Americas. Vaccine. (2022) 10:1718. doi: 10.3390/vaccines10101718 

 66. Huang, J, Li, K, Xiao, S, Hu, J, Yin, Y, Zhang, J , et al. Global epidemiology of animal influenza infections with explicit virus subtypes until 2016: a spatio-temporal descriptive analysis. One Health. (2023) 16:100514. doi: 10.1016/j.onehlt.2023.100514 

 67. Sun, Y, Zhang, T, Zhao, X, Qian, J, Jiang, M, Jia, M , et al. High activity levels of avian influenza upwards 2018–2022: a global epidemiological overview of fowl and human infections. One Health. (2023) 16:100511.

 68. Elliott, S, Olufemi, OT, and Daly, JM. Systematic review of equine influenza a virus vaccine studies and meta-analysis of vaccine efficacy. Viruses. (2023) 15:2337. doi: 10.3390/v15122337 

 69. Ciminski, K, Chase, G, Schwemmle, M, and Beer, M. Advocating a watch-and-prepare approach with avian influenza. Nat Microbiol. (2023) 8:e12123.

 70. Park, J, Fong, SL, Schwartzman, LM, Gygli, SM, Sheng, ZM, Freeman, AD , et al. An inactivated multivalent influenza a virus vaccine is broadly protective in mice and ferrets. Sci Transl Med. (2022) 14:eabo2167. doi: 10.1126/scitranslmed.abo2167 

 71. Said, M, Omar, L, El-Deeb, H, Atia, M, and El-Sanousi, A. Impact of H5N8 duck and chicken viral isolates on the immunological profile of vaccinated specific pathogen free chickens. VacciMonitor. (2023) 00511. doi: 10.1016/j.onehlt.2023.100511

 72. Bin Aslam, H, Häsler, B, Iqbal, M, Yaqub, T, and Alarcon, P. Financial impact of low pathogenic avian influenza virus subtype H9N2 on commercial chicken production systems in Pakistan. Prev Vet Med. (2024) 233:106346. doi: 10.1016/j.prevetmed.2024.106346 

 73. Swayne, DE. Impact of vaccines and vaccination on global control of avian influenza. Avian Dis. (2012) 56:818–28. doi: 10.1637/10183-041012-Review.1 

 74. Liverani, M, Song, K, and Rudge, J. Bibliometric analysis of publication trends and topics of influenza-related encephalopathy from 2000 to 2022. J Int Dev. (2023) 11:e1013. doi: 10.1002/iid3.1013 

 75. Anjikwi, SM, Ebenezer, OR, David, OA, Adekunle, AM, and Okpeku, M. A forty-year analysis of the literature on Babesia infection (1982–2022): a systematic bibliometric approach. Int J Environ Res Public Health. (2023) 20:6156. doi: 10.3390/ijerph20126156 

 76. Parys, A, Vandoorn, E, Chiers, K, and Van Reeth, K. Alternating 3 different influenza vaccines for swine in Europe for a broader antibody response and protection. Vet Res. (2022) 53:44. doi: 10.1186/s13567-022-01060-x 

 77. Peng, Z, Zhang, X, Li, X, Hu, Z, Li, Z, Jia, C , et al. Characteristics of colistin-resistant Escherichia coli from pig farms in Central China. Animal Dis. (2021) 1:9. doi: 10.1186/s44149-021-00009-5 

 78. Schunicht, O, Booker, C, Jim, G, Guichon, P, Wildman, B, and Hill, B. Comparison of a multivalent viral vaccine program versus a univalent viral vaccine program on animal health, feedlot performance, and carcass characteristics of feedlot calves. Can Vet J. (2003) 44:43–50.

 79. Yazawa, S, Okada, M, Ono, M, Fujii, S, Okuda, Y, Shibata, I , et al. Experimental dual infection of pigs with an H1N1 swine influenza virus (a/Sw/Hok/2/81) and Mycoplasma hyopneumoniae. Vet Microbiol. (2004) 98:221–8. doi: 10.1016/j.vetmic.2003.11.005 

 80. Zhao, J, Yang, H, Xu, H, Ma, Z, and Zhang, G. Efficacy of an inactivated bivalent vaccine against the prevalent strains of Newcastle disease and H9N2 avian influenza. Virol J. (2017) 14:56. doi: 10.1186/s12985-017-0723-7 

 81. Gildea, S, Sanchez Higgins, MJ, Johnson, G, Walsh, C, and Cullinane, A. Concurrent vaccination against equine influenza and equine herpesvirus - a practical approach. Influenza Other Respir Viruses. (2016) 10:433–7. doi: 10.1111/irv.12396 

 82. Colombino, E, Prieto-Botella, D, and Capucchio, T. Gut health in veterinary medicine: a bibliometric analysis of the literature. Animals. (2021) 11:1997. doi: 10.3390/ani11071997 

 83. Krauskopf, E, Garcia, F, and Funk, R. Bibliometric analysis of multi-language veterinary journals. Transinformação. (2017) 29:343–53. doi: 10.1590/2318-08892017000300011


Copyright
 © 2025 Domínguez-Odio, Rodríguez-Martínez, Paneque Zayas and Cala-Delgado. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Research publications and global manufacture of veterinary vaccines against avian influenza A (2019-2023)



		1 Introduction



		2 Materials and methods



		2.1 Search for key terms and data extraction



		2.1.1 Bibliometric study









		2.2 Market study



		2.2.1 Data extraction









		2.3 Data analysis and visualization









		3 Results



		3.1 Scientific trend



		3.1.1 Knowledge map



		3.1.2 Publication sources



		3.1.3 Academic collaboration









		3.2 Business trend



		3.2.1 Characterization of the selected companies



		3.2.2 Animal species



		3.2.3 Commercial vaccine strains



		3.2.4 Commercial formulations















		4 Discussion



		5 Limitations and strengths of the study



		6 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fvets-12-1394675-t003.jpg
Type of Species Observed Estimated Statistic Degrees of  p-value Adjusted

formulation values freedom p-value*
Monovalent Avian 2 125 210970 1 <0.0001 <0.0001
Monovalent Swine 3 125 66000 1 00102 00714
Monovalent Equine 6 125 26727 1 01020 05100
Monovalent Canine 5 125 50079 1 00248 0.1447
Total I

Polyvalent*** Avian 6 1125 26727 1 0.1020 05100
Polyvalent*** Swine 8 1125 10242 1 03120 0.6240
Polyvalent*** Equine 9 1125 04909 1 04840 0.6240
Polyvalent*** Canine 2 125 82970 1 00040 00318
Total 2

Combined** Avian 2 1125 417515 1 <0.0001 <0.0001
Combined** Swine 7 1125 17515 1 0.1860 05580
Combined** Equine 2 1125 417515 1 <0.0001 <0001
Combined** Canine 0 125 122727 1 0.0005 0.0041
Total 7

General total 136

“values adjusted using the Holm-Bonferroni method, ** vaceines formulated using different subtypes of a
with others of viral or bacterial origin.

influenza type A, ***vaccines that combine influenza type A virus antigens





OPS/images/fvets-12-1394675-t002.jpg
Adjusted p-value*

Species Observed values Degrees of

Low pathogenicity High pathogenicity fiesdom
Avian 2 64 1 <0.0001
Swine 48 2 1 <0.0001
Equine 46 10 1 0.0004
Canine 9 0 1 00582

*values adjusted using the Holm-Bonferroni method.

<0.0001

<0.0001

0.0008

00582





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Research publications and global
manufacture of veterinary
vaccines against avian inufl enza A
(2019-2023)












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-12-1394675-g005.jpg
Animal species Type of vaccine

51
Avian
BT Inactivated
41
Equine VA 18
Recombinant
Swine gk

Canine





OPS/images/fvets-12-1394675-g006.jpg
Animal species Vaccine strains

Equine






OPS/images/fvets-12-1394675-g003.jpg





OPS/images/fvets-12-1394675-g004.jpg
Dim2 (22.3%)

Monovalent

0
Dim1 (24.6%)

Technology

g

Modern

Traditional





OPS/images/fvets-12-1394675-t001.jpg
Species Observed values Estimated Statistic Degrees of freedom  p-valui Adjusted p-value

Avian 64 375 36,1506 1 <0.0001 <0.0001
Swine 18 3375 9.8000 1 00018 0.0035

Equine 47 3375 69358 1 0.0084 0.0084
Canine 7 375 04228 1 <0.0001 <0.0001
General total 136

*values adjusted using the Holm-Bonferroni method.





OPS/images/fvets-12-1394675-g007.jpg
Borlange/91
Newmarket/;

3
&
s § 4
§ &8 o
3 g0 ¥
2. % &
%,
2,
2y
NQ\N\E »
O,
w&w\ Yo
X152/,
oy,
~§~\$\n§n

01/2z£15/3u0p8ueng

Egypt/FAO-533/2021 —/

N2

unelsi®®

lowa/13628/2005
Florida/25/2006





OPS/images/fvets-12-1394675-g008.jpg
Animal species

Equine

Antigen combination

Newcastle

Tetanus toxoid
Herpesvirus type 1
Herpesvirus type 4

Eastern encephalomyelitis

Western encephalomyelitis

Nile fever

Venezuelan encephalomyelitis
Erysipelothrix rhusiopathiae
Marek

Mycoplasma hyopneumoniae
Avian infectious bronchitis
Leptospira canicola
Leptospira grippotyphosa
Leptospira hardjo

Leptospira icterohaemorrhagiae
Leptospira pomona

Porcine parvovirus

Avian smallpox





OPS/images/fvets-12-1394675-g001.jpg
experimental infection

infuerza s ahtnt wansgepe pant
uerza s anTe
b [ nosse
nfuenza vaus ann?

| VRN spanin

Ivesiock

Vaceines, gombined

biointagmatics

2 =
. cross protection
fioroblast Al 3
highly pathogenic ajfgn influenza virus

V4 riersa nfoerza vaccin
low pathogenic aan influenza virus protection okl o i





OPS/images/fvets-12-1394675-g002.jpg
sciance

veterinay record





