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Abstract

:

Wild carnivore species infected with highly pathogenic avian influenza (HPAI) virus subtype H5N1 during the 2021–2022 outbreak in the Netherlands included red fox (Vulpes vulpes), polecat (Mustela putorius), otter (Lutra lutra), and badger (Meles meles). Most of the animals were submitted for testing because they showed neurological signs. In this study, the HPAI H5N1 virus was detected by PCR and/or immunohistochemistry in 11 animals and was primarily present in brain tissue, often associated with a (meningo) encephalitis in the cerebrum. In contrast, the virus was rarely detected in the respiratory tract and intestinal tract and associated lesions were minimal. Full genome sequencing followed by phylogenetic analysis demonstrated that these carnivore viruses were related to viruses detected in wild birds in the Netherlands. The carnivore viruses themselves were not closely related, and the infected carnivores did not cluster geographically, suggesting that they were infected separately. The mutation PB2-E627K was identified in most carnivore virus genomes, providing evidence for mammalian adaptation. This study showed that brain samples should be included in wild life surveillance programs for the reliable detection of the HPAI H5N1 virus in mammals. Surveillance of the wild carnivore population and notification to the Veterinary Authority are important from a one-heath perspective, and instrumental to pandemic preparedness.
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1. Introduction


The 2021–2022 highly pathogenic avian influenza (HPAI) season was the lengthiest so far in Europe, with more countries and poultry farms than ever before reporting infections. Other continents, such as North America, were also heavily affected [1,2]. The high number of HPAI infections in wild birds during this epizootic was unprecedented, and fatal infections occurred in a broad range of bird species [3]. The HPAI H5N1 viruses are classified as influenza A viruses, belonging to H5 clade 2.3.4.4b, and six different genotypes have been reported already in Europe during this epizootic [3]. Besides the detections in avian species, HPAI H5 virus infections were reported in mammals in several European countries (e.g., Finland, Sweden, Ireland, and Belgium), USA, Canada, and Japan. Many affected species belong to the order Carnivora [3,4,5], either terrestrial Carnivora such as the red fox (Vulpes vulpes), the American black bear (Ursus americanus) [3,6], or marine Carnivora such as seals. However, cases were also recently detected in marine Artiodactyla, specifically porpoises and dolphins [3]. Currently, a likely route of infection is through ingestion, e.g., feeding on infected birds or carcasses; however, in the case of the seals in North America, interspecies transmission could not be excluded [7].



In several wild carnivores, identified mutations in the virus genome were associated with mammalian adaptations. In the Netherlands, in the first three red foxes infected during the 2021–2022 outbreak, which presented neurological signs, the HPAI H5N1 virus was mainly detected in the brains, whereas low or no virus was detected in throat, nasal, or rectal swabs of the foxes. Genetic analysis identified mutation E627K in PB2 in two of the HPAI H5N1 viruses isolated from these animals. The PB2-627K mutation increased virus replication in mammalian cell lines [8]. This mutation is an adaptation of the virus polymerase protein, that likely stimulates virus replication in the lower body temperature environment in mammals compared to birds [9,10]. The PB2-627K mutation also increased HPAI pathogenicity in vitro and in vivo in mice models [11,12], but more mutations are required for efficient replication and transmission between mammals [13,14,15,16]. Currently, no mutations, associated with a switch to usage of the human receptor for virus entry, have been identified in HPAI viruses from avian or mammalian species. However, the detection of viruses carrying markers for mammalian adaptation, which are correlated with increased replication and virulence in mammals, may increase the risk for transmission to humans.



Continued in-depth analysis of mammal cases during an HPAI outbreak is therefore of paramount importance. This study characterized the HPAI H5N1 viruses detected in the period from December 2021 to February 2022 in red foxes and several other terrestrial carnivore species in the Netherlands and analyzed the associated pathology. Full genome sequencing of the viruses was performed to determine the relationship between the viruses found in these carnivores and wild birds, and to identify mutations associated with mammalian adaptation. In addition, virus pathogenesis was studied to identify the potential entry route of the virus, the sites of virus replication, and the associated lesions. Collectively, we showed that: (1) the carnivore viruses were less related to each other than to wild birds; (2) across species, the PB2-E627K mutation associated with mammalian adaptation was found as detected in foxes in the previous study [8]; (3) the brain of most mammals tested positive for viral RNA whereas limited viral RNA or protein was observed in other organs. We conclude that brain samples are important for reliable detection of the HPAI H5N1 virus in mammals, and therefore must be routinely included besides throat and anal swabs in the surveillance program, and HPAI infections in mammals must be made notifiable to the Veterinary Authority.




2. Materials and Methods


2.1. Pathology, Immunohistochemistry, and Virology Sampling


Wild carnivores that tested positive for HPAI H5N1 virus from December 2021 to February 2022 in the Netherlands, were included in this study. Cases were identified mainly through targeted surveillance of euthanized wild carnivores with ante-mortem neurological signs; such cases have been routinely submitted for HPAI and rabies testing since the end of 2021. Additional cases were identified through general wildlife disease surveillance on found dead wild carnivores: animals, which showed signs of viral infection during pathological examination were systematically tested for HPAI infection. Before necropsy, anal, and throat swabs were obtained for virological examination and after macroscopic evaluation, tissue samples were obtained for histopathology and immunohistochemistry (IHC) and fixed in 10% neutral buffered formalin. Brain tissue was sampled for virological examination. An overview of sampled material per animal is provided in Table S1 for virology and Table S2 for pathology. Swabs and tissue samples for virological examination were processed as described previously [8]. Tissue samples for histology were processed and embedded in paraffin and stained with hematoxylin and eosin (HE). Influenza A nucleoprotein expression by IHC in tissue samples was evaluated as described previously [17].




2.2. Virus Detection, Subtyping and Isolation


For virus detection, viral RNA was extracted using the MagNA Pure 96 system (Roche, Basel, Switzerland). The AI virus was detected by a quantitative real-time RT-PCR targeting the matrix gene (M-PCR) and detecting all influenza A viruses, as described previously [18]. For at least one sample of each animal the HA cleavage site sequence and the N subtype were determined by Sanger sequencing, as described previously [18]. For virus isolation, a swab or tissue suspension from each animal was inoculated into the allantoic cavity of 10-day-old embryonated specific pathogen-free (SPF) chicken eggs, according to standard protocols [19]. Isolated viruses were subtyped by the hemagglutination inhibition assay [19].




2.3. Virus Genome Sequencing and Phylogenetic Analysis


All virus genome sequences were determined directly on the swab or tissue samples. Virus RNA was purified using the High Pure Viral RNA kit (Roche, Basel, Switzerland), amplified using universal eight-segment primers and directly sequenced, as described previously [18]. Purified amplicons were sequenced at high coverage (average > 1000 per nucleotide position) using the Illumina DNA Prep method and Illumina MiSeq 150PE sequencing. The reads were mapped using the ViralProfiler-Workflow, an extension of the CLC Genomics Workbench (Qiagen, Hilden, Germany). Consensus sequences were generated by a reference-based method. Reads were first mapped to a reference set of genomes, and subsequently remapped to the closest reference sequence. Finally, the consensus sequence of the complete virus genome was extracted and minority variants were called using a cutoff of 1%. The consensus sequences of the viruses present in the mixed cerebrum and cerebellum samples were submitted to the GISAID EpiFlu-database.



In addition to the virus sequences obtained from carnivores and wild birds in the Netherlands in this study, H5N1 genome sequences of mammals from the period September 2021–October 2022 were retrieved from the GISAID database [20]; accession date 24 November 2022. Furthermore, a selection of related H5N1 sequences from wild birds in Eurasia was downloaded from the GISAID database and included in the phylogenetic analysis. Phylogenetic analysis of the complete genome sequences was performed for each genome segment separately: the viral sequences were aligned using MAFFT v7.475 [21] and the phylogeny was reconstructed using maximum likelihood (ML) analysis with IQ-TREE software v2.0.3 and 1000 bootstrap replicates [22]. The ML tree was visualized using the R package ggtree [23]. The contributors of the GISAID sequences used in the phylogenetic analysis are acknowledged in Table S3.





3. Results


3.1. Virological Analysis of Infected Carnivores


During the period December 2021–February 2022, 21 wild carnivores suspected of HPAI H5N1 infection based on neurological signs or evidence of viral infection in post-mortem sections were submitted for testing. Of these, 14 animals tested positive for influenza A virus using the M-PCR. Three red foxes (Vulpes vulpes) were analyzed in a previous study [8]. The current study describes the analysis of the 11 other carnivores: red fox (n = 6), polecat (Mustela putorius) (n = 3), badger (Meles meles) (n = 1), and otter (Lutra lutra) (n = 1) (Table 1). The locations where the infected carnivores were found were dispersed over the Netherlands (Figure 1) and the cases did not cluster geographically. When examined, overall viral loads in brain tissues were higher than those in the swabs of the throat and intestinal tract. All viruses detected were of the subtype HPAI H5N1. Virus isolation was performed in eight animals, showing the presence of the infectious virus in five animals (Table S1).




3.2. Phylogenetic and Genetic Analysis of Mammalian Viruses


Full genome sequencing was performed on samples derived from the 11 carnivores to study the genetic relationship between the viruses. Phylogenetic analysis showed that the carnivore viruses belonged to H5 clade 2.3.4.4b, and clustered with viruses found in wild birds during the HPAI H5N1 2021–2022 epizootic in the Netherlands (Figure 2, Figure S1). Similar viruses were also detected in wild birds and mammals in other European countries (Figure 2 and Figure S1). Two distinct clusters of the viruses were found during the 2021–2022 epizootic in birds and mammals, with different genetic constitutions (Figure S1). Viruses in one cluster had a genetic constitution similar to the HPAI H5N1 viruses detected in the previous 2020–2021 epizootic, whereas the viruses in the second cluster had obtained novel PB2, PA, and NP segments. The carnivore viruses were detected in both clusters, and there appears to be no correlation between the phylogenetic cluster and the animal species. The carnivore viruses were not closely related based on the phylogenetic analysis, and therefore these mammals were likely infected by independent introductions from wild birds.



Genetic analysis was performed to investigate whether mutations implicated in adaptation to mammalian hosts occurred in the virus genomes. Mutation screening identified the previously described E627K mutation in the PB2 segment in 8 of the 11 carnivores: 5 out of the 6 foxes, in 2 out of the 3 polecats, and in the otter (Table 1). No other mutations associated with adaptation to mammals were identified in the virus genomes (results not shown). A minority variant analysis of the next-generation sequencing data was performed on all carnivore brains, to study the composition of complete virus population in the brain. This analysis identified a mixture of the avian (627E) and mammalian (627K) PB2 variant in samples from fox (nr. 2). The avian 627E residue was still present in 5.3% of the virus population in the brain sample (Table S1). These results suggest that the 627K variant likely emerged within this animal from the avian variant. For the other 10 carnivores, no minority variants were detected at this position in the virus genomes.




3.3. Pathology and Virus Expression


The included animals were all (young) adults with a body condition, based on fat and muscle development, ranging from poor to good (Table S2). All animals showed a non-suppurative meningitis, encephalitis, or meningoencephalitis with variation in severity from mild to severe and most prominent in the cerebrum (Table S2). In severe cases, such as the otter (nr. 10), large parts of the brain were affected, characterized by extensive gliosis, perivascular cuffing, neuronal degeneration, and necrosis with the presence of cellular debris (Figure 3A), hemorrhages, and meningitis. Severely affected parts of the cerebrum showed only minimal virus expression (Figure 3A–D), while in parts with milder changes (mainly gliosis), there was extensive viral expression in the neurons (Figure 3E,F). The olfactory bulb, a possible route of viral entry, was also investigated in five animals. However, no clear histopathologic changes nor viral expression was observed in this part of the central nervous system. The morphology of the brain lesions and cell type with virus expression did not differ among animal species. Only one fox (nr. 3) showed a more suppurative meningoencephalitis with intralesional accumulation of bacteria, most likely consistent with a secondary bacterial infection (Table S2).



Besides the brain changes, macroscopically, the poorly collapsed, red or marbled red lungs were also a common finding occurring in 7 out of 11 animals (Table S2). Most of these animals showed in the lungs a nematode infestation (in red foxes consistent with Angiostrongulus vasorum) with a variable-associated subacute to chronic pneumonia. Overall, these lung changes were not associated with viral protein expression. Only two animals (fox (nr. 2) and polecat (nr. 9)) showed minimal viral expression in a few mononuclear cells (epithelial cells or macrophages) in the lungs. In the upper respiratory tract (nasal conchae and trachea) showed the changes were mild with only virus expression in the respiratory and olfactory epithelial cells in the nose of one polecat. Parasites (most consistent with Capillaria spp.) were observed in the nasal conchae of one fox (nr. 4) and one polecat (nr. 8). From all animals, except for two foxes, extra-respiratory tissues were evaluated. In the intestinal tract, we observed no significant histopathologic changes nor viral expression. Variable histopathologic changes were observed in kidney, liver, or heart (Table S2). These were not associated with viral expression, except in the otter (nr. 10). This animal showed minimal viral expression in epithelial cells and mononuclear cells in the pancreas, which was associated with a mild lymphoplasmacytic infiltrate and necrosis.





4. Discussion


The HPAI H5N1 epizootic in 2021–2022 is the largest that occurred in Europe so far and was associated with massive mortality amongst wild birds. This study showed that at least four different wild carnivore species became infected with HPAI H5N1 viruses in the Netherlands. Within a three-month period, 14 out of 21 carnivores suspected of HPAI H5N1 infection based on ante-mortem behavior or post-mortem indications for viral infection, tested positive for the virus. The virus was detected in nine red foxes, three polecats, one otter and one badger. This study confirmed the initial findings in three of the red foxes [8] by greater numbers of animals and across four species. Higher viral RNA loads were consistently detected in the brains of the animals studied compared to those detected in throat or anal swabs. Interestingly, 3 out of 11 animals in this study were negative in anal and throat swab and HPAI diagnosis would have been missed without additional brain samples. Other studies also reported the presence of HPAI H5 virus in the brain of various wild carnivore species [3,5,7]. Full genome sequencing of the carnivore viruses, followed by phylogenetic analysis, demonstrated that they belonged to H5N1 clade 2.3.4.4b and that the carnivore viruses were related to viruses detected in wild birds in the Netherlands. Consistent with the results from the initial study [8], the carnivore viruses were not genetically closely related among themselves and they did not cluster geographically. This suggests that the animals were infected by separate virus introductions likely originating from wild birds. There was no evidence for mammal to mammal spread within this small number of cases. However, there was no active surveillance for the virus in ambulatory or mildly infected mammals without clinical signs, which may also spread the virus. Samples from wildlife harvested for hunting purposes, wildlife culled as a management tool, or culled for intervention of disease control, could be used for that type of surveillance.



Previous studies showed that (wild) carnivores were at risk for HPAI infection [25,26]. Reperant et al. demonstrated in an experimental infection that red foxes were susceptible to HPAI H5N1 clade 2.2 after eating infected bird carcasses. Virus excretion was seen from 3 to 5 days after infection with only mild or even no pneumonia and without brain lesions [27]. However, they used a different HPAI clade than we observed in our mammals and these experimental infected foxes were euthanized 7 days after feeding carcasses and perhaps more time was needed to develop H5N1-induced brain lesions as observed in our cases after natural infection. Another study showed that cats were also highly susceptible to HPAI H5N1 (A/Vietnam/1194/2004) infection after eating virus-infected chicks and demonstrated systemic disease including brain lesions already 7 days after experimental infection [28]. These findings lead us to the hypothesis that the red foxes, polecats, badger, and otter were infected by eating carcasses; however, ingesting water contaminated with infected bird feces could also be a route of infection [29,30].



One of the aims of this study was to find pathological evidence for the route of viral entry. This may be important for outcome of disease, as was seen in cats 7 days after experimental infection with HPAI H5N1 via different infection routes: intratracheal, feeding on virus-infected chicks, and horizontal transmission [28]. All infection routes induced respiratory signs with the associated virus and lesions. However, only the cats infected via ingestion of infected chicks or, intratracheally infected cats showed brain lesions, not the horizontally infected cats. Additionally, a virus-associated ganglion neuritis in the nervous plexi of the small intestine was only found in cats fed virus-infected chicks [27]. This ganglion neuritis was suggestive for HPAI infection via the nervous tract or intestinal lumen. Ganglion neuritis and other HPAI-associated intestinal changes were not observed in our wild carnivores; however, we cannot fully exclude this, because autolysis from field samples may have hampered the observation of these changes. It is not only the respiratory route and the intestinal route that may be involved in infection of carnivores with HPAI H5N1 viruses. In ferrets, after experimental intranasal infection, the virus entered the brain via the olfactory mucosa from which it spreads to the olfactory bulb and the rest of the central nervous system [31]. In this study, we investigated the nasal conchae and olfactory bulb for a limited number of wild carnivores. Virus expression was observed in the nasal conchae of only one polecat, with absence of clear histopathologic changes and there was no virus expression in the olfactory bulb. Therefore, in this study, no support was found for the olfactory route of entry. However, we did not follow the animals over time and mostly sampled at the end stage of disease. Thus, we cannot draw a conclusion on the viral entry route of the brain infection, and the respiratory, olfactory, and intestinal routes may have altogether contributed to the HPAI infection in the brain.



Brain lesions of experimental [27,28] and natural infected carnivores [5] were characterized by the accumulation of glial cells, perivascular mononuclear cuffs, and scattered and neuronal necrosis in the parenchyma, leptomeninges, and choroid plexi. The carnivores described in our study showed similar brain lesions. These varied in severity, probably due to the timing and dose of the field infection, that were not known. In the cases investigated in this study, the non-suppurative meningitis and/or encephalitis was most prominent in the cerebrum, but also present in some cases in the cerebellum. Advice is therefore to sample both parts of the brain for virus detection. Lesions in the cerebellum may cause more severe neurological signs related to coordination imbalance and gait disorders, such as ataxia, when compared to lesions in the cerebrum [32]. Cerebellar lesions make it difficult for an infected animal to find and catch their food and to walk or run away when threatened. Cerebellar lesions in our cases could be associated with a longer duration of infection as was demonstrated in intranasally infected ferrets, where the cerebrum was positive for antigen at 5 days post infection (dpi) while the cerebellum later became positive at 7 dpi [31]. Viral protein was clearly expressed in neurons, but also in glial cells and mononuclear cells in meninges. In severely affected areas with extensive loss of neurons and presence of cellular debris, there is only limited virus expression due to the lack of viable cells. This suggests that virus protein expression with IHC was below the detection limit of this method, and that RT-PCR is needed to detect viral RNA in the brain at the end stage of disease.



It is currently unclear which factors have contributed to the increased number of infections detected in wild carnivores. The HPAI H5N1 clade 2.3.4.4b virus may be more infectious for mammals with more prominent progression to encephalitis, which made animals with neurologic signs easier to detect or there may be just a higher prevalence of the virus in wild birds during the 2021–2022 epizootic compared to previous epizootics. The fact that we detected HPAI H5N1 infections in different carnivore species suggests that other mammalian species, and domestic animals such as cats and dogs, are at risk of becoming infected by feeding on sick or dead wild birds. Viral protein expression was only found in a few animals in the respiratory tract and not in the intestinal tract. This indicates that at the time point when these animals died, there was only limited virus shedding. It cannot be excluded that infected mammals have shed the virus at an earlier time point in the infection. However, in our study we found no evidence for virus transmission between animals based on phylogenetic analysis of the viruses.



Genetic analysis of the carnivore viruses in this study identified the zoonotic mutation PB2-E627K in 8 out of 11 cases. The fact that this mutation was not detected in any of the wild bird sequences during the 2021–2022 epizootic in the Netherlands suggests this mutation quickly arises upon infection of mammals. In one fox (nr. 2), the avian E627-variant was still present in the viral genome as a minority population, further supporting the emergence of the mutation within this mammal. A previous analysis of two fox viruses also supported that the mutation arose after infection of the mammals, as minority variants were detected at position PB2-627 [8]. Mutation E627K is likely an adaptation to the lower body temperature in the mammalian upper respiratory tract compared to that of avian species. We previously showed that this mutation increases the replication of the HPAI H5N1 virus in mammalian cell lines at lower temperatures [8]. The fact that the mammalian adaptation marker E627K was found in many of the carnivore viruses suggests that this virus can rapidly adapt to replication in mammals. However, previous research has indicated that a combination of viral adaptations is required for efficient air-borne transmission of HPAI viruses between mammals [13]. Although the chance that such mutations will arise in an infected animal is very small, the impact of the emergence of a zoonotic virus with potentially pandemic characteristics may be large.



In this observational wildlife study, carnivore carcasses were sampled for different surveillance purposes and therefore carcasses showed variation in degree of autolysis and also different sampling strategies were applied. In the future, a more universal wildlife sampling approach within different institutes will enable structural analysis with more reliable results. Another important caveat of sampling found dead or euthanized wild animals compared to an experimental infection is the unknown time point of infection, which hampers the evaluation of the HPAI H5N1 pathogenesis. Finally, many of the wild carnivores were infested with lung parasites [33]. Especially in red foxes, the presence of A. vasorum larvae in the lungs was a common finding [34] and may have overshadowed changes due to HPAI lung pathology. Furthermore, the lung pathology and the clinical relevance of these parasites is variable in wildlife and it is unclear if these co-infections influenced susceptibility to HPAI. Besides these limitations, our results can be used to improve HPAI wildlife surveillance.




5. Conclusions


Our study showed that brain samples were needed for the reliable detection of the HPAI H5N1 virus in mammals, and therefore must be routinely included, besides throat and anal swabs, in surveillance programs. HPAI viruses were detected in multiple carnivore species, frequently with mutations indicative of mammalian adaptation. Therefore, detection of HPAI viruses in mammals must be made notifiable to the Veterinary Authorities. Surveillance of the wild carnivore population is important from a one heath perspective, and instrumental to pandemic preparedness.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12020168/s1, Figure S1: ML Tree; Table S1: Virology overview; Table S2: Pathology overview; Table S3: Acknowledged GISAID sequences.





Author Contributions


Conceptualization, S.V., M.K., N.B., J.v.d.B., E.G. and J.R.; methodology, S.V., M.K., N.B. and M.E.; software, M.E.; validation, N.B., M.K. and E.G.; formal analysis, S.V., N.B., R.H, M.E., M.K. and E.G.; investigation, N.B., R.H, F.H, S.V. and J.R.; resources, N.B., S.V., M.S. and J.R.; data curation, M.E. and S.V.; writing—original draft preparation, S.V., N.B., E.G., M.E. and J.v.d.B.; writing—review and editing, S.V., N.B., M.E., J.v.d.B., M.S., J.R., F.H., R.H., E.G. and M.K.; visualization, S.V., J.v.d.B. and M.E.; supervision, N.B. and J.v.d.B.; project administration, S.V., J.R. and N.B.; funding acquisition, S.V., N.B. and J.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Dutch Ministry of Agriculture, Nature and Food Quality (project WOT-01-003-012 and WOT-01-001-011).




Institutional Review Board Statement


Approval of the work by an ethics committee is not required for the pathogen surveillance in wildlife in the Netherlands. Within this study, only diagnostic samples from wildlife surveillance on request of government were used. No animals were sacrificed for research purposes.




Data Availability Statement


The virus genome sequences generated in this study were submitted to the GISAID database.




Acknowledgments


We kindly thank the members of the DWHC and the histopathologic laboratories from Utrecht University and WBVR for their technical assistance. Special thanks to the members of the necropsy team of WBVR, Ralph Kok, Pieter Roskam, and Patrik Brandenburg, for their contribution in the sampling and processing of samples. We acknowledge the authors and submitting laboratories of the sequences from the Global Initiative on Sharing All Influenza Data (GISAID) EpiFlu Database (www.gisaid.org).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Alkie, T.N.; Lopes, S.; Hisanaga, T.; Xu, W.; Suderman, M.; Koziuk, J.; Fisher, M.; Redford, T.; Lung, O.; Joseph, T.; et al. A threat from both sides: Multiple introductions of genetically distinct H5 HPAI viruses into Canada via both East Asia-Australasia/Pacific and Atlantic flyways. Virus Evol. 2022, 8, veac077. [Google Scholar] [CrossRef] [PubMed]

	



Caliendo, V.; Lewis, N.S.; Pohlmann, A.; Baillie, S.R.; Banyard, A.C.; Beer, M.; Brown, I.H.; Fouchier, R.A.M.; Hansen, R.D.E.; Lameris, T.K.; et al. Transatlantic spread of highly pathogenic avian influenza H5N1 by wild birds from Europe to North America in 2021. Sci. Rep. 2022, 12, 11729. [Google Scholar] [CrossRef] [PubMed]

	



European Food Safety Authority; European Centre for Disease Prevention and Control; European Union Reference Laboratory for Avian Influenza; Adlhoch, C.; Fusaro, A.; Gonzales, J.L.; Kuiken, T.; Marangon, S.; Niqueux, É.; Staubach, C.; et al. Avian influenza overview June–September 2022. EFSA J. 2022, 20, e07597. [Google Scholar] [CrossRef]

	



Postel, A.; King, J.; Kaiser, F.K.; Kennedy, J.; Lombardo, M.S.; Reineking, W.; de le Roi, M.; Harder, T.; Pohlmann, A.; Gerlach, T.; et al. Infections with highly pathogenic avian influenza A virus (HPAIV) H5N8 in harbor seals at the German North Sea coast, 2021. Emerg. Microbes Infect. 2022, 11, 725–729. [Google Scholar] [CrossRef] [PubMed]

	



Floyd, T.; Banyard, A.C.; Lean, F.Z.X.; Byrne, A.M.P.; Fullick, E.; Whittard, E.; Mollett, B.C.; Bexton, S.; Swinson, V.; Macrelli, M.; et al. Encephalitis and Death in Wild Mammals at a Rehabilitation Center after Infection with Highly Pathogenic Avian Influenza A(H5N8) Virus, United Kingdom. Emerg. Infect. Dis. 2021, 27, 2856–2863. [Google Scholar] [CrossRef]

	



Rijks, J.M.; Hesselink, H.; Lollinga, P.; Wesselman, R.; Prins, P.; Weesendorp, E.; Engelsma, M.; Heutink, R.; Harders, F.; Kik, M.; et al. Highly Pathogenic Avian Influenza A(H5N1) Virus in Wild Red Foxes, the Netherlands, 2021. Emerg. Infect. Dis. 2021, 27, 2960–2962. [Google Scholar] [CrossRef]

	



Puryear, W.; Sawatzki, K.; Hill, N.; Foss, A.; Stone, J.J.; Doughty, L.; Walk, D.; Gilbert, K.; Murray, M.; Cox, E.; et al. Outbreak of Highly Pathogenic Avian Influenza H5N1 in New England Seals. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Bordes, L.; Vreman, S.; Heutink, R.; Roose, M.; Venema, S.; Pritz-Verschuren, S.B.E.; Rijks, J.M.; Gonzales, J.L.; Germeraad, E.A.; Engelsma, M.; et al. Highly pathogenic avian influenza H5N1 virus infections in wild red foxes (Vulpes vulpes) show neurotropism and adaptive virus mutations. bioRxiv 2022. [Google Scholar] [CrossRef]

	



Steel, J.; Lowen, A.C.; Mubareka, S.; Palese, P. Transmission of influenza virus in a mammalian host is increased by PB2 amino acids 627K or 627E/701N. PLoS Pathog. 2009, 5, e1000252. [Google Scholar] [CrossRef]

	



Subbarao, E.K.; London, W.; Murphy, B.R. A single amino acid in the PB2 gene of influenza A virus is a determinant of host range. J. Virol. 1993, 67, 1761–1764. [Google Scholar] [CrossRef]

	



Peng, X.; Liu, F.; Wu, H.; Peng, X.; Xu, Y.; Wang, L.; Chen, B.; Sun, T.; Yang, F.; Ji, S.; et al. Amino Acid Substitutions HA A150V, PA A343T, and PB2 E627K Increase the Virulence of H5N6 Influenza Virus in Mice. Front. Microbiol. 2018, 9, 453. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, X.; Guo, J.; Li, L.; Chang, C.; Li, Y.; Bian, C.; Xu, K.; Chen, H.; Sun, B. The PB2 E627K mutation contributes to the high polymerase activity and enhanced replication of H7N9 influenza virus. J. Gen. Virol. 2014, 95, 779–786. [Google Scholar] [CrossRef] [PubMed]

	



Herfst, S.; Schrauwen, E.J.; Linster, M.; Chutinimitkul, S.; de Wit, E.; Munster, V.J.; Sorrell, E.M.; Bestebroer, T.M.; Burke, D.F.; Smith, D.J.; et al. Airborne transmission of influenza A/H5N1 virus between ferrets. Science 2012, 336, 1534–1541. [Google Scholar] [CrossRef] [PubMed]

	



De Graaf, M.; Fouchier, R.A. Role of receptor binding specificity in influenza A virus transmission and pathogenesis. EMBO J. 2014, 33, 823–841. [Google Scholar] [CrossRef]

	



Linster, M.; van Boheemen, S.; de Graaf, M.; Schrauwen, E.J.A.; Lexmond, P.; Mänz, B.; Bestebroer, T.M.; Baumann, J.; van Riel, D.; Rimmelzwaan, G.F.; et al. Identification, characterization, and natural selection of mutations driving airborne transmission of A/H5N1 virus. Cell 2014, 157, 329–339. [Google Scholar] [CrossRef]

	



Galloway, S.E.; Reed, M.L.; Russell, C.J.; Steinhauer, D.A. Influenza HA subtypes demonstrate divergent phenotypes for cleavage activation and pH of fusion: Implications for host range and adaptation. PLoS Pathog. 2013, 9, e1003151. [Google Scholar] [CrossRef]

	



Vreman, S.; Bergervoet, S.A.; Zwart, R.; Stockhofe-Zurwieden, N.; Beerens, N. Tissue tropism and pathology of highly pathogenic avian influenza H5N6 virus in chickens and Pekin ducks. Res. Vet. Sci. 2022, 146, 1–4. [Google Scholar] [CrossRef]

	



Bouwstra, R.J.; Koch, G.; Heutink, R.; Harders, F.; van der Spek, A.; Elbers, A.R.; Bossers, A. Phylogenetic analysis of highly pathogenic avian influenza A(H5N8) virus outbreak strains provides evidence for four separate introductions and one between-poultry farm transmission in the Netherlands, November 2014. Eurosurveillance 2015, 20, 21174. [Google Scholar] [CrossRef]

	



Chapter 3.3.4. In Manual of Diagnostic Tests and Vaccines for Terrestrial Animals 2022; World Organisation for Animal Health: Paris, France, 2022.

	



Shu, Y.; McCauley, J. GISAID: Global initiative on sharing all influenza data—From vision to reality. Euro Surveill. 2017, 22, 30494. [Google Scholar] [CrossRef]

	



Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [Google Scholar] [CrossRef]

	



Nguyen, L.T.; Schmidt, H.A.; von Haeseler, A.; Minh, B.Q. IQ-TREE: A fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol. Biol. Evol. 2015, 32, 268–274. [Google Scholar] [CrossRef] [PubMed]

	



Yu, G.; Smith, D.K.; Zhu, H.; Guan, Y.; Lam, T.T.-Y. ggtree: An R package for visualization and annotation of phylogenetic trees with their covariates and other associated data. Methods Ecol. Evol. 2017, 8, 28–36. [Google Scholar] [CrossRef]

	



Tennekes, M. tmap: Thematic Maps in R. J. Stat. Softw. 2018, 84, 1–39. [Google Scholar] [CrossRef]

	



Fiorentini, L.; Taddei, R.; Moreno, A.; Gelmetti, D.; Barbieri, I.; De Marco, M.A.; Tosi, G.; Cordioli, P.; Massi, P. Influenza A pandemic (H1N1) 2009 virus outbreak in a cat colony in Italy. Zoonoses Public Health 2011, 58, 573–581. [Google Scholar] [CrossRef] [PubMed]

	



Shin, D.L.; Siebert, U.; Lakemeyer, J.; Grilo, M.; Pawliczka, I.; Wu, N.H.; Valentin-Weigand, P.; Haas, L.; Herrler, G. Highly Pathogenic Avian Influenza A(H5N8) Virus in Gray Seals, Baltic Sea. Emerg. Infect. Dis. 2019, 25, 2295–2298. [Google Scholar] [CrossRef] [PubMed]

	



Reperant, L.A.; van Amerongen, G.; van de Bildt, M.W.; Rimmelzwaan, G.F.; Dobson, A.P.; Osterhaus, A.D.; Kuiken, T. Highly pathogenic avian influenza virus (H5N1) infection in red foxes fed infected bird carcasses. Emerg. Infect. Dis. 2008, 14, 1835–1841. [Google Scholar] [CrossRef]

	



Rimmelzwaan, G.F.; van Riel, D.; Baars, M.; Bestebroer, T.M.; van Amerongen, G.; Fouchier, R.A.; Osterhaus, A.D.; Kuiken, T. Influenza A virus (H5N1) infection in cats causes systemic disease with potential novel routes of virus spread within and between hosts. Am. J. Pathol. 2006, 168, 176–183. [Google Scholar] [CrossRef]

	



Beerens, N.; Germeraad, E.A.; Venema, S.; Verheij, E.; Pritz-Verschuren, S.B.E.; Gonzales, J.L. Comparative pathogenicity and environmental transmission of recent highly pathogenic avian influenza H5 viruses. Emerg. Microbes Infect. 2021, 10, 97–108. [Google Scholar] [CrossRef]

	



Germeraad, E.A.; Elbers, A.R.W.; de Bruijn, N.D.; Heutink, R.; van Voorst, W.; Hakze-van der Honing, R.; Bergervoet, S.A.; Engelsma, M.Y.; van der Poel, W.H.M.; Beerens, N. Detection of Low Pathogenic Avian Influenza Virus Subtype H10N7 in Poultry and Environmental Water Samples During a Clinical Outbreak in Commercial Free-Range Layers, Netherlands 2017. Front. Vet. Sci. 2020, 7, 237. [Google Scholar] [CrossRef]

	



Schrauwen, E.J.; Herfst, S.; Leijten, L.M.; van Run, P.; Bestebroer, T.M.; Linster, M.; Bodewes, R.; Kreijtz, J.H.; Rimmelzwaan, G.F.; Osterhaus, A.D.; et al. The multibasic cleavage site in H5N1 virus is critical for systemic spread along the olfactory and hematogenous routes in ferrets. J. Virol. 2012, 86, 3975–3984. [Google Scholar] [CrossRef]

	



Bodranghien, F.; Bastian, A.; Casali, C.; Hallett, M.; Louis, E.D.; Manto, M.; Mariën, P.; Nowak, D.A.; Schmahmann, J.D.; Serrao, M.; et al. Consensus Paper: Revisiting the Symptoms and Signs of Cerebellar Syndrome. Cerebellum 2016, 15, 369–391. [Google Scholar] [CrossRef]

	



Liatis, T.K.; Monastiridis, A.A.; Birlis, P.; Prousali, S.; Diakou, A. Endoparasites of Wild Mammals Sheltered in Wildlife Hospitals and Rehabilitation Centres in Greece. Front. Vet. Sci. 2017, 4, 220. [Google Scholar] [CrossRef] [PubMed]

	



Tieri, E.E.; Saletti, M.A.; D’Angelo, A.R.; Parisciani, G.; Pelini, S.; Cocco, A.; Di Teodoro, G.; Di Censo, E.; D’Alterio, N.; Latrofa, M.S.; et al. Angiostrongylus vasorum in foxes (Vulpes vulpes) and wolves (Canis lupus italicus) from Abruzzo region, Italy. Int. J. Parasitol. Parasites Wildl. 2021, 15, 184–194. [Google Scholar] [CrossRef] [PubMed]








[image: Pathogens 12 00168 g001 550] 





Figure 1. Map of the locations were HPAI H5N1 infected carnivores were found during the 2021–2022 epizootic in the Netherlands. The infected carnivores analyzed in this study are marked in orange, and numbers are corresponding to Table 1. The infected mammals analyzed in previous studies [8] are depicted in grey. The map was generated using the R software package tmap [24]. 
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Figure 2. Phylogenetic tree of the HA segment obtained with the maximum likelihood method showing the viruses detected in the carnivores from the current study (orange). The previous carnivore H5N1 virus sequences from the period 2021–2022 (dark grey), related sequences from wild birds (green), and relevant H5N1 sequences from the previous 2020–2021 avian influenza season (light grey) are also shown. Bootstrap values above 50% are shown at the nodes. 
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Figure 3. Brain histopathology and virus expression in the cerebrum of an otter infected with HPAI H5N1. (A) Severe changes in the white matter with loss of neurons, neuronal degeneration (asterisk), cellular debris (arrow), gliosis, and hemorrhages (arrowhead). Hematoxylin and eosin stain (HE), objective 40×. (B) Virus expression in neurons (arrowhead), immunohistochemistry (IHC) influenza A protein, objective 40×. (C) Perivascular cuffing (arrowhead) and meningitis (arrow). HE, objective 40×. (D) Only minimal virus expression in a few degenerated neurons (arrow), IHC, objective 20×. (E) Cerebrum with mild to moderate gliosis in neuropil and surrounding neurons (arrowhead), HE, objective 40×. (F) Clear virus expression in neurons (arrowhead), IHC, objective 40×. 
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Table 1. Overview wild carnivores and Influenza infection.






Table 1. Overview wild carnivores and Influenza infection.





	
Case nr

	
Species

	
Neurologic Signs

	
RT-PCR (Ct Value)

	
Mutation

	
IHC (Influenza A Protein)




	
Throat Swab

	
Brain Tissue

	
E627K (Brain)

	
Brain

	
Resp

	
GIT

	
Other






	
1

	
Fox

	
yes

	
30.75

	
26.35

	
yes

	
−

	
−

	
−

	
−




	
2

	
found dead

	
28.36

	
15.95

	
yes

	
+

	
+

	
−

	
−




	
3

	
found dead

	
28.88

	
17.64

	
yes

	
+

	
na

	
−

	
−




	
4

	
found dead

	
24.38

	
16.22

	
yes

	
+

	
−

	
−

	
−




	
5

	
found dead

	
24.79

	
18.66

	
no

	
+

	
na

	
na

	
na




	
6

	
yes

	
39.21

	
20.01

	
yes

	
+

	
na

	
na

	
na




	
7

	
Polecat

	
yes

	
No Ct

	
23.22

	
no

	
−

	
−

	
−

	
−




	
8

	
yes

	
22.62

	
na

	
yes*

	
−

	
+

	
−

	
−




	
9

	
found dead

	
17.98

	
16.94

	
yes

	
−

	
+

	
−

	
−




	
10

	
Otter

	
yes

	
34.61

	
18.54

	
yes

	
+

	
−

	
−

	
+




	
11

	
Badger

	
yes

	
No Ct

	
28.83

	
no

	
−

	
−

	
−

	
−








Real-time RT-PCR targeting the influenza matrix gene; * sample from throat swab; na: not analyzed; IHC: immunohistochemistry, positive staining (+), and no staining (−); brain: cerebellum and cerebrum; resp: respiratory; GIT: gastro-intestinal tract.
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