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Abstract

The threat posed by highly pathogenic avian influenza A (H5N1) viruses to 
humans remains significant since the virus has caused sporadic human infections 
in 16 countries with a high case fatality rate (approximately 60%), circulated in 
poultry in several countries, and has the potential possibility to induce pandemic 
by mutation or/and reassortment with other influenza A subtypes. Although 
many studies showed that a number of amino acid mutations may contribute the 
adaption, transmissibility or the pathogenicity of avian influenza A H5N1 virus 
in mammals, the mechanism of the cross-species transmission is not clear so 
far. The current evidences indicated that both the virus and infected host itself 
played key role on viral infection and the pathogenesis. Therefore, in addition to 
monitoring the virus activity and molecular changes, discovery on the pathway 
of host regulation and control linked to viral infection factors would be also very 
helpful to control and prevent the disease.
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viruses bind preferentially to SA linked to Gal by α-2, 6 linkage 
(SA α-2, 6-Gal), whereas avian influenza viruses bind preferentially 
to SA α-2, 3-Gal linkages, and pig influenza viruses either attached 
to both α2,3‐SA and α2,6‐SA, or exclusively to α2,6‐SA [11]. The 
restriction present that the virus binds only to a species-specific cell 
receptor, or an efficient virus replication subject to cellular factors is 
prevented [12]. This is the primary reason that the avian influenza 
A virus cannot infect humans easily. However, the HPAIV H5N1 
viruses have transmitted to infect humans and various mammals 
from poultry [4,13]. Animal surveillance data showed that HPAIV 
H5N1 had been detected in pig, dog, cat, leopard and tiger (Table 
1). Genomic analysis showed that some of current circulating H5N1 
viruses have presented changes of receptor-binding features such as 
capacity of human-like receptor- or double receptor-binding [14,15] 
and have multiple cell tropism [16]. To be different with seasonal 
influenza virus, HPAIV H5N1 can replicate with high-level in 
infected cells in vitro under the condition of no trypcin adjunction, 
and caused death of chick embro in just cultured 48h. Animal model 
studies showed that a low titer of virus may result into death of ferrets 
after infection [17] and the virus can infect and kill mice without any 
adaption which need be consulted in human viruses [18]. The virus 
has obvious lethality to guinea pig as well [19]. These studies indicated 
that the HPAIV H5N1 have been undergoing steps of cross-species 
transmission. Furthermore, the H5N1 HA gene mutation studies 
show that efficient droplet transmission can be induced in ferret 
infected by the A/Indonesia/5/2005 (H5N1) virus with two amino 
acid changes ( HA Q222L and G224S) on receptor binding sides and 
one mutation of HA T156A affecting on glycosylation N connection 
site [20] or virus with HA Q222L, N154D, T156A, T315I mutations of 
A/Vietnam/1203/2004 (H5N1) and remaining 7 H1N1pdm09 genes. 
These rescued viruses can bind both SA α-2,3 and α-2,6 Gal, and 

Introduction
Highly Pathogenic Avian Influenza A Viruses (HPAIV) H5N1 

have raised the global concerns due to high mortality and limited 
human-to-human transmission [1,2]. HPAIV H5N1 have spread 
and circulated in poultries in south east Asia, Europe and Africa 
since HPAIV H5N1 was first isolated from a farmed goose in 
Guangdong province of China in 1996 [3]. The virus caused first 
human infection in 1997 in Hongkong [4], reemerged in 2003, and 
had resulted into more than 650 human infections with almost 60% 
fatality in 16 countries since 2003 [5]. In addition, the virus showed 
to have potential droplet-transmissibility in humans by mutation or/
and reassortment [6-9]. However, there is not a very effective therapy 
policy for the disease with clinical feature of quick deterioration so 
far. Therefore, the threat posed by HPAIV H5N1 to humans remains 
significant. Here, we reviewed the risk of HPAIV H5N1 cross-species 
infection and its pathogenesis.

Cross-spices transmission in mammals
The “host species barrier” existing between avian species and 

humans was generally considered to restrict cross-species transmission 
of influenza virus. The successful trans-species transmission of avian 
influenza viruses and the establishment of adaption in the human 
population required to cross several barriers from their natural 
reservoirs to humans. These barriers can be divided along three 
major steps defining cross-species transmission [10]: (1) animal-to-
human transmission barriers; (2) virus-cell interaction barriers; and 
(3) human-to-human transmission barriers. 

Influenza virus preference of Sialic Acid (SA) linked to Galactose 
(Gal) receptors binding has purposed to be a key factor of animal-
to-human transmission barriers. In general, human influenza 
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induced remarkable lung tissue damage and weight loss in ferrets [7]. 
These mutations in two (HA N154D/T156A) were common in H5N1 
viruses circulating in poultry, indicating that it is possible to happen 
human-to-human transmission if these mutation or reassortments 
happened in nature. Fortunately, HPAIV H5N1 caused sporadic 
human infections only. Although the limited human-to-human 
transmission events have been reported in cluster cases from several 
countries [1, 21, 22] each reported cluster cases were from same 
family case yet. And no healthcare worker was transmitted to infect 
the virus so far [23]. 

The possible mechanism of cross-spices transmission
Infection of mammals by avian influenza viruses requires 

adaptive mutations to achieve high-level replication in the new host. 
However, the basic mechanism underlying this adaptation process is 
still unknown. Besides amino-acid changes in the HA gene, variant 
studies of animal model showed that many amino-acid changes in 
internal genes (PB2, PB1, PA, NP and NS) played roles on mammals 
adaption, virulence and/or replication efficiency (Table 2). For 
example, numbers of studies showed that the mutation of PB2 E627K 
or D701N altered polymerase activity, enhance virulence of virus in 
mice and induced mammalian host adaptation. And the mutation PB2 
E627K, which is very common in H5N1 human isolates, improved 
viral replication capability under the condition of low temperature, 
enhanced polymerase protein to bind with NP, and enhanced viral 
replication in up respiratory tract and lung tissues as well [32, 33].  PB2 
D701N mutation, an important determinant of HPAIV H5N1 cross-
species transmission to mice [34], determined the transmissibility of 
H5N1 virus in guinea pig [35]. In addition, the genomic evolution 
data of human and mammalian H5N1 isolates indicated that M1 
and PB2 present more diversity which may be associated with host 
adaption and transmissibility [36]. The recombination study on PB1, 
PB2 PA and NP genes from the HPAIV H5N1 and mammalian H1N1 
virus showed the combination of mammalian H1N1 PB2 and HPAIV 

H5N1 PB1 genes present the highest polymerase activity in cells. And 
the rescued H5N1 virus with the both genes induced a significant 
response of proinflammatory cytokines in human macrophage, and 
caused severe pneumonia in mice besides the virus present much 
better adaptability in mouse under selective pressure [37]. Of note, 
the avian PB1 is the only gene reconstituted into the pandemic H2N2 
and H3N2 virus so far, indicating that PB1 may play an important 
role on virus transmission. Similarly, studies have shown that NS 
protein plays a role in the virulence as well as in host adaptability of 
H5N1 virus. For example, NS2 M16I mutation of H5N1 virus was 
an adaptive mutation since it may help virus to escape restricted 
viral genome replication in mammalian cells [38]. Therefore, variant 
“specificity” site in multiple genes may relate to the mechanism of 
effective trans-spices infection of H5N1 viruses. These findings 
undoubtedly promoted the development of prevention and control 
strategies on the virus. However, it also formulated a challenge to the 
strategy as so many “determinants”.

Pathogenesis of HPAIV H5N1
The clinical manifestations are fever with or without upper 

respiratory symptoms in the early stage HPAIV H5N1 infection, 
followed pneumonia with rapidly progressive aggravating, and 
developed into acute respiratory distress syndrome (ARDS) and 
multiple organ failures in most case finally [39]. The pathological 
features of HPAIV H5N1 infection were parenchymal lung 
involvement of the virus and diffuse alveolar damage [40,41]. Similar 
to the 1918 H1N1 Spanish flu, the most devastating infectious disease 
pandemic, HPAIV H5N1 infection present more serious in young 
adults than Children or elders [42,43]. Studies showed that, besides 
damage caused by excessive host immune response on the virus, 
bacterial co-infection contributed the disease and death in 1918 H1N1 
infection [43,44]. To be different with 1918 H1N1 infection, bacterial 
co-infection was very rare in HPAIV H5N1 infection. Additionally, 
HPAIV H5N1 can infect beyond air-way tissue to extropulmonary 

Years Country Spices Events Isolates Reference

2001, 2003 China Pig Two H5N1 viruses isolated from pigs. A/swine/Fujian/1/01 and A/
swine/Fujian/1/03 Zhu Q, et al. [24]

2003 Thailand Tigers and 
leopards

Two tigers (Panthera tigris) and two leopards (P. 
pardus) at a zoo in Suphanburi, Thailand, showed 
clinical signs, including high fever and respiratory 

distress, and they died unexpectedly.

A/Leopard/Thailand/2004, A/
Tiger/Thailand/2004 Keawcharoen, J. et al. [25]

2004 Thailand Tiger H5N1 avian influenza virus outbreak among zoo 
tigers in mid-October 2004, with 45 animals dead

A/Tiger/Thailand/CU-T3/04, A/
Tiger/Thailand/CU-T7/04 Amonsin, A, et al. [26]

2004, Thailand Dog HPAI H5N1 infection in a domestic dog following 
ingestion of the carcass of an infected duck. A/Dog/Thailand/KU-08/04 Songserm, T. et al. [27]

2004 Thailand Cat H5N1 virus infection in a domestic cat infected by 
eating a pigeon carcass. A/Cat/Thailand/KU-02/04 Songserm, T. et al. [28]

2005–2007 Indonesia Pig

52 pigs in 4 provinces were infected, One isolate 
had acquired the ability to recognize a human-

type receptor. No infected pig had influenza-like 
symptoms, indicating that influenza A (H5N1) viruses 

can replicate undetected for prolonged periods, 
facilitating avian virus adaptation to mammalian 

hosts.

A/swine/Banten/UT3081/2005, 
et al. Nidom, C. A., et al. [29]

2006-2007 China Pikas

To estimate the infection of wildlife with influenza 
A virus in a natural ecosystem, in China's Western 
Qinghai Province, from August 2006 to December 

2007, Ochotona curzoniae (black-lipped) pikas were 
caught in the regions around Qinghai Lake

A/PK/QH/BI/0704/2007, et al. Zhou, J. et al. [30]

2009 Egypt Donkey.
H5N1 viruses were isolated from donkeys clinically 

affected with moderate respiratory distress including 
cough, fever and serous nasal discharge.

A/Equine/Egypt/av1/2009 Abdel-Moneim, A. S. et al. 
[31]

Table 1: The Cross-spices transmission of HPAIV H5N1in mammals.
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organs including brain and intestinal tissues [45-49]. These 
extrapulmonary infections may not induced significant pathology 
damage in local tissues but may induce systematic immune response 
associated with pathogenesis. Compared with seasonal influenza, 
the viral load was much higher in HPAIV H5N1 infection, and 
virus clearance was delayed [50].  Pathological studies showed that 
HPAIV H5N1 infected both type-I and -II pneumocytes in alveolar 
of patients, still can infect alveolar macrophages and Dendritic Cells 
(DC) and other innate immune cells [46,51,52]. Therefore, the virus is 
multicellular tropism in vivo. The virus can break the barrier between 
the organism infections in a variety of organ tissues.

Animal model and in vitro experiments suggested that the 
pathogenicity of HPAIV H5N1 was gene determinant. To be different 
with low pathogenic influenza virus, HPAIV has a motif of multiple 
basic amino acid (-RRRKR- or -RRRKKR (Arg, R; Lys, K)) in the HA 
cleavage site. Of note, the motif of high pathogenicity may be invalid 
on nonhuman primate animal [53]. The polymerase genes (PB2, PB1 
and PA) are the important determinants of viral pathogenicity and 
host restriction as well. The interaction between polymerase gene 
RNA and host protein may play a decisive role in the virus life cycle 
[54]. In addition, NS protein is a factor in determining the virulence 
of H5N1. Most of HPAIV H5N1 possessed a 15-nucleotide (15-nt) 
deletion in position of NS 263-277. The deletion of the 15-nucleotide 
in NS gene enhanced virulence of H5N1 virus [55]. And some changes 
of amino acid in NS altered the virulence of H5N1 virus. For example, 
mutation of NS1 D92E enhanced viral pathogenicity in mice [55].

Besides the damage linked to viral replication, many studies 
have concluded that the severity of HPAIV H5N1 was related to the 
excessive host response. For example, H5N1 virus showed higher 
virulence in BALB/C mouse than in C57BL/6J mouse [56]. HPAIV 
H5N1 infection induced cytokines/chemokines storm and immune 
dysregulation which were showed to play roles in the pathogenesis 
of the infection in serials of clinic studies, animal model or in vitro 

experiments. The integration of the host innate immune response 
may contribute to virus spread in vivo. Compared to seasonal 
influenza viruses, H5N1 with the same dose of virus can induce much 
higher levels of inflammatory cytokines in macrophage. But the gene 
expression spectrum suggested that the host biological responses 
caused by either H5N1 or seasonal influenza virus were similar, and 
have consistent response pathway between the infections [57,58]. 
The stronger response of inflammatory cytokines induced by H5N1 
included I-type IFN and TNF-α. Host response network analysis 
showed that the synergistic effect of IFN-β and TNF-αmay contribute 
to continuous high levels of inflammatory cytokines in early stage 
of infection. The high host response was related to disease [59]. 
Compared with wild mice, H5N1 virus spreads were limited in lung 
tissues of the mice with deficiency of INF-I receptor [60]. Autopsy 
studies indicated that excessive host immune response was related 
to pathogenesis of H5N1 infection as diffuse alveolar damage and 
infiltration of inflammatory cells in lung of patients. The conclusion 
was demonstrated or proved in animal models. For example, HPAIV 
H5N1 induced a continuously high expression of innate immunity 
genes, edge phenomenon of circulating T lymphocytes in early stage 
of infection, and significant apoptosis of activated DC cell in lung 
tissue in Macaca rhesus [61].  In addition, the CXCR3 gene appeared 
significantly increased in H5N1 infected ferret. And CXCR3 blockers 
AMG487 treatment can significantly reduce the symptoms of infection 
and delayed mortality [62]. And many susceptible or tolerable genes 
of host have been linked to H5N1 infection. The deletion of hemolytic 
complement gene Hc increased fatality of infected mice while those 
mice with high expression of Hc were survived [63].

In summary, HPAIV H5N1 circulating in poultry widely has 
cross species to infect humans and several other mammals. Although 
the cross-species infection still belongs to emerged accidents, the 
high mortality and limited human-to-human transmission induced 
by the virus have raised concern on the virus. In addition, although 
studies have showed variant gene determinants on the cross-species 

Protein Amino acid position/motif Phenotypic consequences H5N1 consensus and/or background virus Reference  
(PMID)

PB2

Asp256Gly altered polymerase activity, mammalian host 
adaptation A/chicken/Yamaguchi/7/2004 19052090

Glu627Lys

altered polymerase activity and mammalian host 
adaptation A/chicken/Yamaguchi/7/2004 19052090

mammalian host adaptation A/Vietnam/1203/2004, A/Vietnam/1204/2004, A/
Vietnam/3030/04 19264775

mammalian host adaptation, altered virulence in 
mice A/chicken/Yamaguchi/7/2004 17098982

mammalian host adaptation A/swan/Germany/R65/2006 21849466

Asp701Asn

mammalian host adaptation A/Vietnam/1203/2004, A/Vietnam/1204/2004, A/
Vietnam/3030/04 19264775

mammalian host adaptation, altered virulence in 
mice

A/duck/Guangxi/22/2001, A/duck/
Guangxi/352/2001 16140781

altered replication efficiency, virulence and 
transmission in guinea pigs A/Vietnam/1203/2004 19119420

PB1
Val3Ala, Arg207Lys, 

Asn328Lys, Asn375Ser altered replication efficiency and virulence in ferrets A/Vietnam/1203/2004, A/chicken/Vietnam/
C58/2004 16533883

Val473Leu, Pro598Leu altered polymerase activity and replication efficiency A/Cambodia/P0322095/2005 22090209

PB1-F2 Asn66Ser altered virulence replication efficiency and antivirus 
response in mice A/Vietnam/1203/2004 21852950

NP Asn319Lys altered replication efficiency conserved in wild-type H5N1 18248089

NS2 Met16Ile Enhanced  polymerase activity in human cultured 
cells. A/Thailand/1(KAN-1)/2004 22549831

PA Ser149Pro, His266Arg, 
Ile357Lys, Ser515Thr altered polymerase activity A/duck/Fujian/01/2002, A/duck/Guangxi/53/2002 20211480

Table 2: The mutations affected adaption infection of HPAIV H5N1.
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transmission, the mechanism of the transmission is not clear so far. It is 
impossible to avoid that, with mutations or reassortments undergone 
in H5N1 virus, the effective human-to-human transmission would 
be possible to emerge. It is also a difficult issue for formulating 
prevention and control strategies for humans currently because many 
unconfirmed factors link to infection and transmission of the virus. 
The severe clinical symptoms in H5N1 patient were related to both 
the virus and excessively immune response of host. We may control 
the progression of the disease or relieve the disease through mediating 
the host response although host response is a perplexing network 
system. Therefore, to prevent and control the virus, in addition to the 
virus, research on host factors linked to viral infection would be one 
more important way.

References
1. Wang H, Feng Z, Shu Y, Yu H, Zhou L, Zu R, et al. Probable limited person-

to-person transmission of highly pathogenic avian influenza A (H5N1) virus in 
China. Lancet. 2008; 371: 1427-1434.

2. Qi X, Qian YH, Bao CJ, Guo XL, Cui LB, Tang FY, et al. Probable person 
to person transmission of novel avian influenza A (H7N9) virus in Eastern 
China, 2013: epidemiological investigation. BMJ. 2013; 347: f4752.

3. Guo Y, Xu X, Wan X. [Genetic characterization of an avian influenza A 
(H5N1) virus isolated from a sick goose in China]. Zhonghua Shi Yan He Lin 
Chuang Bing Du Xue Za Zhi. 1998; 12: 322-325.

4. Yuen KY, Chan PK, Peiris M, Tsang DN, Que TL, Shortridge KF, et al. Clinical 
features and rapid viral diagnosis of human disease associated with avian 
influenza A H5N1 virus. Lancet. 1998; 351: 467-471.

5. 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.

6. WHO: Cumulative number of confirmed human cases of avian influenza A 
(H5N1) reported to WHO. 

7. Imai M, Watanabe T, Hatta M, Das SC, Ozawa M, Shinya K, et al. Experimental 
adaptation of an influenza H5 HA confers respiratory droplet transmission to a 
reassortant H5 HA/H1N1 virus in ferrets. Nature. 2012; 486: 420-428.

8. Russell CA, Fonville JM, Brown AE, Burke DF, Smith DL, James SL, et al. 
The potential for respiratory droplet-transmissible A/H5N1 influenza virus to 
evolve in a mammalian host. Science. 2012; 336: 1541-1547.

9. Zhang Y, Zhang Q, Kong H, Jiang Y, Gao Y, Deng G, et al. H5N1 hybrid 
viruses bearing 2009/H1N1 virus genes transmit in guinea pigs by respiratory 
droplet. Science. 2013; 340: 1459-1463.

10. Reperant LA, Kuiken T, Osterhaus AD. Adaptive pathways of zoonotic 
influenza viruses: from exposure to establishment in humans. Vaccine. 2012; 
30: 4419-4434.

11. Rogers GN, Paulson JC. Receptor determinants of human and animal 
influenza virus isolates: differences in receptor specificity of the H3 
hemagglutinin based on species of origin. Virology. 1983; 127: 361-373.

12. Wilks S, de Graaf M, Smith DJ, Burke DF. A review of influenza haemagglutinin 
receptor binding as it relates to pandemic properties. Vaccine. 2012; 30: 
4369-4376.

13. Rabinowitz P, Perdue M, Mumford E. Contact variables for exposure to avian 
influenza H5N1 virus at the human-animal interface. Zoonoses Public Health. 
2010; 57: 227-238.

14. Watanabe Y, Ibrahim MS, Ellakany HF, Kawashita N, Mizuike R, Hiramatsu 
H, et al. Acquisition of human-type receptor binding specificity by new H5N1 
influenza virus sublineages during their emergence in birds in Egypt. PLoS 
Pathog. 2011; 7: e1002068.

15. Xiong X, Xiao H, Martin SR, Coombs PJ, Liu J, Collins PJ, et al. Enhanced 
human receptor binding by H5 haemagglutinins. Virology. 2014; 456-457: 
179-87.

16. Ibricevic A, Pekosz A, Walter MJ, Newby C, Battaile JT, Brown EG, et al. 
Influenza virus receptor specificity and cell tropism in mouse and human 
airway epithelial cells. J Virol. 2006; 80: 7469-7480.

17. Govorkova EA, Rehg JE, Krauss S, Yen HL, Guan Y, Peiris M, et al. Lethality 
to ferrets of H5N1 influenza viruses isolated from humans and poultry in 
2004. J Virol. 2005; 79: 2191-2198.

18. Katz JM, Lu X, Tumpey TM, Smith CB, Shaw MW, Subbarao K. Molecular 
correlates of influenza A H5N1 virus pathogenesis in mice. J Virol. 2000; 74: 
10807-10810.

19. Van Hoeven N, Belser JA, Szretter KJ, Zeng H, Staeheli P, Swayne DE, et 
al. Pathogenesis of 1918 pandemic and H5N1 influenza virus infections in a 
guinea pig model: antiviral potential of exogenous alpha interferon to reduce 
virus shedding. J Virol. 2009; 83: 2851-2861. 

20. Herfst S, Schrauwen EJ, Linster M, Chutinimitkul S, de Wit E, Munster VJ, et 
al. Airborne transmission of influenza A/H5N1 virus between ferrets. Science. 
2012; 336: 1534-1541.

21. Nguyen TH, Farrar J, Horby P. Person-to-person transmission of influenza A 
(H5N1). Lancet. 2008; 371: 1392-1394.

22. Yang Y, Halloran ME, Sugimoto JD, Longini IM Jr. Detecting human-to-
human transmission of avian influenza A (H5N1). Emerg Infect Dis. 2007; 
13: 1348-1353.

23. Shabanowitz RB, Reardon JE. Avian flu pandemic - flight of the healthcare 
worker? HEC Forum. 2009; 21: 365-385.

24. Zhu Q, Yang H, Chen W, Cao W, Zhong G, Jiao P, et al. A naturally occurring 
deletion in its NS gene contributes to the attenuation of an H5N1 swine 
influenza virus in chickens. J Virol. 2008; 82: 220-228.

25. Keawcharoen J, Oraveerakul K, Kuiken T, Fouchier RA, Amonsin A, 
Payungporn S, et al. Avian influenza H5N1 in tigers and leopards. Emerg 
Infect Dis. 2004; 10: 2189-2191.

26. Amonsin A, Payungporn S, Theamboonlers A, Thanawongnuwech R, 
Suradhat S, Pariyothorn N, et al. Genetic characterization of H5N1 influenza 
A viruses isolated from zoo tigers in Thailand. Virology. 2006; 344: 480-491.

27. Songserm T, Amonsin A, Jam-on R, Sae-Heng N, Pariyothorn N, Payungporn 
S, et al. Fatal avian influenza A H5N1 in a dog. Emerg Infect Dis. 2006; 12: 
1744-1747.

28. Songserm T, Amonsin A, Jam-on R, Sae-Heng N, Meemak N, Pariyothorn N, 
et al. Avian influenza H5N1 in naturally infected domestic cat. Emerg Infect 
Dis. 2006; 12: 681-683.

29. Nidom CA, Takano R, Yamada S, Sakai-Tagawa Y, Daulay S, Aswadi D, et 
al. Influenza A (H5N1) viruses from pigs, Indonesia. Emerg Infect Dis. 2010; 
16: 1515-1523.

30. Zhou J, Sun W, Wang J, Guo J, Yin W, Wu N, et al. Characterization of 
the H5N1 highly pathogenic avian influenza virus derived from wild pikas in 
China. J Virol. 2009; 83: 8957-8964.

31. Abdel-Moneim AS, Abdel-Ghany AE, Shany SA. Isolation and characterization 
of highly pathogenic avian influenza virus subtype H5N1 from donkeys. J 
Biomed Sci. 2010; 17: 25.

32. Hatta M, Hatta Y, Kim JH, Watanabe S, Shinya K, Nguyen T, et al. Growth 
of H5N1 influenza A viruses in the upper respiratory tracts of mice. PLoS 
Pathog. 2007; 3: 1374-1379.

33. Aggarwal S, Dewhurst S, Takimoto T, Kim B. Biochemical impact of the host 
adaptation-associated PB2 E627K mutation on the temperature-dependent 
RNA synthesis kinetics of influenza A virus polymerase complex. J Biol 
Chem. 2011; 286: 34504-34513.

34. Li Z, Chen H, Jiao P, Deng G, Tian G, Li Y, et al. Molecular basis of replication 
of duck H5N1 influenza viruses in a mammalian mouse model. J Virol. 2005; 
79: 12058-12064.

35. Gao Y, Zhang Y, Shinya K, Deng G, Jiang Y, Li Z, et al. Identification of amino 
acids in HA and PB2 critical for the transmission of H5N1 avian influenza 
viruses in a mammalian host. PLoS Pathog. 2009; 5: e1000709.

http://www.ncbi.nlm.nih.gov/pubmed/18400288
http://www.ncbi.nlm.nih.gov/pubmed/18400288
http://www.ncbi.nlm.nih.gov/pubmed/18400288
http://www.ncbi.nlm.nih.gov/pubmed/23920350
http://www.ncbi.nlm.nih.gov/pubmed/23920350
http://www.ncbi.nlm.nih.gov/pubmed/23920350
http://www.ncbi.nlm.nih.gov/pubmed/12526344
http://www.ncbi.nlm.nih.gov/pubmed/12526344
http://www.ncbi.nlm.nih.gov/pubmed/12526344
http://www.ncbi.nlm.nih.gov/pubmed/9482437
http://www.ncbi.nlm.nih.gov/pubmed/9482437
http://www.ncbi.nlm.nih.gov/pubmed/9482437
http://www.ncbi.nlm.nih.gov/pubmed/20491978
http://www.ncbi.nlm.nih.gov/pubmed/20491978
http://www.ncbi.nlm.nih.gov/pubmed/20491978
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en/
http://www.who.int/influenza/human_animal_interface/H5N1_cumulative_table_archives/en/
http://www.ncbi.nlm.nih.gov/pubmed/22722205
http://www.ncbi.nlm.nih.gov/pubmed/22722205
http://www.ncbi.nlm.nih.gov/pubmed/22722205
http://www.ncbi.nlm.nih.gov/pubmed/22723414
http://www.ncbi.nlm.nih.gov/pubmed/22723414
http://www.ncbi.nlm.nih.gov/pubmed/22723414
http://www.ncbi.nlm.nih.gov/pubmed/23641061
http://www.ncbi.nlm.nih.gov/pubmed/23641061
http://www.ncbi.nlm.nih.gov/pubmed/23641061
http://www.ncbi.nlm.nih.gov/pubmed/22537992
http://www.ncbi.nlm.nih.gov/pubmed/22537992
http://www.ncbi.nlm.nih.gov/pubmed/22537992
http://www.ncbi.nlm.nih.gov/pubmed/6868370
http://www.ncbi.nlm.nih.gov/pubmed/6868370
http://www.ncbi.nlm.nih.gov/pubmed/6868370
http://www.ncbi.nlm.nih.gov/pubmed/22682293
http://www.ncbi.nlm.nih.gov/pubmed/22682293
http://www.ncbi.nlm.nih.gov/pubmed/22682293
http://www.ncbi.nlm.nih.gov/pubmed/19486500
http://www.ncbi.nlm.nih.gov/pubmed/19486500
http://www.ncbi.nlm.nih.gov/pubmed/19486500
http://www.ncbi.nlm.nih.gov/pubmed/21637809
http://www.ncbi.nlm.nih.gov/pubmed/21637809
http://www.ncbi.nlm.nih.gov/pubmed/21637809
http://www.ncbi.nlm.nih.gov/pubmed/21637809
http://www.ncbi.nlm.nih.gov/pubmed/24889237
http://www.ncbi.nlm.nih.gov/pubmed/24889237
http://www.ncbi.nlm.nih.gov/pubmed/24889237
http://www.ncbi.nlm.nih.gov/pubmed/16840327
http://www.ncbi.nlm.nih.gov/pubmed/16840327
http://www.ncbi.nlm.nih.gov/pubmed/16840327
http://www.ncbi.nlm.nih.gov/pubmed/15681421
http://www.ncbi.nlm.nih.gov/pubmed/15681421
http://www.ncbi.nlm.nih.gov/pubmed/15681421
http://www.ncbi.nlm.nih.gov/pubmed/11044127
http://www.ncbi.nlm.nih.gov/pubmed/11044127
http://www.ncbi.nlm.nih.gov/pubmed/11044127
http://www.ncbi.nlm.nih.gov/pubmed/19144714
http://www.ncbi.nlm.nih.gov/pubmed/19144714
http://www.ncbi.nlm.nih.gov/pubmed/19144714
http://www.ncbi.nlm.nih.gov/pubmed/19144714
http://www.ncbi.nlm.nih.gov/pubmed/22723413
http://www.ncbi.nlm.nih.gov/pubmed/22723413
http://www.ncbi.nlm.nih.gov/pubmed/22723413
http://www.ncbi.nlm.nih.gov/pubmed/18400287
http://www.ncbi.nlm.nih.gov/pubmed/18400287
http://www.ncbi.nlm.nih.gov/pubmed/18252106
http://www.ncbi.nlm.nih.gov/pubmed/18252106
http://www.ncbi.nlm.nih.gov/pubmed/18252106
http://www.ncbi.nlm.nih.gov/pubmed/19856212
http://www.ncbi.nlm.nih.gov/pubmed/19856212
http://www.ncbi.nlm.nih.gov/pubmed/17942562
http://www.ncbi.nlm.nih.gov/pubmed/17942562
http://www.ncbi.nlm.nih.gov/pubmed/17942562
http://www.ncbi.nlm.nih.gov/pubmed/15663858
http://www.ncbi.nlm.nih.gov/pubmed/15663858
http://www.ncbi.nlm.nih.gov/pubmed/15663858
http://www.ncbi.nlm.nih.gov/pubmed/16194557
http://www.ncbi.nlm.nih.gov/pubmed/16194557
http://www.ncbi.nlm.nih.gov/pubmed/16194557
http://www.ncbi.nlm.nih.gov/pubmed/17283627
http://www.ncbi.nlm.nih.gov/pubmed/17283627
http://www.ncbi.nlm.nih.gov/pubmed/17283627
http://www.ncbi.nlm.nih.gov/pubmed/16704821
http://www.ncbi.nlm.nih.gov/pubmed/16704821
http://www.ncbi.nlm.nih.gov/pubmed/16704821
http://www.ncbi.nlm.nih.gov/pubmed/20875275
http://www.ncbi.nlm.nih.gov/pubmed/20875275
http://www.ncbi.nlm.nih.gov/pubmed/20875275
http://www.ncbi.nlm.nih.gov/pubmed/19553321
http://www.ncbi.nlm.nih.gov/pubmed/19553321
http://www.ncbi.nlm.nih.gov/pubmed/19553321
http://www.ncbi.nlm.nih.gov/pubmed/20398268
http://www.ncbi.nlm.nih.gov/pubmed/20398268
http://www.ncbi.nlm.nih.gov/pubmed/20398268
http://www.ncbi.nlm.nih.gov/pubmed/17922570
http://www.ncbi.nlm.nih.gov/pubmed/17922570
http://www.ncbi.nlm.nih.gov/pubmed/17922570
http://www.ncbi.nlm.nih.gov/pubmed/21816827
http://www.ncbi.nlm.nih.gov/pubmed/21816827
http://www.ncbi.nlm.nih.gov/pubmed/21816827
http://www.ncbi.nlm.nih.gov/pubmed/21816827
http://www.ncbi.nlm.nih.gov/pubmed/16140781
http://www.ncbi.nlm.nih.gov/pubmed/16140781
http://www.ncbi.nlm.nih.gov/pubmed/16140781


Austin Virol and Retrovirology 1(1): id1004 (2014)  - Page - 05

Rongbao Gao Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

36. Lam TT, Hon CC, Pybus OG, Kosakovsky Pond SL, Wong RT, Yip CW, et al. 
Evolutionary and transmission dynamics of reassortant H5N1 influenza virus 
in Indonesia. PLoS Pathog. 2008; 4: e1000130.

37. Li OT, Chan MC, Leung CS, Chan RW, Guan Y, Nicholls JM, et al. Full 
factorial analysis of mammalian and avian influenza polymerase subunits 
suggests a role of an efficient polymerase for virus adaptation. PLoS One. 
2009; 4: e5658.

38. Mänz B, Brunotte L, Reuther P, Schwemmle M. Adaptive mutations in NEP 
compensate for defective H5N1 RNA replication in cultured human cells. Nat 
Commun. 2012; 3: 802.

39. Yu H, Gao Z, Feng Z, Shu Y, Xiang N, Zhou L, et al. Clinical characteristics of 
26 human cases of highly pathogenic avian influenza A (H5N1) virus infection 
in China. PLoS One. 2008; 3: e2985.

40. Liem NT, Nakajima N, Phat le P, Sato Y, Thach HN, Hung PV, et al. H5N1-
infected cells in lung with diffuse alveolar damage in exudative phase from a 
fatal case in Vietnam. Jpn J Infect Dis. 2008; 61: 157-160.

41. Zhang Z, Zhang J, Huang K, Li KS, Yuen KY, Guan Y, et al. Systemic 
infection of avian influenza A virus H5N1 subtype in humans. Hum Pathol. 
2009; 40: 735-739.

42. Taubenberger JK, Reid AH, Janczewski TA, Fanning TG. Integrating 
historical, clinical and molecular genetic data in order to explain the origin 
and virulence of the 1918 Spanish influenza virus. Philos Trans R Soc Lond 
B Biol Sci. 2001; 356: 1829-1839.

43. Shanks GD, Brundage JF. Pathogenic responses among young adults during 
the 1918 influenza pandemic. Emerg Infect Dis. 2012; 18: 201-207.

44. Chertow DS, Memoli MJ. Bacterial coinfection in influenza: a grand rounds 
review. JAMA. 2013; 309: 275-282.

45. Wong SS, Yuen KY. Avian influenza virus infections in humans. Chest. 2006; 
129: 156-168.

46. Gao R, Dong L, Dong J, Wen L, Zhang Y, Yu H, et al. A systematic molecular 
pathology study of a laboratory confirmed H5N1 human case. PLoS One. 
2010; 5: e13315.

47. Uiprasertkul M, Puthavathana P, Sangsiriwut K, Pooruk P, Srisook K, Peiris 
M, et al. Influenza A H5N1 replication sites in humans. Emerg Infect Dis. 
2005; 11: 1036-1041.

48. Zhou JJ, Fang DY, Fu J, Tian J, Zhou JM, Yan HJ, et al. Infection and 
replication of avian influenza H5N1 virus in an infected human. Virus Genes. 
2009; 39: 76-80.

49. Tolnay AE, Baskin CR, Tumpey TM, Sabourin PJ, Sabourin CL, Long JP, 
et al. Extrapulmonary tissue responses in cynomolgus macaques (Macaca 
fascicularis) infected with highly pathogenic avian influenza A (H5N1) virus. 
Arch Virol. 2010; 155: 905-914.

50. Sirinonthanawech N, Uiprasertkul M, Suptawiwat O, Auewarakul P. Viral 
load of the highly pathogenic avian influenza H5N1 virus in infected human 
tissues. J Med Virol. 2011; 83: 1418-1423.

51. Perrone LA, Plowden JK, García-Sastre A, Katz JM, Tumpey TM. H5N1 
and 1918 pandemic influenza virus infection results in early and excessive 
infiltration of macrophages and neutrophils in the lungs of mice. PLoS 
Pathog. 2008; 4: e1000115.

52. Gu J, Xie Z, Gao Z, Liu J, Korteweg C, Ye J, et al. H5N1 infection of the 
respiratory tract and beyond: a molecular pathology study. Lancet. 2007; 370: 
1137-1145.

53. Suguitan AL Jr, Matsuoka Y, Lau YF, Santos CP, Vogel L, Cheng LI, et al. 
The multibasic cleavage site of the hemagglutinin of highly pathogenic A/
Vietnam/1203/2004 (H5N1) avian influenza virus acts as a virulence factor in 
a host-specific manner in mammals. J Virol. 2012; 86: 2706-2714.

54. Bradel-Tretheway BG, Mattiacio JL, Krasnoselsky A, Stevenson C, Purdy 
D, Dewhurst S, et al. Comprehensive proteomic analysis of influenza virus 
polymerase complex reveals a novel association with mitochondrial proteins 
and RNA polymerase accessory factors. J Virol. 2011; 85: 8569-8581.

55. Long JX, Peng DX, Liu YL, Wu YT, Liu XF. Virulence of H5N1 avian influenza 
virus enhanced by a 15-nucleotide deletion in the viral nonstructural gene. 
Virus Genes. 2008; 36: 471-478.

56. Otte A, Sauter M, Alleva L, Baumgarte S, Klingel K, Gabriel G. Differential 
host determinants contribute to the pathogenesis of 2009 pandemic H1N1 
and human H5N1 influenza A viruses in experimental mouse models. Am J 
Pathol. 2011; 179: 230-239.

57. Guarner J, Falcón-Escobedo R. Comparison of the pathology caused by 
H1N, H5N, and H3N2 influenza viruses. Arch Med Res. 2009; 40: 655-661.

58. Geiler J, Michaelis M, Sithisarn P, Cinatl J Jr. Comparison of pro-inflammatory 
cytokine expression and cellular signal transduction in human macrophages 
infected with different influenza A viruses. Med Microbiol Immunol. 2011; 200: 
53-60.

59. Lee SM, Gardy JL, Cheung CY, Cheung TK, Hui KP, Ip NY, et al. Systems-
level comparison of host-responses elicited by avian H5N1 and seasonal 
H1N1 influenza viruses in primary human macrophages. PLoS One. 2009; 
4: e8072.

60. Cilloniz C, Pantin-Jackwood MJ, Ni C, Goodman AG, Peng X, Proll SC, et al. 
Lethal dissemination of H5N1 influenza virus is associated with dysregulation 
of inflammation and lipoxin signaling in a mouse model of infection. J Virol. 
2010; 84: 7613-7624. 

61. Baskin CR, Bielefeldt-Ohmann H, Tumpey TM, Sabourin PJ, Long JP, 
García-Sastre A, et al. Early and sustained innate immune response defines 
pathology and death in nonhuman primates infected by highly pathogenic 
influenza virus. Proc Natl Acad Sci U S A. 2009; 106: 3455-3460.

62. Cameron CM, Cameron MJ, Bermejo-Martin JF, Ran L, Xu L, Turner PV, et 
al. Gene expression analysis of host innate immune responses during Lethal 
H5N1 infection in ferrets. J Virol. 2008; 82: 11308-11317.

63. Boon AC, deBeauchamp J, Hollmann A, Luke J, Kotb M, Rowe S, et al. Host 
genetic variation affects resistance to infection with a highly pathogenic H5N1 
influenza A virus in mice. J Virol. 2009; 83: 10417-10426.

Citation: Gao R. Progresses on Studies of Highly Pathogenic Avian Influenza H5N1 Cross-Species Infection and 
its Pathogenesis. Austin Virol and Retrovirology. 2014;1(1): 5.

Austin Virol and Retrovirology - Volume 1 Issue 1 - 2014
ISSN: 2472-3517 | www.austinpublishinggroup.com 
Gao. © All rights are reserved

http://www.ncbi.nlm.nih.gov/pubmed/18725937
http://www.ncbi.nlm.nih.gov/pubmed/18725937
http://www.ncbi.nlm.nih.gov/pubmed/18725937
http://www.ncbi.nlm.nih.gov/pubmed/19462010
http://www.ncbi.nlm.nih.gov/pubmed/19462010
http://www.ncbi.nlm.nih.gov/pubmed/19462010
http://www.ncbi.nlm.nih.gov/pubmed/19462010
http://www.ncbi.nlm.nih.gov/pubmed/22549831
http://www.ncbi.nlm.nih.gov/pubmed/22549831
http://www.ncbi.nlm.nih.gov/pubmed/22549831
http://www.ncbi.nlm.nih.gov/pubmed/18716658
http://www.ncbi.nlm.nih.gov/pubmed/18716658
http://www.ncbi.nlm.nih.gov/pubmed/18716658
http://www.ncbi.nlm.nih.gov/pubmed/18362412
http://www.ncbi.nlm.nih.gov/pubmed/18362412
http://www.ncbi.nlm.nih.gov/pubmed/18362412
http://www.ncbi.nlm.nih.gov/pubmed/19121843
http://www.ncbi.nlm.nih.gov/pubmed/19121843
http://www.ncbi.nlm.nih.gov/pubmed/19121843
http://www.ncbi.nlm.nih.gov/pubmed/11779381
http://www.ncbi.nlm.nih.gov/pubmed/11779381
http://www.ncbi.nlm.nih.gov/pubmed/11779381
http://www.ncbi.nlm.nih.gov/pubmed/11779381
http://www.ncbi.nlm.nih.gov/pubmed/22306191
http://www.ncbi.nlm.nih.gov/pubmed/22306191
http://www.ncbi.nlm.nih.gov/pubmed/23321766
http://www.ncbi.nlm.nih.gov/pubmed/23321766
http://www.ncbi.nlm.nih.gov/pubmed/16424427
http://www.ncbi.nlm.nih.gov/pubmed/16424427
http://www.ncbi.nlm.nih.gov/pubmed/20976271
http://www.ncbi.nlm.nih.gov/pubmed/20976271
http://www.ncbi.nlm.nih.gov/pubmed/20976271
http://www.ncbi.nlm.nih.gov/pubmed/16022777
http://www.ncbi.nlm.nih.gov/pubmed/16022777
http://www.ncbi.nlm.nih.gov/pubmed/16022777
http://www.ncbi.nlm.nih.gov/pubmed/19444601
http://www.ncbi.nlm.nih.gov/pubmed/19444601
http://www.ncbi.nlm.nih.gov/pubmed/19444601
http://www.ncbi.nlm.nih.gov/pubmed/20372944
http://www.ncbi.nlm.nih.gov/pubmed/20372944
http://www.ncbi.nlm.nih.gov/pubmed/20372944
http://www.ncbi.nlm.nih.gov/pubmed/20372944
http://www.ncbi.nlm.nih.gov/pubmed/21678447
http://www.ncbi.nlm.nih.gov/pubmed/21678447
http://www.ncbi.nlm.nih.gov/pubmed/21678447
http://www.ncbi.nlm.nih.gov/pubmed/18670648
http://www.ncbi.nlm.nih.gov/pubmed/18670648
http://www.ncbi.nlm.nih.gov/pubmed/18670648
http://www.ncbi.nlm.nih.gov/pubmed/18670648
http://www.ncbi.nlm.nih.gov/pubmed/17905166
http://www.ncbi.nlm.nih.gov/pubmed/17905166
http://www.ncbi.nlm.nih.gov/pubmed/17905166
http://www.ncbi.nlm.nih.gov/pubmed/22205751
http://www.ncbi.nlm.nih.gov/pubmed/22205751
http://www.ncbi.nlm.nih.gov/pubmed/22205751
http://www.ncbi.nlm.nih.gov/pubmed/22205751
http://www.ncbi.nlm.nih.gov/pubmed/21715506
http://www.ncbi.nlm.nih.gov/pubmed/21715506
http://www.ncbi.nlm.nih.gov/pubmed/21715506
http://www.ncbi.nlm.nih.gov/pubmed/21715506
http://www.ncbi.nlm.nih.gov/pubmed/18317917
http://www.ncbi.nlm.nih.gov/pubmed/18317917
http://www.ncbi.nlm.nih.gov/pubmed/18317917
http://www.ncbi.nlm.nih.gov/pubmed/21703405
http://www.ncbi.nlm.nih.gov/pubmed/21703405
http://www.ncbi.nlm.nih.gov/pubmed/21703405
http://www.ncbi.nlm.nih.gov/pubmed/21703405
http://www.ncbi.nlm.nih.gov/pubmed/20304252
http://www.ncbi.nlm.nih.gov/pubmed/20304252
http://www.ncbi.nlm.nih.gov/pubmed/20865277
http://www.ncbi.nlm.nih.gov/pubmed/20865277
http://www.ncbi.nlm.nih.gov/pubmed/20865277
http://www.ncbi.nlm.nih.gov/pubmed/20865277
http://www.ncbi.nlm.nih.gov/pubmed/20011590
http://www.ncbi.nlm.nih.gov/pubmed/20011590
http://www.ncbi.nlm.nih.gov/pubmed/20011590
http://www.ncbi.nlm.nih.gov/pubmed/20011590
http://www.ncbi.nlm.nih.gov/pubmed/20504916
http://www.ncbi.nlm.nih.gov/pubmed/20504916
http://www.ncbi.nlm.nih.gov/pubmed/20504916
http://www.ncbi.nlm.nih.gov/pubmed/20504916
http://www.ncbi.nlm.nih.gov/pubmed/19218453
http://www.ncbi.nlm.nih.gov/pubmed/19218453
http://www.ncbi.nlm.nih.gov/pubmed/19218453
http://www.ncbi.nlm.nih.gov/pubmed/19218453
http://www.ncbi.nlm.nih.gov/pubmed/18684821
http://www.ncbi.nlm.nih.gov/pubmed/18684821
http://www.ncbi.nlm.nih.gov/pubmed/18684821
http://www.ncbi.nlm.nih.gov/pubmed/19706712
http://www.ncbi.nlm.nih.gov/pubmed/19706712
http://www.ncbi.nlm.nih.gov/pubmed/19706712

	Title
	Abstract
	Introduction
	Cross-spices transmission in mammals
	The possible mechanism of cross-spices transmission
	Pathogenesis of HPAIV H5N1
	References
	Table 1
	Table 2


