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Introduction

Most influenza A viruses, including 16 hemagglutinin (HA) and 9 neuraminidase (NA) 

subtypes, have been found in migratory waterfowl, thus, waterfowl is believed to be a 

natural reservoir [1,2]. The influenza virus exhibits a restricted host species barrier in 

the avian host [2] and in general, infection to other mammals including humans with 

avian influenza virus is limited. A few subtypes have successfully transcended and de-

veloped a capacity to establish themselves in mammalian hosts, primarily based on 

the genetic nature of the RNA genome (e.g., eight segments and error-prone) which 

leads to mutations conferring the ability to cross the host barriers. There have been 

three worldwide flu pandemics in the 20th century (the Spanish flu [H1N1] in 1918; 

the Asian flu [H2N2] in 1957; the Hong Kong flu [H3N2] in 1968). Most of the caus-

atives were reported to be originated from avian species and have caused pandemics 

after reassortment between the new avian influenza virus and the human influenza 
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Due to the increased frequency of interspecies transmission of avian influenza viruses, stud-
ies designed to identify the molecular determinants that could lead to an expansion of the host 
range have been increased. A variety of mouse-based mammalian-adaptation studies of avian 
influenza viruses have provided insight into the genetic alterations of various avian influenza 
subtypes that may contribute to the generation of a pandemic virus. To date, the studies have 
focused on avian influenza subtypes H5, H6, H7, H9, and H10 which have recently caused hu-
man infection. Although mice cannot fully reflect the course of human infection with avian 
influenza, these mouse studies can be a useful method for investigating potential mammalian 
adaptive markers against newly emerging avian influenza viruses. In addition, due to the lack 
of appropriate vaccines against the diverse emerging influenza viruses, the generation of 
mouse-adapted lethal variants could contribute to the development of effective vaccines or 
therapeutic agents. Within this review, we will summarize studies that have demonstrated ad-
aptations of avian influenza viruses that result in an altered pathogenicity in mice which may 
suggest the potential application of mouse-lethal strains in the development of influenza vac-
cines and/or therapeutics in preclinical studies. 
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virus [3]. In June 2009, the World Health Organization (WHO) 

declared the novel influenza A (H1N1) virus as the first pan-

demic of the 21st century [4]. Molecular epidemiologic stud-

ies have shown that viruses prevalent in birds, pigs and hu-

mans have been reassorted in unknown events and then trans-

mitted to humans [5]. Although the same subtype as the sea-

sonal H1N1 virus was predominant at the time, most people 

under the age of 65 could be infected by the pandemic virus 

because they did not have immunity due to serologically dif-

ferentiated immunogenicity [6]. The pandemics occurred 

when the novel subtypes of viruses or parts of genes (espe-

cially HA, NA) were introduced into humans through genetic 

reassortment. However, genetic reassortment, which is gen-

erally known to be the mechanism of past pandemics, is in-

sufficient to account for the ability to overcome interspecies 

barriers. Before an influenza virus becomes established in 

new hosts, it must overcome host-specific factors, including 

the ability to adapt, survive, and thrive in another host; these 

adaptations are conferred as the result of genetic mutations 

and are thus also required for the virus to transcend the inter-

species barriers. Although there is still little evidence of hu-

man-to-human transmission, a variety of avian influenza vi-

ruses (H5N1, H5N6, H6N1, H7N3, H7N7, H7N9, H9N2, and 

H10N8) have been infecting humans directly from avian spe-

cies [7-12]. In particular, human infections caused by H5N1, 

H5N6, and H7N9 are rapidly increasing and mortality rates 

reach 30%–50% [13] indicating the urgent need for vaccines 

that effectively protect humans against these emerging viruses. 

  Recently, various animal models (e.g., mouse, ferret, and 

guinea pigs) have been established for studying influenza 

proliferation, pathogenesis, and transmissibility. Ferrets can 

experience influenza-like respiratory illnesses after infection 

similar to those observed in humans and can spread viruses 

through direct contact and aerosols. Therefore, the pathoge-

nicity and transmissibility of influenza virus can be evaluated 

using the ferret model [14]. Unlike ferrets, guinea pigs do not 

cough or sneeze after influenza infection but have been suc-

cessfully used to study viral transmission by direct contact 

and aerosol transmission models [15,16]. It was shown in the 

1930s that swine and human influenza viruses can infect lab-

oratory mice and have since been used extensively in influ-

enza pathogenesis studies [17]. Although the mouse model 

may not fully mirror the clinical signs and behaviors of influ-

enza infection in humans, there are numerous studies show-

ing the suitability of mouse models (e.g., ability to study in-

fections with various influenza viruses, low cost), and thus, it 

is still an important animal model in influenza research. Above 

all, laboratory mice play an important role in preclinical ani-

mal-model studies designed to evaluate the efficacy of newly 

developed vaccines and drugs, studies that are a priority giv-

en the growing incidence of human infections caused by 

novel avian influenza viruses and the urgent need to identify 

treatment and/or prevention options. However, the lack of 

appropriate mouse-lethal influenza viruses makes it difficult 

to assess the exact effects of vaccines or treatments, thus slow-

ing development. Although some influenza viruses may ex-

hibit high virulence without prior adaptation to the mouse 

[18], most viruses exhibit low susceptibility to mice since they 

are non-natural hosts of influenza. Therefore, an abundance 

of studies have been conducted to evaluate the efficacy of 

vaccines or inhibitors by first generating more virulent strains 

of low pathogenicity viruses by continuous passage in mouse 

lungs [19-22]. In addition, mouse-adaptation studies of a va-

riety of avian influenza viruses have been used to discover 

the molecular determinants of influenza viruses, which are 

important for adapting to new hosts [17]. Key mutations, such 

as E627K in the PB2 gene which contributes to the ability of 

avian influenza viruses to: (1) infect to mammalian hosts (in-

cluding humans) [8,23-25] and (2) exhibit high replicative 

properties, were identified via the mouse-adaptation approach 

[26-28]. Therefore, in this review, we will focus on avian influ-

enza viruses isolated from birds or other mammalian hosts to 

determine what molecular determinants are identified through 

mouse-adaptation studies. Furthermore, we will summarize 

and discuss the significant use of laboratory mice for generat-

ing mouse-lethal viruses that may contribute to the develop-

ment of vaccines or therapeutic agents. 

Adaptation Using Avian Influenza Viruses in 
Mice

Since the first isolation of avian influenza virus in chickens 

(A/Brescia/1902 [H7N7]) in the beginning of 20th century, a 

variety of influenza ecology studies have shown that each 

type of influenza A viruses can be isolated from aquatic birds 

[2]. Some of the avian viruses caused previous pandemics 

and established in human. Furthermore, in 1997, the highly 

pathogenic avian influenza (HPAI) H5N1 virus infected hu-

mans in Hong Kong and caused severe diseases with high 

mortality [29]. Since the beginning of the 21st century, the 

number of molecular studies designed to identify changes 

capable of facilitating the interspecies transmission of avian 
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influenza into human has dramatically increased. This in-

crease is largely associated with studies aiming to adapt the 

virus in mammalian hosts, particularly mice. Recently, many 

avian influenza subtypes (e.g., H5, H6, H7, H9, and H10) have 

affected humans. Therefore, these subtypes of avian influen-

za viruses have been most commonly used to study their ad-

aptation in mice and to determine what changes facilitate 

their ability to become highly virulent in the mammalian host. 

Mouse adaptation of avian H5 subtypes and the molecular 
determinants mediating virulence
From the time of the first human infection by the HPAI H5N1 

virus (1997), until March 2017, there are 856 laboratory-re-

ported cases of human infection and a 53% mortality rate [13]. 

Despite no evidence of sustained human-to-human trans-

mission, the high rate of H5N1 interspecies transmission and 

pathogenicity has encouraged investigation into its potential 

to cause a pandemic. Even though not all HPAI H5N1 viruses 

show high virulence in mammalian hosts, generally, the H5N1 

has able to replicate at high titer and been found to be lethal 

to mice prior to adaption [18,30]. The pathogenic character-

istics of these HPAI H5N1 viruses did not require the genera-

tion of mouse-adapted virulent variants to preclinically eval-

uate the efficacy of new vaccines or therapeutic agents. Thus, 

most mouse-adaptation studies have been conducted to in-

vestigate the potential molecular determinants facilitating di-

rect human infection by avian influenza viruses. Some HPAI 

H5N1 viruses which were avirulent in mice become highly 

virulent as early as in a single replication in mice when they 

acquire the E627K substitution within the PB2 gene [27,31,32]. 

The PB2-E627K mutation appeared as early as 4 days after 

inoculation and replaced E to K completely by day 6 after vi-

rus infection [32]. This mutation has been proposed to: (1) be 

associated with the high virulence of H5N1 virus in mice and 

(2) an enhancement in the viral replication efficiency in the 

mouse upper respiratory tract [24,33]. Further, the mutation 

was found more in H5N1 human isolates than avian [34,35] 

suggesting it is a mammalian-adaptive mutation. On the oth-

er hand, mouse-adaptation studies with HPAI H5N1 variant 

do not always lead to the acquisition of a virulence phenotype 

in the host. HPAI H5N1 human isolate (A/Vietnam/1194/04) 

with attenuated virulence in mice after passages in mice lung 

involved an E190G substitution within the HA gene resulting 

in an altered binding specificity [36]. 

  Due to the high virulence of HPAI H5N1 virus in mice, it is 

unnecessary to generate mouse-adapted variants to evaluate 

new vaccines or therapeutic agents. However, the use of HPAI 

viruses should be conducted in an appropriate facility (i.e., 

higher than Biosafety Level 3 laboratory handling) by highly 

qualified individuals. This requirement limits the accessibili-

ty for researchers who are developing new prophylactic and 

therapeutic measures. Therefore, the generation of low patho-

genic avian influenza (LPAI) H5 virus strains virulent in mice 

may confer a benefit through mitigation of some of these in-

fection risks. Thus, studies have been conducted with LPAI 

H5N2 viruses adapted into mice by lung-to-lung sequential 

passages [28,37]. Unlike HPAI H5N1 viruses that are already 

lethal prior to adaptation and elevate the virulence in mice 

within a single passage [27,31,32], LPAI H5N2 viruses need 

multiple passages, (up to 23 serial lung-to-lung passages) to 

obtain highly virulent phenotypes in mice, suggesting that 

HPAI H5N1 has more intrinsic properties resulting in viru-

lence in the new host. Several amino acid changes were ob-

served in mouse-adapted H5N2 variants including PB2-E627K 

and PA-T97I that played a critical role in enhanced replication 

and virulence in mice [28]. Since the initial identification of 

PA-T97I mutation in association with enhanced polymerase 

activity, viral replication in vitro and/or virulence in mice, fur-

ther studies have been conducted to observe other substitu-

tions that relates with mammalian adaptation [26,35,38,39]. 

  Despite the highly stable HA and NA combination (H5N1) 

HPAI virus which has been maintained for more than a de-

cade [40], novel combinations of HPAI H5Nx viruses generat-

ed by natural reassortment have been widely circulating re-

cently [40-42] since the first outbreak of HPAI H5N5 variant 

in 2008 [43]. In recent years, the HPAI H5N8 virus has spread 

worldwide and crossed from Eurasia to North America for 

the first time. This HPAI H5 virus had led to various H5Nx 

variants with genes native to North America, posing a great 

threat to humans. Although the H5Nx variants showed high 

pathogenicity to chickens [44], most viruses isolated from 

avian species have maintained low pathogenicity in mam-

malian hosts [45,46]. However, the emergence of novel H5 

variants retaining characteristics of the HPAI form and spread-

ing rapidly with massive genetic evolution increases the need 

for pandemic preparedness. In addition, studies reported that 

H5Nx variants rapidly acquire virulence phenotype after pas-

sages in mouse model [35,47-49]. Mouse-adaptation of HPAI 

H5N2 [47,49], H5N6 [48], and H5N8 [35] viruses have been 

investigated and found to involve a variety of substitutions, 

some of which are previously reported and some of which are 

newly identified via these studies. These substitutions may 
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potentially be associated with the increased virulence in mam-

malian hosts. Of note, previously reported mutations (i.e., PB2-

E627K, -Q591K, -D701N, and PA-T97I) also occurred in HPAI 

H5Nx viruses as observed in other viral strains after mouse 

adaptation [17]; a novel PB1-P708S mutation was also found 

in two H5N8 strains and shown to elicit increased viral repli-

cation and virulence in mice alone or synergistically with oth-

er virulence markers (PB2-E627K or -D701N) [35]. Interest-

ingly, although most H5Nx viruses adapted in mice are clus-

tered in clade 2.3.4.4 and/or shared more than 99% nucleo-

tide sequence homology, they acquired the polymorphic and 

distinctive genetic markers (either PB2-E627K or PB2-Q591K/ 

D701N) [35,48,49]. A single mutation such as PB2-E627K can 

confer a dramatic enhancement of virulence of HPAI H5 vi-

ruses in mice [27,31] but also the combination of other multi-

ple mutations can also lead to an increase in virulence [27,35]. 

Mouse-adaptation of avian H7 subtypes and the molecular 
determinants mediating virulence
Although all of H7Nx subtypes have been isolated from wild 

birds, H7N1 [50], H7N3 [51], and H7N7 [52] subtypes have 

shown high pathogenicity to poultries. Recent studies dem-

onstrated that many LPAI H7 viruses isolated from avian spe-

cies in Eurasia and North America caused mortality in mice 

prior to adaptation [53-55], suggesting a potential public health 

risk. Furthermore, various avian H7 subtypes in combination 

with N2, N3, N7, and N9 have been introduced into humans 

through exposure to domestic poultry [7]. Particularly, there 

was a massive increase in human infections with LPAI H7N9 

virus in China (more than 1,300 cases reported as of March 

2017) with 30%-40% mortality. And most recently, the HPAI 

form of the H7N9 virus were found and has also infected hu-

mans [56]. The H7 avian subtype, together with H5, actively 

affects humans and possesses high potential to cause a pan-

demic.

  Like HPAI H5N1, many H7 viruses, including LPAIs, are le-

thal to mice prior to adaptation [53]; many studies have dem-

onstrated the adaptation of both HPAI [57,58] and LPAI [59,60] 

H7 viruses in mice to identify genetic determinants of viru-

lence in a mammalian host. Both HPAI and LPAI H7 viruses 

acquired high virulence in three to seven passages in mice 

lungs [57,59,60]; this is slower than HPAI H5N1, but faster 

than LPAI H5N2 viruses. Moreover, all viruses classified as 

LPAI (including the H7N9 subtype) expanded their tissue tro-

pism beyond the target organ (i.e., lungs) to brain, liver, spleen, 

kidney, and intestine after mouse adaptation [59-61]. Most 

studies of avian H7 mouse adaptation observed conserved 

PB2-E627K substitution [57,59,60]; this single change was 

sufficient to enhance the virulence of mouse-adapted H7 vi-

ruses. In addition, the PB2-E627K substitution was also ob-

served in an equine H7N7 virus after mouse adaption and it 

is associated with an appreciable increase of virulence in 

mice [62]. A lethal mouse-adapted descendant SC35M origi-

nated from HPAI H7N7 (SC35) obtained several mutations 

(i.e., PB2-D701N, S714R, and NP-N319K) after mouse adap-

tation and combinations of these mutations synergistically 

increases viral polymerase activity, growth in vitro and viru-

lence in mice [58]. Interestingly, lethal mouse-adapted H7N9 

variants acquired none of the well-defined adaptive markers 

(e.g., PB2-E627K or -D701N), but instead obtained other 14 

mutations including T97I and Q556R in PA gene [61] which 

was previously reported in other subtypes [28,63]. However, 

precise function of the mutations occurring in H7N9 needs to 

be verified in further studies.

Mouse adaptation of avian H9 subtypes and the molecular 
determinants mediating viral virulence
Since the first isolation of the avian influenza H9N2 subtype 

from turkeys in the Northern part of United States in 1966 

[64], the subtype virus has been circulating among wild birds 

and domestic poultry in several Asian countries [10,65]. The 

influenza H9N2 subtype has also been identified in domestic 

mammals and humans [65-67] and has posed two major con-

cerns: (1) the virus occasionally infects humans (although it 

is usually not fatal) and (2) the virus has donated its genetic 

material into the other avian influenza viruses such as HPAI 

H5N1 [68], H5Nx [69], H7N9 [70], and H10N8 [71], all of which 

cause major human infection and are suggested as candidates 

for the next pandemic. 

  Of all H9Nx subtypes, H9N2 has primarily been used to 

understand the mechanism of interspecies transmission and 

increased virulence in mammalian hosts (e.g., mice and fer-

rets) due to the prevalence of this subtype and its repeated 

introduction into humans [67]. In general, H9N2 influenza 

viruses isolated from avian hosts demonstrate no disease or 

mild disease activity in mice, although they have been shown 

to replicate in mouse lungs [72-74]. Therefore, the generation 

of lethal mouse-adapted variants may further contribute to 

the field’s ability to evaluate the efficacy of the new vaccines 

and therapeutic agents against H9N2 influenza virus. Abun-

dant mouse-adaptation studies have demonstrated the abili-

ty to identify strains with increased virulence in mice [75-81]. 
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Like the HPAI H5 and H7 viruses that rapidly adapted to mice 

and exhibit high virulence (Table 1), most avian H9N2 sub-

types rapidly acquired high virulence within 8 serial passages 

in mice lungs (Table 1). It should be noted, however, that there 

has been no evidence reported suggesting that the avian H9N2 

virus has evolved into a highly pathogenic form. Moreover, 

some mouse-adapted H9N2 variants were able to replicate in 

peripheral organs other than respiratory tissues, an attribute 

typically observed in HPAI viruses in mice [75,76]. This sug-

gests the presence of intrinsic genetic properties that facili-

tate the ability of the virus to rapidly adapt and become high-

ly virulent in mammalian hosts like the HPAIs. During mouse 

adaptation, most H9N2 viruses rapidly obtain the mammali-

an-adaptive mutation PB2-E627K which has been also found 

in pandemic viruses and human isolates, and this mutation 

has been shown to play a critical role in enhancing virulence 

in mice [75-77,80,81]. It was previously demonstrated that, in 

H9N2 viruses, the artificially conferred PB2-E627K mutation 

dramatically increased virulence without prior adaptation in 

mammalian hosts [80,87]. In addition, other substitutions 

(i.e., PB2-F404L, -M147L, HA-N313D, and -N496S) contrib-

uted to enhanced virulence in mice and were associated with 

increased activity of viral polymerase, replication, or enhanced 

receptor binding [77,78,80]. 

Mouse adaptation of other avian subtypes and the molecular 
determinants in viral virulence
A variety of avian influenza strains are widely circulating in 

China and some occasionally infects humans [88]. Novel LPAI 

strains (H6N1 and H10N8) have recently emerged in humans 

and H10N8 has been reported to have infect three humans and 

caused two deaths [89,90]. Similar to the H7N9 virus, H10N8 

was also reassorted from the H10 and N8 genes that originat-

ed from wild birds with the internal gene backbone of H9N2 

AIVs [71]. Furthermore, because the H10N8 virus, like the 

H7N9 virus, causes an asymptomatic infection in poultry, it is 

difficult for people to recognize the virus even if the chicken 

is infected. As a result, people have more chance to become 

infected with the virus that exists in the poultries. Interesting-

ly, H6 virus isolated from humans possesses a unique combi-

nation of four key residues in the receptor binding site that 

have not been previously observed in human or avian influ-

enza viruses [91] and some avian H6 strains were transmitta-

ble between guinea pigs by direct contact [92]. Therefore, the 

mechanism of avian-to-human interspecies transmission of 

the viruses needs to be addressed and new vaccines may need 

to be developed as a means of preparing for a potential pan-

demic. 

  Although some H6 subtype strains showed high virulence 

in mice [93,94], avian-isolated H6 viruses are generally asso-

ciated with mild-disease signs in mice [85,92,94,95]. Avian 

H10 subtype influenza viruses also led to only mild-to-mod-

erate disease signs in mice [96-98]; one of the H10N8 human 

isolates, however, was highly virulent in mice [99]. Thus, the 

generation of lethal mouse-adapted H6 or H10 variants will 

be beneficial to evaluate the efficacy of the new vaccines and 

therapeutic agents. Several studies on the adaptation of avian 

influenza H6 and H10 viruses in mice have been reported [38, 

83-86]. All of the LPAI viruses adapted to mice acquired high 

virulence in mice (Table 1). Some mouse-adapted H6 vari-

ants, from wildtype strains with limited replication capacity 

in the lungs of infected mice, did display expanded tissue tro-

pism to brain, spleen, or kidney following adaptation [83,85]. 

The significant enhancement of virulence of all H6 and H10 

viruses were observed within eight serial lung-to-lung pas-

sages and associated with the conserved PB2-E627K muta-

tion that is commonly observed in the other subtypes of avi-

an influenza viruses after mouse adaptation (Table 1). One of 

the H10N8 human isolates which resulted in death possessed 

the PB2-E627K mutation and displayed high virulence in mice 

[99]. Apart from the PB2-E627K substitution, PA-T97I was ob-

served in one H6 and one H10 strain [38,83]. 

Evaluation of Protective Efficacy of Vaccines 
and Therapeutics by Challenging Mouse-
Adapted Avian Influenza Viruses

Mouse-adaptation studies using human-originating strains 

of the influenza virus have been performed for more than 80 

years [17]. Some mouse-adapted strains including A/Puerto 

Rico/8/1934(H1N1) (PR8) [100] have been widely used in 

various studies designed to (1) evaluate the efficacy of vac-

cines and therapeutics, (2) investigate host-virus interactions, 

and (3) identify immune-mediated mechanisms directed 

against influenza virus infection. Despite an established un-

derstanding of the mouse-specific pathogenesis and immu-

nology of previously identified mouse-adapted strains, there 

remains a lack of knowledge of the immunogenicity and patho-

genicity of recently emerging viruses in human (e.g., H5, H7, 

and H9). Therefore, the development and characterization of 

lethal mouse-adapted viruses that may adequately reflect the 

immunogenic and pathologic properties of these emerging 
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viruses would help fill a substantial knowledge gap. In response 

to this need, there have been an abundance of studies designed 

to evaluate the effect of new vaccines and therapeutics and to 

investigate immunologic functions by using mouse-adapted 

avian influenza viruses. 

  Vaccination is one of the most effective and cost-effective 

interventions to prevent mortality and reduce morbidity as-

sociated with the influenza virus. However, the conventional 

inactivated/live-attenuated vaccines generate immunity only 

to specific strains and thus, need to be updated annually. More-

over, a recent increase in human infections with novel emerg-

ing viruses including avian influenza cannot be protected by 

conventional vaccines. Thus, universal vaccines designed to 

be more broadly reactive to various influenza strains and vac-

cines immunogenic to the specific emerging viruses are be-

ing developed [101]. Although the major purpose of mouse-

adaptation studies with avian influenza were to investigate 

the molecular determinants altering virulence of avian virus 

in mammalian hosts, abundant studies have demonstrated 

the protective efficacy of various intervention approaches us-

ing the lethal mouse-adapted avian influenza viruses in mouse 

model [102-107]. Since a mouse-adapted H5N2 virus was orig-

inated from LPAI H5N2 [28] and exhibited high lethality in 

mice, it can therefore be used in BL-2 facility which makes it 

accessible and usable by more researchers interested in eval-

uating the efficacy of newly developing vaccines. There have 

been studies suggesting that a number of M2e-based vaccine 

candidates produce neutralizing antibodies that more broad-

ly protect immunized mice from lethal mouse-adapted H5N2 

[28] and H9N2 [81] challenges [106-109]. In addition, the mouse-

adapted H5N2 virus also exhibited varying levels of lethality 

when mice were immunized with various vaccine candidates, 

suggesting an ability to identify effective candidates in the cold-

adapted and NS1-truncated live-attenuated vaccine studies 

[102,104]. A DNA-vaccine in which the HA and NA genes ob-

tained from avian H9N2 virus was used to immunize mice 

using electroporation was evaluated for its ability to convey 

protection by challenging lethal H9N2 virus generated by mouse 

adaptation [20]. 

  The protective efficacy of therapeutic agents inhibiting in-

fluenza growth has been abundantly evaluated in mice by 

challenging with lethal mouse-adapted human influenza vi-

ruses [21,110-112]. Due to the high lethality of HPAI H5N1 vi-

rus in mice, the wild type virus has been used to evaluate the 

protective efficacy of therapeutic agents against this virus [21, 

113]. However, for strains of avian influenza virus with low 

levels of virulence in mice (e.g., H9N2—which is also suggest-

ed as a pandemic potential), it would be beneficial to develop 

a virulent phenotype in mice in order to evaluate the efficacy 

of drug candidates against this subtype [21,113]. 

Conclusion

There are limitations to using adapted variants since, after 

multiple passages in mice; they may occasionally acquire an 

antigenicity that is distinct from wild type virus [37,114,115] 

meaning that they may represent an inappropriate lethal chal-

lenge model. For this reason, the antigenicity of mouse-adapt-

ed variant (compared to wild type) should be verified before 

the challenge experiment. The adaptation of avian influenza 

potentially generates variants with a virulent phenotype in 

humans, although mostly are attenuated. The aim of mouse-

adaptation studies of most avian influenza is to better char-

acterize the mechanism of genetic evolution in the mamma-

lian host, which may potentially cause the next pandemic. 

However, genetic mutations identified from mouse-adapta-

tion studies may be independent of their enhanced virulence 

in mice, since some mutations may occur during prolifera-

tion in laboratory cells or by other causes. However, based on 

data obtained from a vast amount of studies, we highlight 

that a number of mutations that occur commonly in mice 

have been identified through adaptation in mice, and some 

of these mutations also occur when avian influenza viruses 

infect humans. In addition, it was predicted that the number 

of passages needed to cause pathogenicity in mice is a sub-

type-dependent or dependent on the characteristics of HP/

LPAI. For instance, some LPAI viruses can induce extra-pul-

monary infection in mice after mouse adaptation. Therefore, 

it is considered that the avian virus may have low pathogenic 

potential in chickens, but cause high pathogenicity in mam-

malian host following adaptation. 

  Although cases of human infection caused by HPAI H5N1 

decreased by 92% in 2016 [116] compared to 2015 (10 vs. 136 

cases, respectively), human infection with novel HPAI H5N6 

variants has been increasing in China since 2013 and 16 cases 

(including six deaths) have been recently reported as of April 

2017 [13]. Due to the elevated pandemic potential of the H5Nx 

variants, the recently generated mouse-adapted HPAI H5Nx 

variants of which wild type viruses exhibit mild-to-moderate 

virulence in mice [35,47-49] will facilitate the evaluation of 

the efficacy of vaccines directed against H5Nx variants. Taken 

together, mouse-adaptation studies not only provide a com-
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prehensive understanding of the evolution of avian influenza 

virus in mammalian hosts, but also can be used as an excel-

lent tool to assess the efficacy of newly developing vaccines 

when new emerging viruses are introduced and thus, will play 

an important role in influenza research.
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