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Immune response of mice to non-adapted avian infl uenza A virus
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Summary. – Human infections with avian infl uenza A viruses (IAVs) without or with clinical symptoms of 
disease were recently reported from several continents, mainly in high risk groups of people, who came into 
the contact with infected domestic birds or poultry. It was shown that avian IAVs are able to infect humans 
directly without previous adaptation, however, their ability to replicate and to cause a disease in this new host 
can diff er. No spread of these avian IAVs among humans has been documented until now, except for one case 
described in Netherlands in the February of 2003 in people directly involved in handling IAV (H7N7)-infected 
poultry. Th e aim of our work was to examine whether a low pathogenic avian IAV can induce a virus-specifi c 
immune response of biological relevancy, in spite of its restricted replication in mammals. As a model we used 
a low pathogenic virus A/Duck/Czechoslovakia/1956 (H4N6) (A/Duck), which replicated well in MDCK 
cells and produced plaques on cell monolayers, but was unable to replicate productively in mouse lungs. We 
examined how the immune system of mice responds to the intranasal application of this non-adapted avian 
virus. Th ough we did not prove the infectious virus in lungs of mice following A/Duck application even aft er 
its multiple passaging in mice, we detected virus-specifi c vRNA till day 8 post infection. Moreover, we detected 
virus-specifi c mRNA and de novo synthesized viral nucleoprotein (NP) and membrane protein (M1) in lungs 
of mice on day 2 and 4 aft er exposure to A/Duck. Virus-specifi c antibodies in sera of these mice were detect-
able by ELISA already aft er a single intranasal dose of A/Duck virus. Not only antibodies specifi c to the surface 
glycoprotein hemagglutinin (HA) were induced, but also antibodies specifi c to the NP and M1 of IAV were 
detected by Western blot and their titers increased aft er the second exposure of mice to this virus. Importantly, 
antibodies neutralizing virus A/Duck were proved in mouse immune sera aft er the second dose of virus and 
a slight increase of mRNA expression of immune mediators tumor necrosis factor alpha (TNF-α) and IP10 has 
been observed in lungs of these mice 48 hr aft er the infection. Th ese observations correspond to the limited 
replication ability of the virus in mice and provided an important information about its ability to induce virus-
specifi c antibodies, including those neutralizing virus, even without the previous virus adaptation to the new 
mammalian host. Such antibodies could consequently infl uence the immune potential of exposed individuals 
and their defensive capability against the newly emerged, even more virulent IAV.
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Introduction

Infl uenza A viruses (IAVs) repeatedly cause epidemic 
respiratory disease in humans. Th e reason is the high vari-
ability of IAVs and a wide host range, enabling the adapta-
tion of avian IAV to mammals and consequently resulting 
in the ability to infect them. Th e reservoir of potentially new 
emerging IAVs invading human population is considered to 
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be the wild waterfowl. Sporadic cases of human infections 
caused by avian IAVs have been described since the year 
1997, but the spread of these viruses among humans has 
not yet been unambiguously documented (Subbarao et al., 
1998; Subbarao and Katz, 2000; Liu et al., 2003; Li et al., 2004; 
Wong et al., 2006; Neumann et al., 2010, Driskell et al., 2012; 
Liu et al., 2014), except one evidence in Netherlands in 2003 
(Koopmans et al., 2004, DuRy et al., 2005).

It is known that avian IAVs have a varying ability to rep-
licate in mammals. Some of them acquire the replication 
capacity in mammals during the adaptation process and 
cause lethal pneumonia in this new host, others replicate in 
lungs of infected individuals without clinical symptoms or 
do not replicate at all (Karasin et al., 2000; Peiris et al., 2001; 
Joseph et al., 2007; Kang et al., 2013; Klenk et al., 2013). 
Th e replication potential of avian viruses in mammals is 
conditioned by many viral factors cooperating together, like 
receptor-binding specifi ty, changes in glycosylation sites on 
the HA molecule, heat and pH stability of HA, length of the 
neuraminidase (NA) stalk, properties of RNA-polymerase 
activity related to changes in the subunits of RNA-polymerase 
complex, mainly the PB2 protein (Resa-Infante and Gabriel, 
2012; Košík et al., 2013; Resa-Infante et al., 2014; Schrauwen 
and Fouchier, 2014; Neumann and Kawaoka, 2015). But also 
the host-cell factors and the immune response of the new 
host play an important role in the process of virus adaptation 
and transmissibility from birds to humans (Korth et al., 2006; 
Weber and Stilianakis, 2007; Fislová et al., 2010; Konig et al., 
2010; Tscherne and Garcia-Sastre, 2011). In general, avian 
IAVs of various subtypes have a potential for adaptation to 
mammals with yet unknown health risk for humans (Friedl 
et al., 2014). To better understand the zoonotic potential of 
circulating avian viruses, we examined whether an avian IAV 
of H4N6 subtype can induce specifi c antibody response in 
mammals without its previous adaptation and replication 
ability in the new host. For these studies we used a mouse 
model. Mice were infected with non-pathogenic IAV virus 
isolated from ducks in Czechoslovakia in the year 1956. We 
showed that regardless of the inability of this virus to replicate 
in mouse lungs, it is able to induce specifi c virus-neutralizing 
(VN) antibodies in sera of mice exposed to A/Duck IAV and 
to alter the expression of some cytokines.

Material and Methods

Viruses. Avian infl uenza virusA/Duck/Czechoslovakia/1956 
(H4N6) (A/Duck) isolated from wild ducks in Czechoslovakia 
and human virus A/Mississippi/1/85 (H3N2) (A/Miss) originated 
from the collection of viruses at the Institute of Virology, Slovak 
Academy of Sciences, Bratislava, Slovak Republic. Viruses were 
propagated in embryonated chicken eggs as usually (Janulíková 
et al., 2015). 

Detection of viral RNA in mouse lungs. Th e total RNA was isolated 
from lung cell homogenate using RNA InstapurTM System (Euro-
gentec). Viral RNA (vRNA) was detected by RT-PCR according to 
Varečková et al. (2006). For reverse transcription of isolated total 
RNA, the random heptamer (Invitrogen) was used as a primer, and 
virus-specifi c vRNA was amplifi ed using virus-specifi c primers based 
on sequences obtained from Th e Infl uenza Database of Los Alamos 
National Laboratory using soft ware Primer3 (SAS EMBnet node, 
EMBnet Slovakia, url: http://embnet.sk/) or VectorNTI 2.0. Following 
primers were used: External primers for NP type A of human viruses 
of H3 subtype (509 bp product): FW: 5'-GTGAGGATGCAACAGC
TGGTCTAAC-3'; REV: 5'-TACCCCTCTTTTTCGAAGTCGTAC-3'; 
internal primers for NP type A of human viruses of H3 subtype (248 
bp product): FW: 5'-CAACGATCGAAATTTCTGGAGAGG-3'; 
REV: 5'-CAGGTCCATACACACAGGCAGGTA-3'. Primers for H4 
HA of IAV were designed based on the sequence analysis of infl uenza 
A HA of H4 subtype using soft ware Primer3. Sequence of these prim-
ers was following: FW: 5'-ATTCGAATTCATTGCCGAAG-3'; REV: 
5'-TCCCCAGATGTAAAGCCTTG-3'. Th e size of the PCR product 
was 196 bp. PCR products were visualized aft er their separation 
by electrophoresis (at 110V, 20 min) in 2% agarose gel containing 
ethidium bromide. 

Detection of virus-specifi c mRNA in lungs of infected mice. For 
mRNA detection the same conditions were used as above, except 
oligo (dT) primer was used for reverse transcription instead of ran-
dom heptamer. Lungs of mice, to which the UV-inactivated viruses 
A/Duck or A/Miss were applied, were used as negative controls. 

Real-time PCR. Th e quantifi cation of cytokine mRNA expression 
was performed by the method of real-time PCR using DyNAmoTM 
HS SYBR®Green qPCR Kit (Finnzymes) and the thermocycler 
Quantica (Techne, UK). Th e total RNA was isolated from lung cell 
homogenate using RNA InstapurTM System (Eurogentec) and cDNA 
was obtained by reverse transcription as described above. Th e cDNA 
corresponding to mRNA of examined cytokines was amplifi ed using 
cytokine-specifi c primers. Specifi c primers for mouse cytokines and 
β-actin were designed using the program Primer3:

TNF-α: FW: 5'-GCCGATTTGCTATCTCATAC-3'; REV: 5'-
TGGGTAGAGAATGGATGAAC-3'; IL-1: FW: 5'-AGAACCTC
TGAAACGTCAAA-3'; REV: 5'-ATGACAAACTTCTGCCTGAC-3'; 
IL-6: FW: 5'-ACAAGAAAGACAAAGCCAGA-3'; REV: 5'-TTA
GGCATAACGCACTAGGT-3'; IL-13: FW: 5'-ATCACACAAGA
CCAGACTCC-3'; REV: 5'-CAGTTGCTTTGTGTAGCTGA-3'; 
IP-10: FW: 5'-GACAATAACTGCACCCACTT-3'; REV: 5'-TCAAA
TGCTCCTTGATTTCT-3'; 

β-actin: FW: 5'-AGGTCATCACTATTGGCAAC-3'; REV: 5'-
ATCTTGATCTTCATGGTGCT-3'. Ten-fold-dilutions of β-actin 
cDNA ranging from 4x10-3 to 4x10-8 ng/μl were used as standards 
for quantifi cation of cytokine mRNA expression. 

Determination of the level of cytokines by ELISA. Th e amount of 
cytokines in lung cell suspension was determined by immuno-capture 
ELISA kit Ready-SET-GO (Bioscience) according to manufacturer’s in-
structions. Briefl y: Cytokines were captured from lung cell suspension 
via particular mouse cytokine-specifi c immuno-capture antibody 
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bound to the solid phase of 96-well micro-titration plate. Examined 
cytokines were detected aft er overnight incubation at +40C. Th e biotin-
conjugated detector antibody specifi c for each cytokine was added to 
the reaction mixture and subsequently incubated with horseradish 
peroxidase-conjugated avidin. Th en, aft er a period of 30 min, the 
substrate tetramethylbenzidine with hydrogen peroxide was added. 
Th e reaction was stopped with 1 M H2SO4 and the color reaction was 
evaluated by measuring the absorbance at 450 and 570 nm on ELISA 
reader Multiscan MCC/340 (Labsystem). Th e concentrations of cy-
tokines in the particular samples (pg/100μl) were calculated from the 
calibration curve according to the manufacturer’s instructions. 

Western blot analysis of antibodies in mouse immune sera. Pro-
teins of purifi ed virus A/Duck (2 mg/ml) were separated by 12% 
SDS-PAGE under nonreducing conditions and electroblotted onto 
nitrocellulose membrane (Hybond-C Extra; Amersham Biosciences) 
in 10 mmol/l Tris/glycine buff er as described previously (Gocník et 
al., 2008). Nitrocellulose strips with the blotted proteins were incu-
bated individually with twofold dilutions of the immune serum in 
PBS containing 3% non-fat dry milk for 2 hr at room temperature 
and washed with 0.01% Triton X-100 in PBS. Bound antibodies were 
detected with horseradish peroxidase-conjugated goat anti-mouse 
IgG (in 3% non-fat dry milk for 1 h at room temperature) by adding 
the substrate diaminobenzidine tetrahydrochloride with 0.03% H2O2. 
Aft er color development, the reaction was stopped by washing the 
strips with H2O, and the titers of antibodies in sera were evaluated as 
the reciprocal value of the highest dilution of serum, in which a band 
of appropriate molecular mass was still detected. To identify the posi-
tion of HA, NP and M1 proteins on the nitrocellulose membrane, 
molecular mass standards were used and a control immunochemical 
detection was carried out using monoclonal antibody (MAb) IIF4 
specifi c for HA, cross-reactive with H4 virus (Stropkovská et al., 
2009), MAb 107L specifi c for the NP and MAb 290/3 specifi c for 
M1 protein of IAVs (Varečková et al., 1995).

Indirect immunofl uorescence. Viral proteins (M1, NP) were de-
tected in lungs of mice challenged with A/Duck virus by indirect 
immunofl uorescence. Lungs were collected at day 2 or 4 aft er the 
infection (2 mice per group), washed with PBS and digested for 
30 min at 37°C in RPMI medium containing collagenase (2 mg/
ml). Th e single cell suspensions from lungs were prepared using 
70 μm cell strainers (Falcon) and lung cells were transferred onto 
24-well plates precoated with concanavalin A (Sigma). Plates were 
incubated at 37°C in 5% CO2 in DMEM medium containing 5% 
fetal bovine serum. Aft er 30 min, cells were fi xed with 2% parafor-
maldehyde (Sigma) in PBS for 10 min and permeabilized with 1% 
Triton X-100 (Koch-Light) for 60 sec. Samples were then washed 
three times with PBS and incubated for 1 hr at 25°C with MAb 107L 
for IAV NP (1.5 μg/ml) and MAb 290/3 for membrane protein M1 
(Varečková et al., 1995). Washing step was repeated and cells were 
incubated for 1 h with the second antibody, FITC-conjugated anti-
mouse IgG (Dako). Aft er the fi nal wash, the samples were mounted 
with DAPI (4',6-diamino-2-phenylindole)-containing mounting 
medium (Santa Cruz Biotechnologies). Fluorescence was evaluated 
using fl uorescence microscope (Leica CTR 600).

Plaque assay. Virus was titrated by a standard plaque assay as 
described before (Varečková et al., 2003). 

Virus-neutralization microassay. Th e VN ability of specifi c anti-
bodies present in sera of mice exposed to A/Duck virus was evaluated 
by modifi ed rapid culture assay (RCA) according to the protocol 
described before (Janulíková et al., 2015), using 8 TCID50 of A/Duck 
virus and horseradish peroxidase conjugate of monoclonal antibody 
specifi c to NP of IAV (107L-Px) (Tkáčová and Varečková, 1996).

Purifi ed viruses. Virus A/Duck was purifi ed from infectious 
allantoic fl uid by diff erential and sucrose gradient centrifugations 
as described previously (Russ et al., 1976).

Preparation of mouse-adapted IAVs. Human virus A/Miss was 
adapted to mice as described before (Fislová et al., 2009). Avian 
infl uenza virus A/Duck could not be adapted to mice (Janulíková 
et al., 2015). A non-mouse-adapted A/Duck virus was therefore 
used in all experiments. 

Animal experiments. Six-week-old female BALB/c mice (Faculty 
of Medicine, Masaryk University, Brno, Czech Republic) were 
used for infection. Mice were infected intranasally under a light 
narcosis with an appropriate dose of infl uenza virus (as marked) 
in a volume 40 μl/mouse. 

Sera collection. Blood was obtained from the facial vein of mice 
before and 21 days aft er each application of virus and serum was 
prepared by standardly used protocol.

Ethic statement. All animal experiments were performed ac-
cording to the European Union standards and fundamental ethical 
principles including animal welfare requirements were respected. 

Experiments with avian infl uenza viruses were conducted under 
BSL-3 containment, including work with animals.

Results

Our main goal was to elucidate whether the exposure of 
mice to non-adapted avian IAVs with limited replication in 
their lungs results in induction of neutralizing antibodies 
specifi c to this avian IAV. 

We examined the replication activity of IAV virus A/Duck 
in mouse lungs and the spectrum of antibodies specifi c to 
particular virus proteins, including the VN ones. We further 
monitored the cytokine expression and their levels triggered 
aft er the inatranasal challenge with infectious virus A/Duck 
and compared them with the expression aft er the exposure 
to UV-inactivated A/Duck or the fully replicating human 
mouse-adapted A/Miss virus. 

Biological characterization of avian IAV A/Duck

Detection of infectious virus and vRNA in lungs of 
infected mice

Virus A/Duck is a low-pathogenic virus isolated from 
ducks. It multiplied well in vitro on MDCK cells and in 
the allantoic fl uid of fertilized chicken eggs. Th is virus also 
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formed countable plaques in the standard plaque assay 
(Stropkovská et al., 2009). However, when we attempted to 
adapt A/Duck virus to mice by passaging in mouse lungs, no 
clinical symptoms of disease were visible and no infectious 
virus was obtained aft er multiple passaging.

We monitored the presence of the virus in mouse lungs 
aft er intranasal application of various infectious doses of non-
adapted virus A/Duck (n = 3 mice/group), including relatively 
high doses of virus: 640, 64, 6.4, or 0.64 PFU/mouse. Lungs 
were collected at diff erent time-points aft er the infection, 
starting on day 2. As estimated by RCA, measurable level of 
infectious virus (titer 100) was present only in lungs of mice 
infected with two highest doses, 640 and 64 PFU, on the second 
day aft er the infection. In all other lung samples no infectious 
virus (RCA titer <50) was detectable. Viral RNA, however, was 
present in lungs of mice till 8th day post infection aft er each 
dose of non-adapted A/Duck virus (Fig. 1). Moreover, we 
proved viral mRNA in lungs of infected mice, which indicates 
the start of vRNA replication (Fig. 2). In contrast, no vRNA or 
mRNA was detected in lungs of mice in the negative control 
groups, to which UV-inactivated virus was applied. A group 

Fig. 1

Kinetics of vRNA presence in lungs of mice infected with A/Duck virus by RT-PCR
vRNA was detected in two mice (a, b). C+ means the β-actin internal control. Lung samples were collected at several time points (days post infection = dpi) 
as indicated.

Fig. 2

Detection of mRNA and genomic vRNA in mouse lungs
mRNA in mouse lungs was analyzed 48 hr aft er intranasal infection with sublethal dose of A/Duck or A/Miss virus or, as a control, with an UV-inactivated 
A/Duck or A/Miss (n = 3/each group).

of mice infected with fully replicating virus A/Miss was used 
as a positive control.

Detection of viral protein synthesis
Based on above results the question arose whether de 

novo synthesis of viral proteins could start aft er the intra-
nasal application of infectious non-adapted A/Duck virus 
to mice. Using indirect immunofl uorescence assay, we were 
able to detect M1 and NP proteins in mouse lungs at several 
time-points aft er the virus application (Fig 3). Th is fi nding 
motivated us to examine how avian viruses interact with the 
mammalian host immune system before they are adapted 
to the new host, mainly whether such viruses can trigger 
production of specifi c antibodies in the mammalian host, 
which are able to inhibit the replication of avian viruses.

Detection of virus-specifi c antibodies in sera of mice 
exposed to A/Duck 

Th e level of virus-specifi c antibodies measured by ELISA 
binding test was examined aft er a single infection of mice 
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with diff erent doses of A/Duck virus (640, 64, 6.4 and 0.64 
PFU/mouse) and then aft er the second intranasal application 
of equal dose of A/Duck virus to mice in each experimen-
tal group (64 PFU/mouse, n = 3/group). A marked titer of 
virus-specifi c antibodies was detected in mice already aft er 
a single application of a low virus dose (0.64 PFU) and it 
increased when a higher dose was used (Table 1). Aft er the 
second exposure of mice to A/Duck (64 PFU/mouse), the 
level of specifi c antiviral antibodies increased signifi cantly 
in all groups of mice. However, no marked titer of virus-
specifi c antibodies was detected in group of mice exposed 
to UV-inactivated virus.

Th e titers of antibodies specifi c to IAV proteins were 
evaluated by Western blot analysis using various dilutions of 
immune sera obtained from mice aft er their exposure to A/

Duck virus. Western blot analysis of virus-specifi c antibod-
ies showed that antibodies estimated by ELISA represented 
not only those targeted to the surface antigen, HA, but also 
antibodies specifi c to internal antigens, NP and M1 (Fig. 4, 
Table 2), similarly as in the case of fully replicating human 
IAV A/Miss. 

Detection of VN antibodies in sera of mice exposed to 
A/Duck virus 

We examined, whether the avian IAV with above-de-
scribed limited replication in mouse lungs is able to induce 
biologically active antibodies neutralizing the virus. No 
VN antibodies were detectable aft er the application of the 
fi rst dose of the infectious virus, regardless of the amount 

Fig. 3

Detection of viral NP and M1 by immunofl uorescence
IAV NP (a) and membrane protein (b) in mouse lung cells was detected 4 days aft er the application of infl uenza virus A/Duck (H4N6) with MAb specifi c 
to NP (a) or M1 protein (b) of IAV and anti-mouse IgG antibody conjugated to FITC. 

Table 1. Titer of virus-specifi c and VN antibodies induced in mice aft er intranasal application of A/Duck virus

Virus dose
(PFU)

ELISA
Virus-specifi c antibodies

Micro-VN test
Virus-neutralizing antibodies

1st 2nd 1st dose 2nd dose 1st dose 2nd dose
640 64 21,100 80,700 <200 1,600
64 64 30,000 122,100 <200 3,200
6.4 64 8,800 65,200 <200 1,600

0.64 64 6,000 96,800 ND 3,200
64UV 64UV <100 <400 <200 <200

Titer of antibodies was evaluated in sera of mice on day 21 aft er the fi rst/second dose of intranasal application of virus. UVUV-inactivated virus.
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of applied virus (Table 1). Aft er the second application of 
A/Duck virus, however, the titer of VN antibodies reaching 
1600–3200 was detected. In contrast, no single or double 
application of UV-inactivated virus led to the induction of 
measurable levels of VN antibodies. 

Our results indicate that the non-adapted avian IAV strain 
A/Duck induces a full specifi c antibody response in mice. 
Although no infectious virus was proven in lungs of mice 

exposed to this virus, it is able to start its replication and 
virus protein synthesis.

Cytokine mRNA expression and cytokine level in lungs of 
mice infected with A/Duck virus

Finally, for a more complex image of the immune response 
of the host induced by the infection with non-adapted IAV 
of H4 subtype, we analyzed the cytokine profi le in lung 
cell homogenates of infected mice. We focused on the ex-
pression of proinfl ammatory (IFN-γ-inducible protein 10 
(IP-10), IL-6, TNF-α, IL-1) and anti-infl ammatory (IL-13) 
cytokine-specifi c mRNAs as well as the direct estimation of 
cytokine levels present in lung cell homogenates aft er the 
infection with A/Duck virus. Th ese results were compared 
with cytokine profi le in lungs of mice infected with fully rep-
licating human mouse-adapted A/Miss virus of H3 subtype 
characterized before (Fislová et al., 2009). Th e expression 
of cytokines was examined by quantitative real-time PCR 
48h aft er infection. Th e constantly expressed β-actin was 
used as an endogenous control. Th e infection with mouse-
adapted A/Miss virus caused increased mRNA expression 
of all examined cytokines except IL-13 (< 0.03 %). Most 
profound was the expression of IP-10 (181%), then TNF-α 
(8.78%), IL-6 (1.44%), and IL-1 (1.2%) (Table 3). On the 
other hand, increased cytokine mRNA expression in mouse 
lungs 48 h aft er the application of non-adapted infectious 
virus A/Duck was apparent only in the case of IP-10 (3.98%) 
and TNF-α (1.67%). Th e increase of mRNA expression of 
all other examined cytokines (IL-1, IL-6, IL-13) was only 

Fig. 4

Western blot analysis of antibodies in mouse sera
Western blot analysis of antibodies in sera of mice inoculated with two doses 
of A/Duck virus: sample-containing serum (dilution 1:500) was incubated 
with nitrocellulose membrane, to which were blotted electrophoretically 
separated viral proteins of infl uenza A virus A/Duck (H4 subtype). Signal 
was detected using HRP-conjugated anti-mouse antibody and diaminoben-
zidine substrate.

Table 2. Titer of antigen-specifi c antibodies induced in mice aft er infection with A/Duck virus as determined by Western blot

Virus dose
(PFU/mouse)

Titer of
anti-HA antibodies

Titer of
anti-NP antibodies

Titer of
anti-M1 antibodies

1st 2nd 1st dose 2nd dose 1st dose 2nd dose 1st dose 2nd dose
640 64 16,000 128,000 2,000 32,000 <500 8,000
64 64 16,000 32,000 1,000 16,000 <500 1,000
6.4 64 4,000 128,000 1,000 32,000 <500 <500

0.64 64 4,000 256,000 <500 32,000 <500 8,000
64UV 64UV <100 <100 <100 <100 <100 <100

Titer of antibodies was evaluated in sera of mice on day 21 aft er the fi rst/second dose of intranasal application of A/Duck virus. UVUV-inactivated virus.

Table 3. Levels of cytokine mRNA in mouse lungs aft er intranasal application of IAV A/Duck and A/Miss

Virus
Expression increase of immune mediator (%)

TNF-α IL-1 IL-6 IL-13 IP-10
A/Miss 8.78 1.2 1.44 <0.03 181
A/Duck 1.67 <0.16 <0.16 <0.16 3.98

Expression of β-actin mRNA was taken as a reference. Non-infected mice were examined as a control, showing all values <0.3%. Mice aft er application 
of UV-inactivated virus A/Miss or A/Duck showed negligible increase (<0.5%).
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negligible, comparable to the levels detected aft er intranasal 
application of UV-inactivated viruses A/Miss and A/Duck 
and in lungs of non-infected mice. At the same time, the 
cytokine concentration in lung cell homogenates aft er infec-
tion of mice with A/Miss and A/Duck viruses estimated by 
ELISA showed that higher values of IL-6 (52.07 pg/100 μl) 
and TNF-α (21.54 pg/100 μl) are present in lungs of A/Miss-
infected mice, while only negligible levels were detected 
in lungs of mice exposed to A/Duck virus. No signifi cant 
changes in IL-1 and IL-13 concentrations in mouse lungs 
have been detected aft er the exposure of animals to A/Miss 
or A/Duck virus.

Th ese results correlate with our hypothesis that non-
adapted H4 IAV has only limited ability to replicate in 
non-natural host and cannot start productive infection. It is 
therefore not able to induce an infl ammatory response com-
parable to fully replicating mouse-adapted virus A/Miss. 

Discussion

Avian infl uenza A viruses, endemic in aquatic birds, are 
known to be potentially infectious for humans and other 
mammals even without adaptation (Driskell et al., 2012). 
Acquirement of adaptation changes in the genome of such 
avian IAV could lead to a pandemic danger for humans. It 
was shown that wild bird IAVs can directly infect mammals 
with minimal or no clinical symptoms. Yet diff erent magni-
tude of seroconversion makes the monitoring of the mam-
malian infections caused by avian IAV diffi  cult (Yamazaki 
et al., 2009; Yang et al., 2012; Reed et al., 2014; Wang et al., 
2014; Yang et al., 2014; Huang et al., 2015). On the other 
hand, the risk of avian and human IAV reassortants forma-
tion in susceptible wild and domestic mammalian species 
attracted the attention of many investigators. Th e host im-
mune response to IAVs results from the mutual cooperation 
of various virus and host factors and can also determine 
the spread of newly emerged IAVs of avian origin among 
humans. Here we analyzed the antibody response induced 
in mice aft er their exposure to non-pathogenic IAV isolated 
from wild ducks in the year 1956.

Our results show that the exposure of mice to infectious 
non-adapted avian IAV was suffi  cient for induction of virus-
specifi c antibodies, despite the inability of this virus to fully 
replicate in the mammalian host. As we showed here, the 
level of these antibodies increased markedly aft er the second 
exposure to virus, when also VN-antibodies were detected. 
However, as the UV-inactivated virus did not induce the 
relevant antibody response, we suggest that the replication 
of virus-specifi c mRNA and genome RNA as well as the 
synthesis of particular viral proteins was required for virus-
specifi c antibody response. Many molecular mechanisms 
are activated aft er the virus attachment and entry into the 

susceptible cells of the respiratory tract. At the beginning, the 
mechanisms of native immune response are activated, which 
may then consequently contribute to the course and severity 
of the disease (Julkunen et al., 2001; Sládková and Kostolan-
ský, 2006; Maines et al., 2008). Among these mechanisms are 
included those stimulating the expression of immune media-
tors. Cytokine profi le mirrors the infl ammatory reaction of 
the organism to the virus (van Reeth, 2000; Julkunen et al., 
2001; Kaiser et al., 2001; Kaufmann et al., 2001; Dienz et al., 
2012,). “Early cytokines” are the fi rst to be produced at the 
site of infection. Later, mainly proinfl ammatory (particularly 
IL-6, IL-1, IFN-γ, and TNF-α) but also antiviral (IFN-α/β), 
as well as other cytokines are produced (e.g. RANTES, MIP-
1α/β, MCP-1, MCP-3 and IP-10) (Julkunen et al., 2000; Xie 
et al., 2014; Zhao et al., 2014; Shen et al., 2015). 

We monitored the expression of mRNA specifi c to TNF-α, 
IFN-β, IL-1, IL-2, IL-4, IL-6, IL-10, IL-11, IL-13, IP-10, iNOS, 
but only pro-infl ammatory cytokines IL-1, IL-6, TNF-α and 
interferon IP-10 presented reasonable changes in mouse 
lungs aft er a sublethal dose of mouse-adapted infl uenza virus 
A/Miss (0.1 LD50) of medium virulence. Th ese cytokines rep-
resented the markers of pro-infl ammatory response of mice 
to the IAV infection. We compared them with the profi le 
of cytokine-specifi c mRNA induced in mouse lungs aft er 
exposure to non-adapted A/Duck virus. Th ough no clinical 
symptoms of the disease were observed aft er the exposure of 
mice to A/Duck virus, we recorded increased expression of 
TNF-α and IP-10 in their lungs in comparison to the nega-
tive control groups of mice (non-immunized or exposed to 
UV-inactivated virus). It was, however, signifi cantly lower 
in comparison to the expression level of cytokine mRNA 
induced by sub-lethal dose of fully replicating virus A/Miss. 
On the other hand, only negligible increase in expression 
of interleukin IL-6, IL-1 and IL-13 mRNA was observed in 
lungs of mice exposed to A/Duck virus in contrast to mice 
exposed to fully replicating A/Miss virus. Notably, protein 
concentrations of cytokines in lungs of mice exposed to A/
Duck virus did not diff er from those of non-infected mice 
or from those of mice, to which UV-inactivated A/Duck or 
A/Miss virus was applied.

Despite the mild cytokine response in lungs of mice 
infected with A/Duck virus, the specifi c antibody response 
with an antibody subpopulation neutralizing the virus was 
elicited. Abortive infection of A/Duck virus of H4N6 sub-
types was shown in our experiments, as we were not able 
to detect infectious virus in mouse lungs. We proved the 
presence of virus-specifi c mRNA and de novo synthesized 
proteins, particularly NP and M1, suggesting that virus rep-
lication and protein synthesis started aft er the infection, but 
were interrupted. It is, therefore, likely that the block of the 
replication cycle is at the step of viral assembly and it could 
be caused by low protein synthesis or by the incompatibility 
of the host protein transport machinery required to produce 
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complete virion, which is in correlation with studies by Ioan-
nidis et al. (2012).

Based on our results we can conclude that non-adapted A/
Duck virus with limited replication in mouse lungs is able to 
start mild infl ammatory response in mice and that it is able 
to induce virus-specifi c antibodies. Th ese antibodies have 
a biological activity and neutralize the virus infection. Such 
antibodies could protect the organism from a subsequent 
more dangerous virus of the same subtype, or can milden 
the course of infection caused by it. Nevertheless, the VN 
antibody response could also contribute to the immune 
resistance of individuals exposed to newly emerged avian 
viruses in human population and consequently can infl uence 
the spread of these viruses. 
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