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Abstract

Highly pathogenic (HP) avian influenza viruses (AIVs) are naturally restricted to H5 and H7
subtypes with a polybasic cleavage site (CS) in the hemagglutinin (HA) and any AIV with an
intravenous pathogenicity index (IVPI) >1.2. Only few non-H5/H7 viruses fulfill the criteria of
HPAIVs; nevertheless, it remains unknown why these viruses did not spread in domestic birds.
In 2012, a unique H4N2 virus with a polybasic CS *?PEKRRTR/G*?® was isolated from quails
in California which, however, was avirulent in chickens. This is the only known non-H5/H7
virus with four basic amino acids in the HACS. Here, we investigated the virulence of this virus
in chickens after expansion of the polybasic CS by substitution of T3*'R (3??PEKRRRR/G®?°)
or T3K (*??PEKRRKR/G®?°) with or without reassortment with HPAIVs H5N1 and H7N?7.
The impact of single mutations or reassortment on virus fitness in vitro and in vivo was studied.
Efficient cell culture replication of T32’R/K carrying H4N2 viruses increased by trypsin,
particularly in MDCK cells, and reassortment with HPAIV H5N1. Likewise, replication, virus
excretion and bird-to-bird transmission of H4N2 was remarkably compromised by the CS
mutations, but restored after reassortment with HPAIV H5N1, although not with HPAIV H7N7.
Viruses carrying the H4-HA with or without R*?’ or K327 mutations and the other gene segments
from HPAIV H5N1 exhibited high virulence and efficient transmission in chickens. Together,
increasing the number of basic amino acids in the H4N2 HACS was detrimental for viral fitness
particularly in vivo but compensated by reassortment with HPAIV H5N1. This may explain the
absence of non-H5/H7 HPAIVSs in poultry.
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Introduction

Influenza A viruses are members of the family Orthomyxoviridae and divided into equine,
classical swine / human, gull, bat and avian influenza virus (AlV) lineages [1,2]. The genome
of AlVs consists of eight segments coding for at least nine structural and one non-structural
(NS) viral proteins [1]. Based on the antigenic properties of the surface glycoproteins, AlVs are
currently classified into 16 hemagglutinin (HA) (H1 — H16) and 9 neuraminidase (NA) (N1 —
N9) subtypes which have been isolated from aquatic and domestic birds in different HxNy
combinations [3]. AlVs are further classified according to virulence in chickens into low
pathogenic (LP) and highly pathogenic (HP) forms. LPAIVs cause mild or no clinical signs,
while HPAIVs cause severe illness with mortality rates up to 100% within few days [4].
HPAIVs evolve from LP progenitors after circulation in domesticated birds. They are naturally
restricted to H5 and H7 subtypes. The shift of H5 and H7 viruses from LP to HP is accompanied
by mutations due to the error-prone RNA-dependent RNA-polymerase (RdRp) and/or
reassortment, i.e. acquisition of gene segments from other subtypes [5]. The HA protein is
synthetized as a fusion-inactive precursor (HAQ) which requires processing by host or bacterial
proteases into HA1 and HA2 polypeptides at the proteolytic cleavage site (CS). Alteration of
the CS from a monobasic to a polybasic motif after insertion of basic amino acids (aa) arginine
(R) and/or lysine (K) is a major virulence factor [6,7]. The monobasic CS of LPAIV is activated
by trypsin-like proteases, which are restricted to the respiratory and/or gastrointestinal tracts of
birds resulting in only local infections. Human airway trypsin-like protease (HAT) and
transmembrane protease serine 2 (TMPRSS2) present in human airways have been shown to
cleave HA with monobasic cleavage site, however, it remains to be investigated whether
orthologues proteases support HA cleavage in birds. Conversely, the polybasic CS of HPAIV
is cleaved by ubiquitous, subtilisin-like proteases causing systemic infection and multiorgan
dysfunction [8].

Despite carrying polybasic CS motifs, some H5 and H7 viruses exhibited low virulence
in chickens [5,9]. The virulence of several of these viruses was influenced by increasing the
numbers of basic aa in the CS or by additional mutations in the HA or other gene segments [10-
12]. Interestingly, a few natural non-H5/H7 viruses fulfill the criteria of HPAIV. Several
H10NXx viruses with monobasic CS exhibit an intravenous pathogenicity index (IVPI) higher
than 1.2 resembling the HPAIVs H5/H7 [13-15]. Moreover, in August 2012, an H4N2 virus
was isolated from quails in California which possessed the polybasic CS motif
$2PEKRRTR/G®® [16]. It is the only non-H5/H7 virus with 4 basic aa in the CS, which
complies with the HPAIV furin-specific motif (R-X-X-R). Although the virus replicated and
transmitted efficiently in chickens, it did not cause morbidity or mortality [16]. It has been
reported that some H5/H7 viruses possessed “intermediate” polybasic CS which evolved
stepwise to accumulate an increasing number of basic aa, due to strand slippage induced by
RdRp [17] or predisposing RNA secondary structure [18], as found in the HPAIV H5N2 in
Mexico in 1994 [19], H7N7 in Chile in 2002 [20], H7N7 in Canada in 2004 [21] and even the
circulating H5N1 Goose Guangdong virus since 1996/1997 [22]. Also, an increase in the
number of basic aa in the CS of several H5 LPAIVs with a K/R-K-K/T-R sequence, similar to
the current H4N2 virus, resulted in their transformation into HP phenotypes [12,23,24].
Therefore, there is a possibility that this H4N2 virus acquires single mutations by changing T3
to either R or K to produce typical H5/H7 HPAIV R-X-R/K-R motifs [25]. Non-H5/H7 viruses
are capable to shift to high virulence after acquisition of a polybasic CS [26,27] and other gene
segments from HPAIV H5N1 [28]. However, little is known about the fitness costs which may
explain the lack of expansion of non-H5/H7 HPAIV in birds.
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Here, the virulence of the unique H4N2 virus in chickens was studied after the
substitution of threonine at position 327 (T%%') to arginine (R®?') or lysine (K3%') to increase the
number of basic aa to five leading to motifs 3PEKRRRR/G%?° and 3?PEKRRKR/G®*?° or
reassortment with HPAIVs H5N1 or H7N7.

Materials and methods
Viruses, plasmids and cells

A/quail/California/D113023808/2012(H4N2) was kindly provided by Beate Crossley, the
California Animal Health and Food Safety Laboratory System, Department of Medicine and
Epidemiology, University of California, Davis. Plasmids containing eight gene segments of
HPAIV A/swan/Germany/R65/2006(H5N1) were kindly provided by Jurgen Stech, Institute of
Molecular Virology and Cell Biology, Friedrich-Loeffler-Institute (FLI), Greifswald-Insel
Riems, Germany [10]. Moreover, plasmids containing eight gene segments of HPAIV
Al/chicken/Germany/AR1385/2015 (H7N7) were previously cloned [29]. pPCAGGS plasmids
encoding HAT and TMPRSS2 have been described previously [30].

Primary chicken embryo kidney (CEK) cells used for determining replication kinetics were
prepared according to standard procedures [31]. Madin-Darby canine kidney (MDCK), MDCK
type 11 (MDCKII), and human embryonic kidney 293T (HEK293T) cell lines were obtained
from the Cell Culture Collection in Veterinary Medicine of the FLI.

Generation of plasmids and recombinant viruses

To generate the recombinant H4N2 virus (designated hereafter H4AN2_wt) by reverse genetics,
viral RNA was extracted using the QIAamp Viral RNA Mini Kit and transcribed into cDNA
using the Omniscript RT Kit (Qiagen, Germany). All eight genomic segments of H4N2 virus
were amplified by specific primers and cloned into pHWSccdB plasmid [32]. Using the HA
encoding plasmid of H4N2_wt, three different CS motifs were generated by exchanging T*?'R
or T%'K, or by insertion of a polybasic CS resembling that of HPAIV
Al/chicken/Italy/8/1998(H5N2) (designated hereafter HSN2- HACS) using the QuikChange 11
Site-Directed Mutagenesis Kit (Invitrogen, USA). Sequences of primers are available from the
authors upon request.

Eight recombinant viruses (Table 1) were rescued in co-cultures of MDCKII and HEK293T
cells as previously described [33]. In addition to the recombinant H4N2_wt, three recombinant
H4NZ2 viruses carrying the HA4 with T32'R (H4N2_T3?'R), T3¥'K (H4N2_T*?'K) or H5N2-
HACS (H4N2_H5N2-HACS*) were constructed. Moreover, three recombinant H4N1 viruses
carrying seven gene segments from H5N1 and HA from H4N2_wt (H5SN1_HA4), HA4 T*?'R
(H5N1_HA4 T3¥'R) or HA4 T%?’K (H5N1_HA4 T%?’K) and one H4N7 virus carrying seven
gene segments from H7N7 and the HA from H4N2_wt (H7N7_HA4) were successfully
generated. Furthermore, HA of HAN2_wt, H4N2_T3?R and H4N2_T3*’K H4N2 were cloned
into pPCAGGS vector to increase protein expression.
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Virus Cleavage site Source of
HA Other gene segment

HAN2_wt 32PEKRRTR/G®% H4N2 H4N2
H4N2_HA T*?'R $2PEKRRRR/G®* H4N2 H4N2
H4N2_HA T3?'K $2PEKRRKR/G®?° H4N2 H4N2
H4N2_H5N2-HACS* $2PQRRRGKKR/G®*! H4N2 H4N2
H7N7_HA4 32PEKRRTR/G®? H4N2 H7N7
H5N1 _HA4 32PEKRRTR/G®% H4N2 H5N1
H5N1 HA4 T3'R 32PEKRRRR/G®% H4N2 H5N1
H5N1 HA4 T3?'K 32PEKRRKR/G*# H4N2 H5N1

Residues written in bold indicate the point mutations or insertion compared to the wild type H4N2
virus cleavage site *?PEKRRTR/G%?°
HACS= hemagglutinin cleavage site

Virus propagation and sequencing

Recombinant viruses were propagated in the allantoic sac of 10 — 11 day-old specific pathogen
free (SPF) embryonated chicken eggs (ECE) purchased from VALO BioMedia GmbH
(Osterholz-Scharmbeck, Germany) according to the standard protocol of the World
Organization for Animal Health (OIE) [34]. Inoculated eggs were examined daily and those
with dead embryos were chilled at 4°C and allantoic fluid (AF) was collected. AF was checked
by hemagglutination test using 1% chicken erythrocytes according to the OIE recommended
protocol [34]. AF with a titer >16 (4log2) hemagglutination units was checked for bacterial
contamination by streaking sheep blood agar at 37°C for up to 72h. Sterile AF was pooled and
virus stocks were aliquoted and stored at -80°C until use. All recombinant viruses with
polybasic CS, except H4N2_wt, were handled in BSL3 facilities of the FLI. Viruses were
sequenced to exclude unwanted mutations by Sanger sequencing using ABI BigDye Terminator
v.1.1 Cycle Sequencing Kit (Applied Biosystems, Germany). H4 aa numbering is based on the
mature protein after removal of the signal peptide.

Replication kinetics

CEK and MDCK cells were infected at a multiplicity of infection (MOI) of 0.001 in 12-well
plates. After one hour at 37°C and 5% CO., the inoculum was removed and the cells were
incubated for two minutes with citric acid buffer (pH 3.0). The cells were washed twice with
1x phosphate buffered saline (PBS) and covered with Minimum Essential Medium (MEM)
containing 0.2% bovine serum albumin (BSA) (MP Biomedicals, USA). Cells infected with
recombinant H4N2_wt were grown in the presence or absence of 2ug/ul of N-tosyl-L-
phenyalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma Aldrich, Germany). Plates
were incubated at 37°C and 5% CO.. Cells and supernatant were harvested at indicated hours
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post infection (hpi) and stored at -80°C. Virus titers were determined using plaque assay as
described below. The replication kinetics were run in duplicates and repeated three times.
Results are expressed as average and standard deviation for all replicates.

Plaque assay

Confluent MDCKII or MDCK cells in 6-well plates were washed once with PBS and incubated
with 10-fold dilutions of propagated viruses or samples for 1 hour at 37°C and 5% CO..
Thereafter, cells were washed twice with 1xPBS and covered by semi-solid Bacto™ Agar (BD,
France) with 50% MEM containing 4% BSA (MP Biomedicals, USA). All plates were
incubated for 3 days at 37°C and 5% CO». In MDCKII cells, TPCK-treated trypsin (2 pg/ml)
was added to cells infected with H4N2_wt and H4N2_H5N2-HACS*. Moreover, cell-to-cell
spread of all indicated viruses in MDCK cells was studied with or without exogenous TPCK-
treated trypsin. Cells were fixed using 10% formaldehyde containing 0.1% crystal violet for at
least 48 hours. Plaques were counted and viral titers were expressed as plaque forming units
per ml (PFU/mI). Moreover, to determine cell-to-cell spread of different viruses, the size of at
least 50 plaques obtained for each virus was measured by microscopy (Eclipse Ti-S with
software NIS-Elements, version 4.0; Nikon, Germany). Diameter of plaques of the H4AN2_wt
in the absence of trypsin was adjusted to 100%. The plaque size obtained by different
recombinant viruses relative to the H4N2_wt was calculated.

Western Blot

HA cleavability was assessed in HEK293T in the presence or absence of exogenous proteases
(i.e. trypsin, TMPRSS2 and HAT) as indicated using standard Western Blot procedures with
few modifications [35]. Cleavage of HA of H4N2_wt, HAN2_ T%'R and H4N2_T%¥K in the
presence or absence of 2ug/ml TPCK-treated trypsin was studied by transfecting cells with 5ug
pCAGGS plasmid coding for HA of the different viruses using Lipofectamine 2000 transfection
reagent (ThermoFischer Scientific, Germany). The transfected cells were incubated with MEM
containing 0.2% BSA at 37°C and 5% CO2 for 24h. For TMPRSS2 and HAT, HEK293T cells
(which do not express an endogenous HAT or TMPRSS2 [36]) were co-transfected with 1ug
PCAGGS plasmids containing H4N2_T3?K as well as 10ng plasmid coding for each protease
in the presence or absence of 50uM furin inhibitior MI-1148 (kindly provided by Torsten
Steinmetzer, Institute of Pharmaceutical Chemistry, Philipps-University Marburg) was done as
previously published [30]. After 48 h, transfected cells were harvested, washed with PBS and
centrifugated at 14000g for 15min. Proteins were denatured in Laemmli buffer for 5 min at
99°C. Proteins as well as a stained protein marker were separated by discontinuous sodium
dodecyl sulfate- 10% polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
transferred to nitrocellulose membranes using a blotting device at 25 V for 2 h and blots were
blocked for 1h in 5% skim milk. For the detection of the HA protein, polyclonal specific anti-
H4N2-HA2 antibodies were generated in rabbits. The B-Actin as internal control was detected
using monoclonal antibodies. All blots were incubated with the primary antibodies overnight at
4°C. Bound primary antibodies were detected by the incubation of blots with peroxidase-
conjugated anti-rabbit 1gG for HA or anti-mouse 1gG antibodies (Jackson Immuno Research,
USA) for B-Actin. The immunodetection was done by chemiluminescence using Clarity™
Western ECL Substrate (BioRad, USA). Images were captured by a Bio-Rad Versadoc 4000
Molecular Imager (BioRad, USA) and Quantity One software (BioRad, USA).
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Animal experiments

All animal experiments in this study were carried out according to the German Regulations for
Animal Welfare in the biosafety level-3 (BSL3) animal facilities of the FLI after approval by
the authorized ethics committee of the State Office of Agriculture, Food Safety and Fishery in
Mecklenburg — Western Pomerania (LALLF M-V). The commissioner for animal welfare at
the FLI representing the Institutional Animal Care and Use Committee (IACUC) approved all
experiments.

SPF eggs from white leghorn chickens were purchased from VALO BioMedia
GmbH (Osterholz-Scharmbeck, Germany) and incubated at the animal quarantine facilities of
the FLI until hatch. Male and female chickens, at 6 to 8 week-old, were allocated into different
groups and infected via the oculo-nasal (ON) or intravenous (IV) routes. To determine the
virulence of recombinant viruses via the ON route, chickens were inoculated with 0.2 mL
containing 10° PFU per bird (~0.1 mL in each side). One day post inoculation (dpi), sentinel
chickens were added to assess bird-to-bird transmission. To determine the I1\VVPI of indicated
viruses, 10 birds were injected via the cutaneous ulnar vein with 0.1mL 1:10 diluted AF
according to the OIE standard protocol [34]. All birds were observed daily for clinical signs
and mortality for 10 (IV) or 14 (ON) dpi. The severity of clinical signs was calculated using
pathogenicity index (PI) as recommended [34]. Briefly, healthy birds were scored with (0).
Birds showing one clinical sign (e.g. ruffled feather, depression, nervous signs, diarrhea, edema,
hemorrhages or cyanosis in the unfeathered parts like shanks, comb or wattle) were given score
(1), and birds exhibiting at least two clinical signs were scored with (2). Dead birds were given
score (3) until the end of the experiment. Severely diseased birds were euthanized and scored
as dead on the next observation day. The Pl was calculated using the sum of daily arithmetic
means of all birds divided by ten or 14 (number of observation days) in each group. The PI
value ranged from 0 (avirulent) to 3 (highly virulent).

Oropharyngeal and cloacal swabs were collected at 4 dpi using MEM containing antibiotics.
Virus excretion in swab samples was determined using NucleoSpin 8/96 PCR Clean-up Core
Kit (Macherey & Nagel, Germany) according to the manufacturer instructions using the
TECAN Freedom EVO System (TECAN, Switzerland). After RNA extraction the viral load in
the swab samples was assessed by generic real-time-reverse-transcription polymerase chain
reaction (RT-gPCR) targeting the AIV Matrix gene [37]. Each RT-gPCR run included standard
curves generated by serial dilutions of H4N2 or H5N1 virus. The amount of RNA was
determined by plotting the CT-value of a given sample against the dilution in standard curves
and expressed as viral RNA copies / ml. Results of each group are expressed as arithmetic mean
and standard deviation of virus titers in oropharyngeal and cloacal swabs.

At the end of observation period, all surviving birds were euthanized by Isoflurane® (CP-
Pharma, Germany) inhalation and blood was collected. Sera were tested for anti-AlV NP
antibodies using ID screen Influenza Antibody Competition Multispecies kit (IDvet,
Montpellier, France) according to the manufacturer recommendations.

Histopathology and immunohistochemistry

Severity of pathohistological lesions and distribution of recombinant viruses in trachea, lungs,
heart, liver, pancreas, kidneys, thymus, spleen, proventriculus, gizzard, duodenum, jejunum,
caecum, bursa of Fabricius and brain from at least two inoculated birds per group was analyzed
at 4 dpi except for chickens inoculated with H4N2_T32’K which died at 2 dpi and were kept in
the refrigerator. Organ samples were fixed immediately in 10% neutral buffered formalin. After
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processing the samples were embedded in paraffin wax, sectioned at 2 — 4 um, stained with
hematoxylin and eosin, and screened for histopathological changes. The severity of necrotizing
inflammation and lymphatic depletion was scored blind on an ordinal 0 to 3 scale: 0 = no
change; 1= mild; 2 = moderate, and 3 = severe necrosis or lymphatic depletion. Following
sections were used for immunohistochemistry using the avidin—biotin—peroxidase complex
method (Vector Laboratories Burlingame, CA, USA) with a primary polyclonal rabbit anti-NP
antibody (1:750), and a secondary biotinylated goat anti-rabbit 1gG (Vector Laboratories,
Burlingame, CA, USA) antibody (1:200) as described [38,39]. The distribution of NP antigen
in endothelium and parenchyma was blind semiquantitatively scored on a ordinal 0 to 3 scale:
0 = negative; 1 = focal or oligofocal, 2 = multifocal, and 3 = coalescing to diffuse
immunoreactive cells.

Statistics

Statistical differences for replication kinetics in CEK and MDCK cells were analyzed using
ordinary one-way ANOV A with post hoc Tukey tests. Plaque size in MDCKII and MDCK cells
and RT-gPCR results of oropharyngeal shedding 4 dpi were evaluated using ordinary one-way
ANOVA with Bonferroni correction to H4AN2_wt. A p-value < 0.05 was considered significant.
All analyses were done by GraphPad Prism 8 software (CA, USA).

Results

Beside the recombinant H4AN2_wt with 3?PEKRRTR/G??, seven different viruses carrying the
H4N2-HA  with TR (*?PEKRRRR/G*®), T%'K (**PEKRRKR/G*®) or
(**?PQRRRGKKR/G*) with other gene segments from H4N2, HPAIV H5N1 or HPAIV
H7N7 were successfully generated using reverse genetics (Table 1). Trials to generate an H4N2
carrying a typical HPAIV H5N2 HACS (*?2PQRRRKKR/G**) were not successful indicating
incompatibility with the H4AN2_wt. After several rescue attempts, a virus was obtained with a
spontaneous insertion of a glutamic acid **?PQRRREKKR/G®*) in the HACS. The impact of
HA mutations or reassortment on virus replication in primary chicken kidney cells and MDCK
cells, cell-to-cell spread in MDCKII and MDCK cells and cleavability in the presence or
absence of different proteases (i.e. trypsin, HAT or TMPRSS2) were studied. Virulence, bird-
to-bird transmission, virus excretion and tropism of recombinant viruses were assessed in
chickens.

The expansion of the polybasic CS had a minimal impact on virus replication in cell
culture and replication of H4N2 virus was significantly increased by reassortment with
H5N1 or H7N7 gene segments.

Virus replication was studied after infection of CEK (Figure 1) and MDCK (Figure 2) cells
with an MOI of 0.001 in the presence or absence of exogenous trypsin. In CEK, the H4AN2_wt
replicated with or without trypsin reaching maximum titers at 48 hpi. The addition of trypsin
slightly increased titers at 24 and 48 hpi, although it was not statistically significant (p > 0.35)
(Figure 1). Replication of HAN2_T**'R and H4N2_T3?K with a point mutation in the HA was
comparable to H4N2_wt in the presence or absence of trypsin at 8 and 24 hpi (Figure 1), while
the addition of trypsin significantly increased H4N2_T3?'R replication at 48 hpi (p < 0.03)
(Figure 1). H4N2_H5N2-HACS* virus replication was significantly reduced (Figure 1).
H7N7_HAA4 carrying the HA from H4N2_wt and the other seven gene segments from HPAIV
H7N?7 replicated to significantly higher levels at 8, 24 and 48 hpi than H4N2_wt (Figure 1).
Moreover, the three viruses carrying seven gene segments from HPAIV H5NL1 replicated to
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significantly higher titers than H4N2_wt particularly at 24 hpi (Figure 1). In MDCK cells
H4NZ2 viruses carrying authentic HA, HA_T3?R or HA_T**'K didn’t grow at 8 hpi without
trypsin and only H4N2_HA_T3?’K at very low titer with trypsin (Figure 2). H4 viruses carrying
gene segments from HS5N1 were able to replicate trypsin-independently but replication
increased after the addition of trypsin. At 24 hpi, all viruses replicated without trypsin while
viruses carrying H5SN1 gene segments replicated at significantly higher titers than H4N2 viruses
with or without T3?’R/K. Furthermore, trypsin increased replication of HSN1_HA4 to similar
levels to H5N1_T3¥’R/K (Figure 2). Together, the replication of H4N2 viruses was enhanced
by the addition of trypsin particularly in MDCK cells and reassortment with HPAIV H5N1 or

H7N7 gene segments in CEK.

Figure 1: Replication kinetics of recombinant viruses in chicken embryo kidney cells
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Replication kinetics in CEK cells at indicated time points after infection with H4N2 viruses with
variable HACS or with H7N7 and H5N1 gene segments with (T+) or without (T-) trypsin.
Titration was done in MDCKII cells and the results are shown as mean + standard deviation
Logio PFU/mI. Asterisks indicate significant difference (P value <0.05). Blue and red asterisk
indicate significant differences compared to H4N2_wt without or with trypsin, respectively.

Figure 2: Replication kinetics of recombinant viruses in Madin-Darby canine kidney cells

(MDCK)
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Replication kinetics in MDCK cells at indicated time points after infection with HAN2 viruses
with variable HACS or H5N1 gene segments with (T+) or without (T-) trypsin. Titration was
done in MDCKII cells and the results are shown as mean + standard deviation Logio PFU/ml.
Asterisks indicate significant difference (P value <0.05). Blue and red asterisk indicate
significant differences compared to H4N2_wt without or with trypsin, respectively.

Cell-to-cell spread of H4N2 virus was significantly increased by reassortment with H7N7
or H5N1 containing HA4 T3*'R/K.

Cell-to-cell spread was studied by infecting MDCKII and MDCK cells with different virus
dilutions for 3 days. In MDCKII cells, all viruses were tested without trypsin except for
H4N2_wt and H4N2_H5N2-HACS*. The HAN2_wt virus produced plaques in MDCKII in the
presence or absence of trypsin, although addition of trypsin significantly increased the size of
plaques (Figure 3 panel A). The spread of H4N2_T3?’R/K or H5N1_HA4 from cell-to-cell was
comparable to the H4N2_wt in the absence of trypsin. H4AN2_H5N2-HACS* produced
significantly smaller plaques without trypsin (data not shown). However, in the presence of
trypsin plaques were larger than those produced by HAN2_wt (Figure 3 panel A). The plaque
size induced by HAN2_T3?*'R or H4N2_T 32K significantly increased by 52% and 125% when
combined with other H5N1 gene segments (Figure 3 panel A). In MDCK cells, infection with
all viruses was done in the presence or absence of trypsin. The addition of trypsin increased the
plaque size produced by all viruses. Viruses carrying HSN1 gene segments produced larger
plagues than H4AN2_wt particularly when grown in medium containing trypsin (Figure 3 panel
B). Taken together, the expansion of the polybasic CS had a minimal impact on virus spread in
cell culture and replication of H4N2 virus was significantly increased by reassortment with
H5N1 and/or addition of trypsin.
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Figure 3: Cell-to-cell spread of MDCKII and MDCK cells
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Cell-to-cell spread was assessed by measuring 50 to 100 plagues in MDCKII (A) or MDCK (B)
cells with (T+) or without (T-) trypsin. In MDCKII (A), trypsin was added only to HAN2_wt
and H4N2_H5N2-HACS*. The latter virus didn’t produce plaques without trypsin (data not
shown). Results expressed as mean and standard deviation relative to plaque size of H4AN2_wt
in the absence of trypsin. Asterisks indicate significant difference (P value <0.05); blue and red
asterisk indicate significant differences compared to H4N2_wt without or with trypsin,
respectively.

T3'R/K enabled partial trypsin-independent activation of the HA by endogenous furin-
like protease.

To determine the impact of expansion of CS on HA cleavage activation, HEK293T cells were
transfected with pPCAGGS plasmids containing HA_wt, T32’R or T32’K with or without trypsin.
The wild-type HA was only cleaved in the presence of trypsin. HAs with T®2’R/K were partially
cleaved in the absence of trypsin but addition of trypsin increased cleavability (Figure 4 panel
A). Furthermore, to get insights into the proteolytic activation of T*2’K in the absence of trypsin,
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HEK293T cells were co-transfected with plasmids encoding HAT and TMPRSS2 in the
presence or absence of the furin-inhibitor MI-1148. In the absence of exogenous protease T3*'K
was cleaved. The cleavage of HA was inhibited using MI-1148. HAT and TMPRSS?2 failed to
activate HA_T3?’K (Figure 4 panel B). The expression of TMPRSS2 and HAT in HEK293T
cells was confirmed using Western Blot (data not shown). Altogether, T*?’R/K enabled partial
activation of the HA in the absence of trypsin by yet to be identified endogenous furin-like
protease.

Figure 4: Cleavability of the HA after transfection of HEK293T cells.
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Cleavability of the HA of H4N2_wt or HA with R3*’or K327 in presence or absence of
exogenous trypsin tested with Western Blot using -Actin as internal controls (A). The
cleavability of HA of H4N2_T3¥’K in HEK293T cells by TMPRSS2, HAT or furin-like
proteases in the presence or absence of the MI-1148 furin inhibitor. No HA2 bands were
detected indicating lack of activation of HAO by TMPRSS2 and HAT (B). NC refers to
negative control; naive cells without transfection or infection.

The expansion of the cleavage site alone was not enough for exhibition of high virulence
after ON inoculation and reassortment with HPAIV H5N1 genes was essential.

After ON inoculation, chickens challenged with H4N2 wt, HAN2 T3¥'R, H4N2_T%?'K,
H4N2_H5N2-HACS* and H7N7_HA4 and contacts did not show any clinical signs with PI of
0 (Table 2). All primarily challenged birds in these groups seroconverted at the end of the
experiment, except one chicken inoculated with H4N2_H5N2-HACS* (Table 2). While all
sentinels in-contact to H4N2_ wt, H4N2_T**'R, and H7N7_HA4 ON-inoculated chickens
seroconverted, only 1/4 and 0/4 sentinel birds co-housed with chickens ON-inoculated with
H4N2_T32'K or H4N2_H5N2-HACS* seroconverted (Table 2), respectively indicating poor
bird-to-bird transmission. Moreover, H5N1 HA4 caused transient mild to moderate clinical
signs without mortality (PI= 0.5) and all inoculated and contacts seroconverted (Table 2). All
chickens inoculated with HSN1_HA4 T32’R or H5N1_HA4 T3?/K died within 4 dpi with MDT
values of 3.8 and 2 days, and PI values of 2.4 and 2.7, respectively. Furthermore, 3/4 and 4/4
contact birds died within 8 and 4 dpi, respectively (Table 2).
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Table 2: Results of clinical examination after challenge of chickens with different recombinant
viruses in this study

Oculonasal IVPI

Virus

Inoculated chickens Contact chickens

PIt Mortality (MDT; SC Mortality (MDT; SC

range) range)

HAN2_wt 0.0 0/6 (n.a.; n.a.) 4/4 0/3 (n.a.; n.a.) 3/3 n.d.
H4N2_HA T%'R 0.0 0/6 (n.a.; n.a.) 4/4 0/4 (n.a.; n.a.) 4/4 0.0
H4N2_HA T%'K 0.0 0/6 (n.a.; n.a.) 4/4 0/4 (n.a.; n.a.) 1/4 0.6
H4N2_H5N2-HACS*? | 0.0 0/6 (n.a.; n.a.) 3/4 0/4 (n.a.; n.a.) 0/4 0.1
H7N7_HA4_wt 0.0 0/6 (n.a.; n.a.) 4/4 0/4 (n.a.; n.a.) 4/4 0.3
H5N1_HA4 wt 0.5 0/6 (n.a.; n.a.) 4/4 0/4 (n.a.; n.a.) 4/4 2.1
H5N1_HA4 T32'R 2.4 6/6 (3.8; 3—4) n.a. 3/4 (6.0; 4 —8) 1/1 | nd.
H5N1_HA4 T32'K 2.7 6/6 (2.0; 2) n.a. 414 (35,3 - 4) na. | 2.8

!P1= pathogenicity index, Mortality Rate= number of dead birds/total number of birds per
group, MDT= mean death time and range of days with mortality after inoculation or adding
the sentinel birds, SC= Seroconversion using NP-specific ELISA showing number of positive
birds/total examined, IVPI= intravenous pathogenicity index, n.a. = not applicable, n.d. = not
done.

2HACS= hemagglutinin cleavage site

After 1V infection, none of H4N2_T32'R injected chickens showed morbidity or mortality with
IVPI values of 0. H4N2_T3?7K exhibited moderate virulence with an IVPI of 0.6 where
moderate to severe neurological disorders (e.g. torticollis, opisthotonus, paresis) starting at 9
dpi were observed in 7 out of 10 injected chickens. The IVPI values of H4N2_H5N2-HACS*
and H7N7_HA4 were 0.1 and 0.3, respectively because some chickens developed transient mild
depression after injection. Conversely, 8/10 and 10/10 chickens injected 1V with HSN1_HA4
or H5N1_HA4 T32’K died with IVPI1 2.1 or 2.8, respectively (Table 2). These findings indicate
that HSN1 gene segments, in addition to mutations in the HACS, are essential for exhibition of
high virulence of H4N2 virus. T32’K and H5N2_HACS compromised virus transmission as
indicated by lower number of contact birds with AIV antibodies.
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Virus excretion in inoculated and in-contact chickens was reduced by T3?’R/K and
increased by acquiring HPAIV H5N1 genes.

The H4N2_wt was detected at 4dpi in oropharyngeal, but not in cloacal, swabs in all inoculated
and contact birds (Figure 5). HAN2_T3*'R and H4N2_T3¥'K were excreted in 3/6 and 6/6 in
oropharyngeal swabs, respectively and only in 1/6 cloacal swabs in inoculated birds (Figure 5
panel A). Both viruses were not detected in swabs in contact birds further indicating the
negative impact on virus transmission (Figure 5 panel B). Likewise, H4N2_H5N2-HACS*
RNA was only detected in the oropharyngeal swabs taken from 1/6 inoculated chickens
indicating insufficient replication and bird-to-bird transmission (Figure 5 panels A and B).
Moreover, H7TN7_HA4 RNA was detected in oropharyngeal and cloacal swabs in 6/6 and 2/6
inoculated birds, respectively and only 1/4 contact bird excreted virus in the oropharyngeal
swabs (Figure 5). H5N1_HA4 RNA was detected in 6/6 and 2/6 oropharyngeal and cloacal
swabs of inoculated birds, respectively and all contact birds excreted virus in oropharyngeal
swabs (n=4/4) but not in cloacal swabs (n=0/4) (Figure 5 panels A and B). H5SN1_HA4 T%'R
was detected in oropharyngeal (n=1/2) and cloacal (n=2/2) swabs (Figure 5 panel A). Because
H5N1_HA4 T32’K killed all inoculated birds within 2 days, it was not possible to collect swabs
at 4dpi in this group. Both H5N1_HA4 T3?'R and H5N1_HA4 T32K were excreted from all
contact birds (Figure 5 panel B). H5N1_HA4 T®¥’K had significantly higher titers in the
oropharyngeal swabs compared to H4N2_wt (Figure 5). In summary, mutations in the CS alone
compromised virus excretion from inoculated and in-contact chickens. The reassortment with
segments from HPAIV H5N1 increased virus excretion in oropharyngeal and cloacal swabs.

Figure 5: Virus excretion from oropharyngeal and cloacal swabs of inoculated and
sentinel chickens.
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Virus excretion in oropharyngeal and cloacal swabs in inoculated (A) and contact (B) birds
was determined by RT-gPCR targeting the M gene. Shown is the average + standard
deviation of viral RNA copies/ml and number of positive birds/total examined. Samples were
collected at 4dpi from all surviving birds. n.a.= not applicable because all birds inoculated
with H4AN2_T3?K died at 2 dpi.

Mutation T3?’R/K expanded the organ tropism of LPAIV H4N2 and reassortment with
HPAIV H5NL1 significantly increased the distribution and severity of lesions.

To determine the distribution of viruses in different tissues, organs of at least two inoculated
chickens per group were subjected to histopathological and immunohistological examination
for the detection of influenza NP antigen. There was no detectable antigen in the endothelium
or parenchyma of any organ in birds inoculated with H4N2_wt, although mild, subacute,
necrotizing pancreatitis and lymphatic depletion in the thymus and bursa of Fabricius were
observed (Figure 6). Likewise, NP antigen was not detectable in the endothelium or
parenchyma of any organ in birds inoculated with H4N2_T3?’R. However, one out of two birds
inoculated with H4N2_T32’K had multifocal antigen distribution in the myocardium with mild,
acute, focal to oligofocal necrotizing myocarditis as well as focal to oligofocaldistribution in
neuroglial cells with mild, acute, focal to oligofocal, necrotizing polioencephalitis (Figures 6
and 7). The distribution of H4N2_T32’K was more widespread than that of H4N2_T3?'R (Figure
6). Similar to H4N2_wt infection, NP was not detected in the endothelium or parenchyma of
any organ in birds inoculated with H4N2_H5N2-HACS* or H7N7_HA4 (Figure 6 A and B).
The reassortment with HPAIV H5N1 remarkably increased the distribution of the virus in
different tissues. One out of two birds inoculated with HSN1 HA4 showed coalescing NP-
antigen-positive cells in the heart and pancreas, multifocal distribution in the kidney, gizzard
and brain, and focal to oligofocal distribution in the parenchyma of thymus, lung, spleen and
bursa as well as in the endothelial cells in cecum and bursa. This bird showed moderate to
severe lymphoid depletion with tingible body macrophage hyperplasia in the thymus and mild
lymphoid depletion in the bursa. Also, severe, acute, necrotizing pancreatitis and subacute,
necrotizng myocarditis were observed. The NP of H5N1_HA4 T3?'K was detected in the
endothelial and parenchymal cells of almost all organs (Figure 6 panels A and B) and the
intensity ranged from median scores of 0.5 in the hepatic endothelium as well as in thymus,
jejunum and caecum parenchyma to 3.0 in the lung parenchyma. Likewise, HSN1_HA4 T3'R
was detected in the endothelium and parenchyma of almost all organs of at least one chicken,
except for endothelial cells in jejunum, heart and caecum and gizzard parenchyma. The
maximal distribution for this virus was in the pancreas parenchyma and brain tissue with a score
of 3.0. Remarkably, H5N1_HA4 T32'R induced higher lymphatic depletion score in the
thymus, bursa, cecal tonsils and bronchus-associated lymphoid tissues (BALT) compared to
H5N1_HA4 T32’K and H5N1_HA4. In conclusion, reassortment with HPAIV H5N1
significantly increased the distribution and severity of lesions. The distribution of viruses
carrying T32’K was remarkably higher than viruses carrying T32’R (Figures 6 and 7); except for
lymphoid depletion.
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Figure 6: Distribution of avian influenza virus nucleoprotein in organs of inoculated
birds and severity of lesions.
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Distribution of NP antigen in endothelial (A) and parenchymal (B) cells as well as the
severity of necrotizing inflammation (C) and lymphatic depletion (D) in the affected organs of
inoculated birds scored from 0 to 3.0 (green to red color). Results are shown as median score
of two birds. Samples were collected at 4 dpi for all chickens, except HSN1_H4 T327K
inoculated birds which died at 2 dpi and kept in the refrigerator until 4 dpi. Pancrease
samples with white cells and X symbol in panels B and C were not tested because of
insufficient quality for evaluation.
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Figure 7: Distribution of avian influenza virus nucleoprotein in selected organs of
inoculated birds.
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H4N2_T327K

H5N1_HA4_T327K HS5N1_HA4_T327R

Distribution of influenza NP in brain (A, E, I, M), lung (B, F, J, N), spleen (C, G, K, O) and
heart (D, H, L, P) of inoculated chickens of selected viruses at 4 dpi (except for
H5N1_H4 T3%7K) as detected by immunohistochemistry using primary polyclonal rabbit anti-
NP A/FPV/Rostock/34 antibody (1:750) and a secondary biotinylated goat anti-rabbit 1gG
(Vector Laboratories, Burlingame, CA, USA) antibody (1:200). 3-amino-9-ethyl-carbazol (red-
brown); hematoxylin counterstain (blue); Nomarski contrast; Bars A,B,D,E,F,H,I1,J,LLM,N,P =
20 um. Bars C,G,K,0 = 50 pum.

Discussion

Wild birds are the reservoir for LPAIV. HPAIV evolve from LP progenitors of H5 or H7
subtype after the acquisition of a polybasic CS which is specific in each HPAIV. In 2012, an
H4N2 virus with polybasic CS *?PEKRRTR/G®?°, closely related to H4N2 viruses with
monobasic CS 32PEKTR/G®? from wild birds in the USA, was isolated from a commercial
quail flock in California [16]. In our study, the acquisition by H4N2 virus of a ‘classical’
polybasic CS either by mutation of T3?7 to K327 or R%7, or the substitution by an H5N2-like
HACS did not improve virus replication or spread in the absence of trypsin. Conversely,
H4N2_H5N2-HACS* was highly trypsin dependent as shown by low virus titers in cell culture
and cell-to-cell spread. A similar example is the trypsin-dependent Pennsylvanian H5SN2/1983
virus with a polybasic CS which was efficiently cleaved by furin-like enzymes only after the
insertion of further basic aa or removal of a glycosylation site in the vicinity of the CS [40].
Interestingly, the current H4N2 virus has potential glycosylation sites in the vicinity of CS in
the HA1 [16], resembling the H5N2 in Pennsylvania, which may sterically hinder the
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cleavability by different proteases [41,42]. Moreover, we showed that furin-like protease(s) can
also cleave the HA of H4N2_T3*'K in transfected HEK293T cells. This was independent of
HAT and TMPRSS2 which activate some viruses with monobasic CS [43] and some HIN2
viruses with monobasic VSSR/G, dibasic RSSR/G or tribasic RSRR/G cleavage site motifs
[42]. Interestingly, these viruses were not activated by furin without further insertion of basic
aa at the CS despite matching the minimal consensus sequence [26,44]. Furthermore, Wonag, et
al. [16] showed that the growth or plaque formation of the wild type H4N2 virus in MDCK cells
was trypsin dependent. However, the current reverse-engineered H4N2 virus and derivatives
induced plaques with variable size in MDCKII or MDCK cells and replicated in CEK without
the addition of trypsin. It has been reported that MDCKII and CEK cells have matriptase which
is not present in the MDCK cells [42]. Matriptase activated HON2 AlVs with R-X-X-R or R-
X-R-R motifs [42], similar to the HACS of H4AN2 viruses generated in this study. Moreover,
some LPAIVs (e.g. HEN1 and H7N7) were able to replicate in MDCK, MDCKII and/or CEK
cells without exogenous trypsin [27,45]. In addition to the unidentified endogenous proteases
in these cells, an impact of proteases in the allantoic fluid in virus stocks on activation in
different cells cannot be excluded [46].

Successful replication of an AIV in poultry is a prerequisite for progressive adaptation including
efficient bird-to-bird transmission and high virulence [47]. We show here that the expansion of
the authentic polybasic CS by insertion of K327, R37 or substitution by an H5N2-like HACS
was detrimental for H4N2 virus excretion and bird-to-bird transmission. Therefore, the negative
impact of additional basic aa in the CS on virus replication and transmission in chickens
probably precludes their emergence in nature. Moreover, the increased number of basic aa in
the presence of other gene segments from H4N2 did not result in HP phenotype after ON or IV
infections resembling H5/H7 viruses [23,45]. In other studies, the insertion of a polybasic CS
conferred high virulence to a low-pathogenic H6N1 virus (IVPI= 1.4) [27] but not an H3N8
virus [48]. Importantly, high virulence of the current H4N2 virus was only conferred after
reassortment with gene segments from HPAIV H5N1. These findings emphasize the role of
other gene segments, in addition to the polybasic CS, in the evolution of HPAIV [10,11,49].
HIN2 with polybasic CS and gene segments from HPAIV H5N1 exhibited a low level HP
phenotype (IVPI= 1.23) [26]. In contrast, H2N5, H4N6, H8N4 and H14N3 viruses exhibited
high virulence after the acquisition of an H5N2-polybasic CS and other gene segments from
HPAIV H5NL1 [28]. Remarkably, high virulence was not observed after reassortment of the
H4N2 HA with HPAIV H7N7. We have recently shown that the HA gene of this HPAIV H7N7
is the main determinant of virulence in chickens [29]. Conversely, for the current HPAIV
H5N1, in addition to the polybasic CS, the deletion within the NA stalk domain (which is
present in the quail HAN2 virus [16]) and the presence of autologous polymerase genes were
important for exhibition of high virulence in chickens [10]. Similarly, it has been shown that
PB2, PB1 and NP affect high virulence of HPAIV H5NL1 in chickens [11].

Moreover, it is known that presence of a polybasic CS increases dissemination of HPAIV
H5/H7 in different organs causing multiorgan dysfunction and death of the bird
[6,14,25,27,48]. We showed here that a polybasic CS alone was not enough for unrestricted
organ tropism and that other gene segments were required particularly to invade the
endothelium to vital organs like the brain. This may indicate that the quail virus is less adapted
to chicken cells than the panzootic Goose/Guangdong-like H5N1 virus. Apart from the
activation of HA by cellular proteases, other gene segments can influence influenza virus
activation and replication as well. The NA enhanced the cleavability of the HA of WSN H1N1
and subsequently the neurovirulence of the virus in mice [50,51]. Also, the M2 protein protects
the HA from premature conformational changes increasing the stability of influenza viruses
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[52]. Therefore, it is important to further determine which specific gene segment(s) of H5N1
support the HP phenotype of H4N2 virus.

Another finding was that T3?’K was advantageous over T3?'R. It increased the plaque size,
virulence in chickens after IV injection, tropism and excretion from inoculated birds
particularly when combined with H5N1 gene segments. This may indicate cleavage-activation
of this CS motif (3?PEKRRKR/G*?°) by additional or more specific furin-like proteases. Some
proteases have different preferences for K and R at different positions [53]. For example, lysine
in position P2 can greatly enhance the processing efficiency of furin-like enzymes. In one study,
20 (52%) out of the 38 cleavage motifs comply with furin specific sequences were R—X—K-R
and 11 (29%) were R—X-R-R giving preferences for lysine over arginine in this position
[54]. Intriguingly, the majority of HPAIVs H5/H7 possessed lysine at position P2 [22],
resembling the T32’K in this study which may support our assumption.

In conclusion, the insertion of additional basic aa in the polybasic CS compromised H4N2
replication and transmission in chickens which were restored by reassortment with HPAIV
H5N1. Therefore, due to the negative impact of the polybasic CS on virus fitness, sudden
evolution of HPAIV H4NZ2 in nature is unlikely. Although it remains speculative, the evolution
of natural HPAIV H4N2 will require firstly reassortment with HPAIV H5N1 like gene
segments to achieve higher fitness and followed by mutations in the HA to enable wide
protease-activation. The fitness cost of the artificially induced polybasic CS as indicated by
poor transmission and replication of H4N2 viruses carrying K3, R%’ or H5N2-like HACS
after ON inoculation may be a strong limiting factor for evolution of non-H5/H7 HPAIVs. Such
viruses may occur as a result of error-prone RdRp activity, but they are less fit than the wild
type H4N2 viruses and most likely will be eliminated from the quasispecies.

Acknowledgments

The authors are grateful to Dajana Helke, Nadine Bock and Diana Kruhl for laboratory technical
assistance, to Glinter Strebelow for his assistance in sequencing, to Dr. Christine Fast, Bérbel
Hammerschmidt, Felix Winter, Frank Klipp, Mathias Jan, Harald Manthei, Doreen Fiedler,
Barbel Berger, Thomas Moeritz and Ralf Henkel for their support in the animal experiments
and to Silvia Schuparis for histotechnological preparations. Dr. Jirgen Stech thankfully
provided the plasmids of H5N1 virus used in this study.

Author contributions

EMA, JV, EBF and TCM conceived and designed the study. MG, DS, AHS and EMA
conducted the animal experiments. BC provided the H4N2 virus. RU and OIF conducted the
histopathological analysis. MG conducted the statistical analysis. MG and EBF conducted the
in-vitro characterisation. EMA wrote the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by grants from the Deutsche Forschungsgemeinschaft DFG AB
567/1-1 and DFG VE780/1-1 and Collaborative Research Centre SFB1021. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of the
manuscript.

Conflict of interests
The authors declare no conflict of interest

do0i:10.20944/preprints202002.0391.v1


https://doi.org/10.20944/preprints202002.0391.v1
https://doi.org/10.3390/ijms21072353

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2020 d0i:10.20944/preprints202002.0391.v1

REFERENCES

1. Webster, R.G.; Bean, W.J.; Gorman, O.T.; Chambers, T.M.; Kawaoka, Y. Evolution
and ecology of influenza A viruses. Microbiol Rev 1992, 56, 152-179.

2. Tong, S.; Zhu, X.; Li, Y.; Shi, M.; Zhang, J.; Bourgeois, M.; Yang, H.; Chen, X
Recuenco, S.; Gomez, J., et al. New world bats harbor diverse influenza A viruses. PLoS
pathogens 2013, 9, e1003657.

3. Fouchier, R.A.; Munster, V.; Wallensten, A.; Bestebroer, T.M.; Herfst, S.; Smith, D.;
Rimmelzwaan, G.F.; Olsen, B.; Osterhaus, A.D. Characterization of a novel influenza
A virus hemagglutinin subtype (H16) obtained from black-headed gulls. J Virol 2005,
79, 2814-2822.

4. Alexander, D.J. An overview of the epidemiology of avian influenza. Vaccine 2007, 25,
5637-5644.

5. Abdelwhab el, S.M.; Veits, J.; Mettenleiter, T.C. Genetic changes that accompanied
shifts of low pathogenic avian influenza viruses toward higher pathogenicity in poultry.
Virulence 2013, 4, 441-452.

6. Steinhauer, D.A. Role of hemagglutinin cleavage for the pathogenicity of influenza
virus. Virology 1999, 258, 1-20.

7. Bosch, F.X.; Garten, W.; Klenk, H.D.; Rott, R. Proteolytic cleavage of influenza virus
hemagglutinins: primary structure of the connecting peptide between HAL1 and HA2
determines proteolytic cleavability and pathogenicity of Avian influenza viruses.
Virology 1981, 113, 725-735.

8. Klenk, H.D.; Garten, W. Host cell proteases controlling virus pathogenicity. Trends in
microbiology 1994, 2, 39-43.

9. Londt, B.Z.; Banks, J.; Alexander, D.J. Highly pathogenic avian influenza viruses with
low virulence for chickens in in vivo tests. Avian pathol 2007, 36, 347-350.

10.  Stech, O.; Veits, J.; Abdelwhab el, S.M.; Wessels, U.; Mettenleiter, T.C.; Stech, J. The
Neuraminidase Stalk Deletion Serves as Major Virulence Determinant of HSN1 Highly
Pathogenic Avian Influenza Viruses in Chicken. Sci Rep 2015, 5, 13493.

11.  Wasilenko, J.L.; Lee, C.W.; Sarmento, L.; Spackman, E.; Kapczynski, D.R.; Suarez,
D.L.; Pantin-Jackwood, M.J. NP, PB1, and PB2 viral genes contribute to altered
replication of H5N1 avian influenza viruses in chickens. J Virol 2008, 82, 4544-4553.

12. Ohuchi, M.; Orlich, M.; Ohuchi, R.; Simpson, B.E.; Garten, W.; Klenk, H.D.; Rott, R.
Mutations at the cleavage site of the hemagglutinin after the pathogenicity of influenza
virus A/chick/Penn/83 (H5N2). Virology 1989, 168, 274-280.

13.  Zhang, M.; Zhang, X.; Xu, K.; Teng, Q.; Liu, Q.; Li, X.; Yang, J.; Xu, J.; Chen, H.;
Zhang, X., et al. Characterization of the Pathogenesis of HION3, H1ON7, and H10N8
Subtype Avian Influenza Viruses Circulating in Ducks. Sci Rep 2016, 6, 34489.

14. Bonfante, F.; Fusaro, A.; Zanardello, C.; Patrono, L.V.; De Nardi, R.; Maniero, S.;
Terregino, C. Lethal nephrotropism of an HLION1 avian influenza virus stands out as an
atypical pathotype. Vet Microbiol 2014, 173, 189-200.

15.  Wood, G.W.; Banks, J.; Strong, I.; Parsons, G.; Alexander, D.J. An avian influenza virus
of H10 subtype that is highly pathogenic for chickens, but lacks multiple basic amino
acids at the haemagglutinin cleavage site. Avian pathol 1996, 25, 799-806.

16.  Wong, S.S.; Yoon, S.W.; Zanin, M.; Song, M.S.; Oshansky, C.; Zaraket, H.; Sonnberg,
S.; Rubrum, A.; Seiler, P.; Ferguson, A., et al. Characterization of an H4N2 influenza
virus from Quails with a multibasic motif in the hemagglutinin cleavage site. Virology
2014, 468-470, 72-80.

17.  Perdue, M.L.; Garcia, M.; Senne, D. Virulence-associated sequence duplication at the
hemagglutinin cleavage site of avian influenza viruses. Virus Res 1997, 49, 173-186.


https://doi.org/10.20944/preprints202002.0391.v1
https://doi.org/10.3390/ijms21072353

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2020 d0i:10.20944/preprints202002.0391.v1

18. Nao, N.; Yamagishi, J.; Miyamoto, H.; lgarashi, M.; Manzoor, R.; Ohnuma, A.; Tsuda,
Y.; Furuyama, W.; Shigeno, A.; Kajihara, M., et al. Genetic Predisposition To Acquire
a Polybasic Cleavage Site for Highly Pathogenic Avian Influenza Virus Hemagglutinin.
MBio 2017, 8.

19. Horimoto, T.; Rivera, E.; Pearson, J.; Senne, D.; Krauss, S.; Kawaoka, Y.; Webster,
R.G. Origin and molecular changes associated with emergence of a highly pathogenic
H5N2 influenza virus in Mexico. Virology 1995, 213, 223-230.

20. Suarez, D.L.; Senne, D.A.; Banks, J.; Brown, I.H.; Essen, S.C.; Lee, C.W.; Manvell,
R.J.; Mathieu-Benson, C.; Moreno, V.; Pedersen, J.C., et al. Recombination resulting in
virulence shift in avian influenza outbreak, Chile. Emerg Infect Dis 2004, 10, 693-699.

21.  Pasick, J.; Handel, K.; Robinson, J.; Copps, J.; Ridd, D.; Hills, K.; Kehler, H.; Cottam-
Birt, C.; Neufeld, J.; Berhane, Y., et al. Intersegmental recombination between the
haemagglutinin and matrix genes was responsible for the emergence of a highly
pathogenic H7N3 avian influenza virus in British Columbia. J Gen Virol 2005, 86, 727-
731.

22.  OFFLU. Influenza A Cleavage Sites. Available online at:
http://www.offlu.net/fileadmin/home/en/resource-
centre/pdf/Influenza_A_Cleavage Sites.pdf (Last accessed 26-07-2018). 2018.

23. Lee, C.W.; Swayne, D.E.; Linares, J.A.; Senne, D.A.; Suarez, D.L. H5N2 avian
influenza outbreak in Texas in 2004: the first highly pathogenic strain in the United
States in 20 years? J Virol 2005, 79, 11412-11421.

24, Horimoto, T.; Kawaoka, Y. Molecular changes in virulent mutants arising from
avirulent avian influenza viruses during replication in 14-day-old embryonated eggs.
Virology 1995, 206, 755-759.

25.  Garten, W.; Bosch, F.X.; Linder, D.; Rott, R.; Klenk, H.D. Proteolytic activation of the
influenza virus hemagglutinin: The structure of the cleavage site and the enzymes
involved in cleavage. Virology 1981, 115, 361-374.

26.  Gohrbandt, S.; Veits, J.; Breithaupt, A.; Hundt, J.; Teifke, J.P.; Stech, O.; Mettenleiter,
T.C.; Stech, J. H9 avian influenza reassortant with engineered polybasic cleavage site
displays a highly pathogenic phenotype in chicken. The Journal of general virology
2011, 92, 1843-1853.

27. Munster, V.J.; Schrauwen, E.J.; de Wit, E.; van den Brand, J.M.; Bestebroer, T.M.;
Herfst, S.; Rimmelzwaan, G.F.; Osterhaus, A.D.; Fouchier, R.A. Insertion of a
multibasic cleavage motif into the hemagglutinin of a low-pathogenic avian influenza
H6N1 virus induces a highly pathogenic phenotype. J Virol 2010, 84, 7953-7960.

28.  Veits, J.; Weber, S.; Stech, O.; Breithaupt, A.; Graber, M.; Gohrbandt, S.; Bogs, J.;
Hundt, J.; Teifke, J.P.; Mettenleiter, T.C., et al. Avian influenza virus hemagglutinins
H2, H4, H8, and H14 support a highly pathogenic phenotype. Proceedings of the
National Academy of Sciences of the United States of America 2012, 109, 2579-2584.

29. Scheibner, D.; Ulrich, R.; Fatola, O.1.; Graaf, A.; Gischke, M.; Salaheldin, A.H.; Harder,
T.C.; Veits, J.; Mettenleiter, T.C.; Abdelwhab, E.M. Variable impact of the
hemagglutinin polybasic cleavage site on virulence and pathogenesis of avian influenza
H7N7 virus in chickens, turkeys and ducks. Sci Rep 2019, 9, 11556.

30. Bottcher, E.; Matrosovich, T.; Beyerle, M.; Klenk, H.D.; Garten, W.; Matrosovich, M.
Proteolytic activation of influenza viruses by serine proteases TMPRSS2 and HAT from
human airway epithelium. J Virol 2006, 80, 9896-9898.

31. Moresco, K.A.; Stallknecht, D.E.; Swayne, D.E. Evaluation and attempted optimization
of avian embryos and cell culture methods for efficient isolation and propagation of low
pathogenicity avian influenza viruses. Avian Dis 2010, 54, 622-626.

32.  Stech, J.; Stech, O.; Herwig, A.; Altmeppen, H.; Hundt, J.; Gohrbandt, S.; Kreibich, A.;
Weber, S.; Klenk, H.D.; Mettenleiter, T.C. Rapid and reliable universal cloning of



http://www.offlu.net/fileadmin/home/en/resource-centre/pdf/Influenza_A_Cleavage_Sites.pdf
http://www.offlu.net/fileadmin/home/en/resource-centre/pdf/Influenza_A_Cleavage_Sites.pdf
https://doi.org/10.20944/preprints202002.0391.v1
https://doi.org/10.3390/ijms21072353

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2020 d0i:10.20944/preprints202002.0391.v1

influenza A virus genes by target-primed plasmid amplification. Nucleic Acids Res
2008, 36, e139.

33. Hoffmann, E.; Neumann, G.; Kawaoka, Y.; Hobom, G.; Webster, R.G. A DNA
transfection system for generation of influenza A virus from eight plasmids. Proc Natl
Acad Sci U S A 2000, 97, 6108-6113.

34. Alexander, D.J. Avian Influenza.
https://www.oie.int/fileadmin/Home/eng/Health standards/tahm/2.03.04 Al.pdf
(22.10),

35. Mahmood, T.; Yang, P.C. Western blot: technique, theory, and trouble shooting. North
American journal of medical sciences 2012, 4, 429-434.

36. Bertram, S.; Glowacka, I.; Blazejewska, P.; Soilleux, E.; Allen, P.; Danisch, S.; Steffen,
I.; Choi, S.Y.; Park, Y.; Schneider, H., et al. TMPRSS2 and TMPRSS4 facilitate
trypsin-independent spread of influenza virus in Caco-2 cells. J Virol 2010, 84, 10016-
10025.

37. Hoffmann, B.; Hoffmann, D.; Henritzi, D.; Beer, M.; Harder, T.C. Riems influenza a
typing array (RITA): An RT-gPCR-based low density array for subtyping avian and
mammalian influenza a viruses. Sci Rep-Uk 2016, 6, 27211.

38. Breithaupt, A.; Kalthoff, D.; Dale, J.; Bairlein, F.; Beer, M.; Teifke, J.P. Neurotropism
in blackcaps (Sylvia atricapilla) and red-billed queleas (Quelea quelea) after highly
pathogenic avian influenza virus H5N1 infection. Vet Pathol 2011, 48, 924-932.

39. Klopfleisch, R.; Werner, O.; Mundt, E.; Harder, T.; Teifke, J.P. Neurotropism of highly
pathogenic avian influenza virus A/chicken/Indonesia/2003 (H5N1) in experimentally
infected pigeons (Columbia livia f. domestica). Vet Pathol 2006, 43, 463-470.

40. Kawaoka, Y.; Naeve, C.W.; Webster, R.G. Is virulence of H5N2 influenza viruses in
chickens associated with loss of carbohydrate from the hemagglutinin? Virology 1984,
139, 303-316.

41.  Sakai, K.; Sekizuka, T.; Ami, Y.; Nakajima, N.; Kitazawa, M.; Sato, Y.; Nakajima, K.;
Anraku, M.; Kubota, T.; Komase, K., et al. A mutant H3N2 influenza virus uses an
alternative activation mechanism in TMPRSS2 knockout mice by loss of an
oligosaccharide in the hemagglutinin stalk region. J Virol 2015, 89, 5154-5158.

42. Baron, J.; Tarnow, C.; Mayoli-Nussle, D.; Schilling, E.; Meyer, D.; Hammami, M.;
Schwalm, F.; Steinmetzer, T.; Guan, Y.; Garten, W., et al. Matriptase, HAT, and
TMPRSS2 activate the hemagglutinin of HON2 influenza A viruses. J Virol 2013, 87,
1811-1820.

43. Bottcher-Friebertshauser, E.; Klenk, H.D.; Garten, W. Activation of influenza viruses
by proteases from host cells and bacteria in the human airway epithelium. Pathog Dis
2013, 69, 87-100.

44,  Soda, K.; Asakura, S.; Okamatsu, M.; Sakoda, Y.; Kida, H. HON2 influenza virus
acquires intravenous pathogenicity on the introduction of a pair of di-basic amino acid
residues at the cleavage site of the hemagglutinin and consecutive passages in chickens.
Virol J 2011, 8, 64.

45, Abdelwhab, E.M.; Veits, J.; Ulrich, R.; Kasbohm, E.; Teifke, J.P.; Mettenleiter, T.C.
Composition of the Hemagglutinin Polybasic Proteolytic Cleavage Motif Mediates
Variable Virulence of H7N7 Avian Influenza Viruses. Sci Rep-Uk 2016, 6, 39505.

46. Kandeil, A.; Bagato, O.; Zaraket, H.; Debeauchamp, J.; Krauss, S.; EI-Shesheny, R.;
Webby, R.J.; Ali, M.A.; Kayali, G. Proteolytic enzymes in embryonated chicken eggs
sustain the replication of egg-grown low-pathogenicity avian influenza viruses in cells
in the absence of exogenous proteases. J Virol Methods 2014, 202, 28-33.

47.  Joseph, U.; Su, Y.C.; Vijaykrishna, D.; Smith, G.J. The ecology and adaptive evolution
of influenza A interspecies transmission. Influenza and other respiratory viruses 2017,
11, 74-84.


https://www.oie.int/fileadmin/Home/eng/Health_standards/tahm/2.03.04_AI.pdf
https://doi.org/10.20944/preprints202002.0391.v1
https://doi.org/10.3390/ijms21072353

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2020 d0i:10.20944/preprints202002.0391.v1

48.  Stech, O.; Veits, J.; Weber, S.; Deckers, D.; Schroer, D.; Vahlenkamp, T.W.; Breithaupt,
A.; Teifke, J.; Mettenleiter, T.C.; Stech, J. Acquisition of a polybasic hemagglutinin
cleavage site by a low-pathogenic avian influenza virus is not sufficient for immediate
transformation into a highly pathogenic strain. J Virol 2009, 83, 5864-5868.

49, Li, Z.; Jiang, Y.; Jiao, P.; Wang, A.; Zhao, F.; Tian, G.; Wang, X.; Yu, K.; Bu, Z.; Chen,
H. The NS1 gene contributes to the virulence of HSN1 avian influenza viruses. J Virol
2006, 80, 11115-11123.

50. Goto, H.; Wells, K.; Takada, A.; Kawaoka, Y. Plasminogen-binding activity of
neuraminidase determines the pathogenicity of influenza A virus. J Virol 2001, 75,
9297-9301.

51.  Schulman, J.L.; Palese, P. Virulence factors of influenza A viruses: WSN virus
neuraminidase required for plaque production in MDBK cells. J Virol 1977, 24, 170-
176.

52.  Alvarado-Facundo, E.; Gao, Y.; Ribas-Aparicio, R.M.; Jimenez-Alberto, A.; Weiss,
C.D.; Wang, W. Influenza virus M2 protein ion channel activity helps to maintain
pandemic 2009 HIN1 virus hemagglutinin fusion competence during transport to the
cell surface. J Virol 2015, 89, 1975-1985.

53.  Saenger, W. Proteinase K. In Handbook of Proteolytic Enzymes, Rawlings, N.D.,
Salvesen, G., Ed. Academic Press: 2013; Vol. 3, pp 3240-3242.

54.  Thomas, G. Furin at the cutting edge: from protein traffic to embryogenesis and disease.
Nat Rev Mol Cell Biol 2002, 3, 753-766.


https://doi.org/10.20944/preprints202002.0391.v1
https://doi.org/10.3390/ijms21072353

