














PFU titers after 4 h postincubation. The Lp_Triple virus was as
stable as the Lp_R536 and Hp viruses, while Lp and Lp_T436 lost
infectivity significantly. Lp_L450 and Hp_HA473 had moderate
reductions in infectious titers (Fig. 5B). These results may indicate
that R536 is more important than the other mutations for heat
stability of the virus.

Mutations in HA2 did not change the resistance of the Italian
H7N1 viruses to different pHs. Resistance of influenza viruses
to low pH is known to be crucial for persistence of the virus in
the environment (26). Incubation of Lp, Lp_T436, Lp_L450,
Lp_R536, Lp_Triple, and Hp viruses at pHs from 4 to 7.4 for 30
min did not change the infectivity of the viruses in cell culture. All
viruses remained comparably active regardless of the pH value
and grew at the same level after 8 h of incubation on CEK cells at
37°C (Fig. 5C).

In addition to HA1, mutations in HA2, and insertion of the
mCS also significantly altered the plaque size of H7N1 viruses.
All viruses with mCS replicated well without the addition of
trypsin on MDCKII cells. Conversely, Lp virus required trypsin
for induction of significantly bigger plaques than in the absence
of trypsin (Fig. 5D). There was no statistical significance to the
sizes of plaques of the Hp and Lp in the presence of trypsin
(P � 0.9964). However, Lp_HA1, Lp_HA2, Lp_CS445, and
single or triple HA2 mutants produced significantly bigger
plaques than Lp.

L450 reduced the pH of membrane fusion in QM9 cells. To
investigate the impact of HA2 mutations on the pH activation of
H7N1 virus at pH 4.0, 4.2, 4.4, 4.6, 4.8, 5.0, and 6.0, QM9 cells
were transfected with plasmids containing HA from Hp or Lp HA
with the mCS and the single mutation T430, L450, or R536 1 day

FIG 4 Virus shedding and tissue tropism 4 days postinoculation of SPF chickens. (A) Mean amounts of virus excreted at day 4 postinoculation from the oral and
cloacal swabs as estimated by plaque assay on MDCK cells. (B) Detection of influenza virus NP by immunohistochemistry in lungs, heart, and brain (bright red
staining); data on the full tropism of all viruses are available upon request.
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before activation and fixed 4 h postactivation. The highest pH at
which cell-cell membrane fusion was induced in cells transfected
with HA from Hp or Lp_CS445 with T436, L450, or R536 was 5,
4.8, 4.6, or 4.8, respectively.

Mutations in HA2 did not enhance the cleavability of HA.
The cleavabilities of the HA proteins were compared using West-
ern blot analyses of CEK cells inoculated at an MOI of 1 for 6 h.
The Lp and Hp_HA473 were not efficiently cleaved in the absence
of trypsin, whereas viruses possessing mCS445 were cleaved into
HA1 and HA2 without appreciable differences between them.
Lp_CS28 was cleaved most efficiently (Fig. 5E). Therefore, the
mutations in HA2 had no obvious influence on the cleavability of
the HA protein.

Molecular modeling showed that T436 and L450 reside in the
long HA2 coiled-coil helix. Mutations in HA1 (except for one

mutation in the signal peptide) are in the head domain (Fig. 5F),
whereas mutations in HA2 are located in the stem domain or in
the C-terminal region (K536R). T436 is sterically closer to the
cleavage site than L450, which resides in the distal tip of the long
coiled-coil helix (Fig. 5F). R536 is located immediately after the
membrane anchor region, the first amino acid of the cytoplasmic
tail (27). Insertion of CS445 probably increased the exposed sur-
face of the CS of Lp473 more than insertion of CS28 with five basic
amino acids (Fig. 5F).

DISCUSSION

In this report, we determined the virulence markers of HPAIV
H7N1 in chickens, which emerged in Italy in 1999 after extensive
circulation of the LPAIV precursor for about 9 months. The
HPAIV differs from the LPAIV ancestor by a unique multibasic

FIG 5 In vitro characterization of selected viruses reverse engineered in this study. (A) Replication kinetics as estimated by plaque test at 1, 8, 24, 48, and 72 h
postinoculation of CEK cells at an MOI of 0.001 PFU/cell. (B) Heat stability at 50°C for 1, 2, 3, and 4 h. (C) Stability after incubation of viruses at pH 4, 4.5, 5, 5.5,
6, 7, or 7.4. (D) Sizes of plaques at MDCKII cells. (E) Cleavability of the HA of recombinant viruses 6 h after inoculation of CEK cells at an MOI of 1 in the absence
of trypsin. (F) Predicted tertiary structure of the HA protein showing mutations in the HA of Lp versus Hp (pink) and variable cleavage site motifs (yellow in Lp,
cyan in Lp_CS28, and red in Hp). The error bars represent the standard deviations of different replicates. The asterisks indicate P values of � 0.05.
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cleavage site and 34 mutations in the whole genome, including 10
nonsynonymous mutations in the HA protein. Our findings indi-
cated that the HA protein is the virulence determinant of the virus
in chickens, where the mCS alone was not sufficient to express
high virulence after oculonasal inoculation. Three mutations in
the HA2 domain act synergistically to maintain high replication
efficiency, full virulence, effective transmission, and systemic
spread in chickens.

In this study, LPAIV carrying the complete HA of HPAIV
H7N1 killed all infected chickens, whereas chickens infected
with HPAIV carrying HA from LPAIV H7N1 survived, indicat-
ing that HA is the prime determinant of virulence, which is in
accordance with the central dogma for pathogenicity of AIV
(28). Another study (as well as our unpublished data) showed
that the NS1 gene segment of Italian HPAIV did not increase
the virulence of LPAIV H7N1 in chickens (29). Altering the
mCS of HPAIV into a monobasic motif resulted in low viru-
lence, while introduction of the authentic mCS into LPAIV
increased virulence, enhanced systemic spread, and increased
viral excretion in chickens, but to levels lower than those ob-
served with authentic HPAIV. This indicates that the mCS is
required for virulence but is not sufficient for exhibition of full
virulence. It has been reported that few H5N1/H5N2 viruses
(30), as well as an American H7N2 virus (31) with mCS, exhib-
ited only mild clinical signs, if any, in chickens. Increasing the
number of basic amino acids from 3 or 4 in the parent viruses to
5 or 6 changed some H5/H7 viruses into HP phenotypes in
chickens, as estimated by the IVPI (31–33). Interestingly, the
LPAIV H7N1 in this study, harboring the mCS motif PEIPKR
RRR*G from HPAIV H7N7 with 5 basic amino acids, was even
less virulent than the mCS PEIPKGSVRR*G-containing virus.
This probably indicates that the motif is either incompatible or
suboptimal for the exhibition of full virulence of Lp and an
additional number of basic amino acids or further mutations
elsewhere (e.g., in HA2) are required. It is worth pointing out
that the IVPI of viruses containing the authentic mCS in this
study did not correlate with the pathogenicity index after inoc-
ulation via the oculonasal, natural route. Hence, all viruses
with the authentic mCS induced an IVPI that complies with the
OIE definition for HPAIV (IVPI � 1.2) but showed remarkable
differences in virulence and transmissibility after oculonasal
infection from viruses containing the HA from HPAIV. Such a
discrepancy has previously been observed in viruses of H4/H10
subtypes or anomalous H7N3 viruses (6). Moreover, forma-
tion of a loop structure bulging out from the HA may make the
CS more accessible to the furin active site (34). The tertiary-
structure modeling predicted that Lp_CS28 has a distorted
loop in the cleavage site region, whereas Lp_CS445 seems to be
protruded from the HA stem region slightly more than CS28,
although it was cleaved less efficiently than CS28 in vitro. Nev-
ertheless, the two mCS motifs provided similar tropism and
replication efficiencies. Thus, the difference in virulence could
not be explained by amino acid sequences in the CS alone but
was attributed to ancillary mutations in the HA, raising the
question of whether the mCS is a “true” virulence marker or
just a facilitator for viral spread in multiple organs.

In addition to the authentic mCS, mutations in HA2 were
required for the exhibition of full virulence in chickens. T436
and L450 are located in the stalk domain, not directly in the
vicinity of the CS, whereas R536 resides in the cytoplasmic tail.

The Q450L substitution proved to influence virulence and
transmission. A possible explanation is that the replacement of
glutamine (polar hydrophilic) in the Lp virus by leucine (non-
polar hydrophobic) in the Hp virus may affect the folding of
the HA and/or interaction with other residues (e.g., in the HA1
stalk region or trimers). Since the HA2 stem region is highly
conserved among influenza viruses and contains antigenic re-
gions (35), subsequent conformational changes may lead to
masking/altering of antigenic sites or immunogenic epitopes.
The effects of the immune response on virus replication and
virulence were not investigated in this study. A mutation in the
stalk region (among other mutations in the internal gene seg-
ments) was also obtained after serial passages of a similar Ital-
ian HPAIV H7N1 in ferrets, which rendered the virus transmis-
sible by air (36). Mutations in the stem region, very close to
T436, destabilized the structure of HA2 (37), suggesting that
stabilization probably requires R536 and L450.

It is known that the fusogenic activity of influenza virus is
triggered by the acidic pH in the endosomes, which results in
irreversible conformational changes that facilitate fusion of the
viral envelope with the endosomal membrane. The threshold of
pH activation of influenza viruses differ but mostly range from
4.6 to 6.0 (26). Impaired Lp_L450 virus replication in cell cul-
ture may be due to the reduced pH of activation compared to
Hp. In H5N1 viruses, reduced pH of activation in cell culture
by 0.3 to 0.4 unit correlated with high virulence in poultry and
altered virus replication in vitro (38, 39). Moreover, in line with
the environmental stability of the chimeric viruses at different
pHs in this study, the Italian Lp and Hp H7N1 field viruses were
stable at pH 5 and 7 for several hours (40).

According to the available gene sequences, viruses isolated
during the early HPAI H7N1 outbreaks already contained the
mCS, T436, and R536 and a few weeks later acquired the L450
mutation. Therefore, we hypothesize that the emergence of the
early HPAIV was a gradual but very fast process. First, the virus
acquired (i) the mCS, which was important to facilitate sys-
temic spread and increase replication, cleavability, and excre-
tion; (ii) T436, enhancing tissue tropism further; and (iii)
R536, conferring HA stability. Thereafter, the virus acquired
L450, resulting in maximized virulence and bird-to-bird trans-
mission. Taken together, these three unique HA2 mutations
synergistically increase the fitness of the H7N1 1999 Italian
HPAIV in vivo and in vitro.
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