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The spread of avian H5N1 inﬂuenza viruses around the globe has
become a worldwide public health concern. To evaluate the
pathogenic potential of reassortant viruses between currently
cocirculating avian H5N1 and human H3N2 inﬂuenza viruses, we
generated all the 254 combinations of reassortant viruses between
A/chicken/South Kalimantan/UT6028/06 (SK06, H5N1) and A/
Tokyo/Ut-Sk-1/07 (Tok07, H3N2) inﬂuenza viruses by reverse genetics. We found that the presence of Tok07 PB2 protein in the
ribonucleoprotein (RNP) complex allowed efﬁcient viral RNA transcription in a minigenome assay and that RNP activity played an
essential role in the viability and replicative ability of the reassortant
viruses. When the pathogenicity of 75 reassortant H5 viruses was
tested in mice, 22 were more pathogenic than the parental SK06
virus, and three were extremely virulent. Strikingly, all 22 of these
viruses obtained their PB2 segment from Tok07 virus. Further analysis showed that Tok07 PB1 alone lacked the ability to enhance the
pathogenicity of the reassortant viruses but could do so by cooperating with Tok07 PB2. Our data demonstrate that reassortment
between an avian H5N1 virus with low pathogenicity in mice and
a human virus could result in highly pathogenic viruses and that the
human virus PB2 segment functions in the background of an avian
H5N1 virus, enhancing its virulence. Our ﬁndings highlight the
importance of surveillance programs to monitor the emergence of
human H5 reassortant viruses, especially those containing a PB2
segment of human origin.
inﬂuenza reassortants
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attempted to generate 63 (26 − 1 parent virus) reassortant viruses
between A/Thailand/16/04 (H5N1) and A/Wyoming/3/03 (H3N2)
viruses containing the H5N1 HA and NA genes, together with an
additional virus that had H5 HA and N2 NA genes and tested the
virulence in mice of 39 of the reassortant viruses generated. They
found that these reassortant viruses displayed a broad spectrum of
pathogenicity in the mouse model. However, all these reassortants
demonstrated attenuated pathogenicity compared with the wildtype A/Thailand/16/04 virus. These ﬁndings might suggest that,
even though reassortment between H5N1 and human H3N2
viruses is likely in nature, the generation of competitive and highly
pathogenic viruses may not be as likely as presently feared.
We therefore asked whether the ﬁndings of Chen et al. (9)
could be generalized to all the avian H5N1 and human H3N2
inﬂuenza viruses currently cocirculating. To answer this question, we systematically generated all 254 (28 − 2 parent viruses)
combinations of reassortant viruses between the avian H5N1
(A/Chicken/South Kalimantan/UT6028/06, SK06) and human
H3N2 (A/Tokyo/Ut-Sk-1/07, Tok07) inﬂuenza viruses and tested the pathogenicity in mice of 75 reassortant viruses with H5
HA genes, which potentially would pose the greatest threat to
humans. Here, we report that reassortment between avian H5N1
and human H3N2 inﬂuenza viruses indeed can generate hybrid
viruses with substantial virulence and demonstrate that the human PB2 gene is necessary but not sufﬁcient for the conversion
of H5 viruses to a highly pathogenic phenotype.
Results

T

he genome of inﬂuenza A virus is composed of eight singlestranded, negative-sense RNA segments. This unique genome
arrangement allows the exchange of gene segments between two
inﬂuenza viruses that coinfect a single host cell, a process known
as “reassortment.” Reassortment is one mechanism by which
pandemic viruses emerge and spread in immunologically naïve
human populations (i.e., by introducing HA or HA and NA genes
of avian virus origin into a human virus background), as occurred
with the 1957 H2N2 “Asian ﬂu” and the 1968 H3N2 “Hong Kong
ﬂu” (1, 2).
The H5N1 inﬂuenza virus was ﬁrst isolated from geese in 1996 in
China (3, 4). Soon afterwards, it infected 18 people in Hong Kong,
six of whom died as a result of the infection (5, 6). Since the H5N1
inﬂuenza outbreak in Asian poultry in 2003 (8), H5N1 inﬂuenza
viruses have spread to wild birds and poultry in several continents
(7) and have resulted in 442 conﬁrmed human cases and 262 deaths
(World Health Organization; http://www.who.int). Fortunately,
the H5N1 viruses still lack the ability to transmit efﬁciently among
humans. However, this obstacle may be overcome by reassortment
with cocirculating human H1N1 or H3N2 inﬂuenza viruses. The
next pandemic then will be inevitable. It therefore is important to
evaluate the pathogenicity of such reassortants. Chen et al. (9)
www.pnas.org/cgi/doi/10.1073/pnas.0912807107

Phenotyping of the Replicative Abilities of the Reassortant Viruses
Between SK06 and Tok07. To understand how pathogenic the

reassortant viruses could be to humans, we attempted to generate all of the 254 combinations of reassortants between the
SK06 and Tok07 viruses by reverse genetics. Forty-eight hours
posttransfection of plasmids in 293T cells, the supernatant was
inoculated into Madin-Darby canine kidney (MDCK) cells to
make virus stocks. Based on the titers of the virus stocks, the
reassortant viruses were categorized into four groups: (i) Highly
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replicative viruses (Table S1). Numbers in the virus names
denote the gene segments derived from Tok07 virus as follows:
1, PB2; 2, PB1; 3, PA; 4, HA; 5, NP; 6, NA; 7, M; 8, NS; for
example, “r2,3” stands for the reassortant virus containing Tok07
PB1, Tok07 PA, and its other six segments from SK06 virus. The
segments derived from SK06 virus are not shown. These viruses
grew efﬁciently in MDCK cells with titers >107 pfu/mL. This
group contained 96 viruses, 62 containing the SK06 HA gene and
34 that possessed the Tok07 HA gene. (ii) Moderately replicative
viruses (Table S2). The virus titers in this group ranged from 104
to 106 pfu/mL and comprised 68 reassortant viruses: 26 H5 and
42 H3 viruses. (iii) Low replicative viruses (Table S3). The
viruses in this group grew poorly in MDCK cells with titers
ranging from 101 to 103 pfu/mL. This group contained 20 viruses:
12 H5 and 8 H3 viruses. (iv) Nonviable viruses (Table S4). The
viruses in this group produced no visible cytopathic effects (CPE)
and did not form visible plaques in MDCK cells. Of the total 254
combinations of reassortant viruses, 70 belonged to this nonviable group. It is noteworthy that 55 of these viruses derived
their NP gene from the Tok07 virus, and 36 derived their NS
segment from the SK06 virus, suggesting possible incompatibility
between the human NP and avian NS genes.
Minigenome Assay to Determine Ribonucleoprotein Complex
Activities in Vitro. Previously, by using a minigenome assay, we

demonstrated that the replication and transcription activity of the
ribonucleoprotein (RNP) complex is a restricting factor for inﬂuenza
virus reassortment (10). Therefore, to evaluate the possible relationship between RNP activity and the differences in viability and
replicative ability of our reassortant viruses, we determined the
activity of the 16 combinations of RNP complex between the SK06
and Tok07 viruses by measuring the activity of luciferase, which
was encoded by a virus-like genome. As shown in Fig. 1, at 37 °C the
RNP complex of the wild-type Tok07 virus, TPB2TPB1TPATNP (“T’
indicates Tok07 virus) exhibited the highest activity of all of the
16 combinations tested. The RNP activity of the wild-type SK06
virus, SPB2SPB1SPASNP (“S” indicates SK06 virus) was ≈40% of
that of TPB2TPB1TPATNP. It is noteworthy that all the seven hybrid
RNP combinations containing Tok07 PB2 protein showed higher
activity than the RNP combination SPB2SPB1SPASNP. Strikingly, the
RNP activity of combinations SPB2SPB1TPASNP, SPB2TPB1TPASNP,
SPB2SPB1TPATNP, and SPB2TPB1TPATNP, all of which contained SK06

Fig. 1. Luciferase activity of the 16 RNP combinations between the SK06
and Tok07 viruses. The minigenome reporter, pPolWSNNA F-Luc, together
with 1 of the 16 combinations of RNP complex protein plasmids (pCAGGSPB2, pCAGGS-PB1, pCAGGS-PA, and pCAGGS-NP) between the SK06 and
Tok07 viruses, was transfected into 293 cells. The transfected cells were
maintained separately at both 33 °C and 37 °C. After 48-h incubation, a dualluciferase assay was performed in which the relative ﬁreﬂy luciferase activity
was normalized to the internal control, Renilla luciferase. The values shown
are means ± SDs of three independent experiments and are standardized to
the activity of TPB2TPB1TPATNP (Tok07 PB2, Tok07 PB1, Tok07 PA, and Tok07
NP) at 37 °C.
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PB2 and Tok07 PA proteins, were signiﬁcantly reduced compared
with those of TPB2TPB1TPATNP and even SPB2SPB1SPASNP. These
ﬁndings mirror our previous ﬁndings with A/equine/Prague/1/56
(H7N7) and A/Yokohama/2017/03 (H3N2) reassortants, suggesting
that compatibility among polymerase subunits is a determinant of
RNP activity and reassortment (10). At 33 °C, the RNP activity of
SPB2SPB1SPASNP dropped substantially compared with its actvity at
37 °C. However, even at 33 °C, the RNP complex of TPB2TPB1TPATNP
still exhibited 36% of the activity observed at 37 °C. Of note, except
for TPB2TPB1TPATNP, the seven RNP combinations containing
Tok07 PB2 protein retained considerable RNP activity at 33 °C. We
then further analyzed our virus rescue data by correlating them with
the RNP activity. All 96 viruses in the highly replicative group possessed RNP complexes with high activity in the minigenome assay
(see the RNP combinations SPB2SPB1SPASNP and SPB2TPB1SPASNP
and the eight RNP combinations containing human PB2 protein),
with only three exceptions (see viruses r2,3, r5,7,8, and r2,5,7,8 in
Table S1) that could grow up to 107 pfu/mL after 72-h incubation on
MDCK cells. By contrast, the RNP activity for most of the viruses in
the nonviable group was low. For example, none of the 32 viruses with
the RNP combinations SPB2SPB1TPATNP or SPB2TPB1TPATNP could
be rescued (Table S4), and these two combinations had the lowest
RNP activity in the minigenome assay. These results conﬁrm our
previous ﬁnding that RNP activity plays an important role in the
viability and replicative ability of reassortant viruses (10).
Pathogenicity of Reassortant Viruses in Mice. First, we tested the
pathogenicity of the parental viruses in mice. SK06 virus was not
highly pathogenic [mouse LD50 (MLD50) = 104.0 pfu], and, of
note, human Tok07 virus did not kill any mice even when they were
infected with 106.5 pfu of viruses. We then performed pathogenicity testing in mice for all the 75 reassortant viruses that met
the two criteria of possessing SK06 HA and having a virus stock
titer higher than 106 pfu/mL. A total of 62 viruses in the highly
replicative group and 13 viruses in the moderately replicative
group met these criteria. We chose the reassortant viruses with the
SK06 H5 HA because a pandemic is most likely to be caused by an
HA subtype to which humans do not have immunity. For each
virus, four mice were inoculated intranasally with 104.0 pfu of virus
and were observed daily for 14 days for body weight changes and
survival. The viruses were divided into three groups based on their
pathogenicity in mice. (i) Less pathogenic viruses (Table 1): All
four mice inoculated with this group of viruses survived the
infection. Therefore, the MLD50 was ≥ 104.5 pfu. Mice infected
with most of the viruses in this group experienced an increase in
body weight at the end of the observation period (with a few
exceptions; see viruses r3, r7, r1,8, r2,3, r3,7, and r1,3,6,7). Among
the 75 viruses tested, 32 viruses in the highly replicative group
and all 13 viruses in the moderately replicative group were less
pathogenic than the SK06 virus. (ii) Viruses with pathogenicity
similar to that of SK06 (Table 2 and Fig. 2A): This group comprised eight viruses that were as pathogenic as the SK06 virus. One,
two, or three of the four mice died after infection with 104.0 pfu of
these viruses. The MLD50 was determined further to be between
103.8 and 104.3 pfu. All mice infected with these viruses demonstrated various degrees of weight loss by the end of the observation
period. The mean survival times were >10 days for all mice
infected with viruses from this group. (iii) Viruses more pathogenic than SK06 (Table 3 and Fig. 2B): All four mice died when
infected with 104.0 pfu of one of these 22 viruses. Substantial body
weight loss was observed for all mice infected with these viruses,
and the mean survival times were <10 days for most of the viruses
(with three exceptions: r1,2,3,6, r1,3,5,7, and r1,3,7,8). Importantly, 10 viruses were lethal to mice with an MLD50 ≤100 pfu. Of
these viruses, r1, r1,2, and r1,2,8 killed mice with ≤10 pfu. All these
more pathogenic viruses belonged to the highly replicative group
that had a titer >107 pfu/mL on MDCK cells (Table S1). A common feature of these viruses is that their PB2 segment was derived
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Virus
No.
2
7
8
15
16
19
20
21
34
35
47
70
71
72
91
92
97
115
116
127
146
147
171
179
182
192
197
226
228
233
238
251
3
25
33
52
69
104
124
125
126
167
169
189
225

Virus
Virus segments
MLD50
name
PB2 PB1 PA HA NP NA M NS (pfu)
r2
104.5
r7
104.5
r8
104.5
r1,8
104.5
r2,3
104.5
r2,6
104.5
r2,7
104.5
r2,8
104.5
r6,7
104.5
r6,8
104.5
r1,3,8
104.5
r2,6,7
104.5
r2,6,8
104.5
r2,7,8
104.5
r5,7,8
104.5
r6,7,8
104.5
r1,2,3,8
104.5
r1,3,6,7
104.5
r1,3,6,8
104.5
r1,6,7,8
104.5
r2,5,7,8
104.5
r2,6,7,8
104.5
r1,2,3,6,8
104.5
r1,2,5,6,7
104.5
r1,2,6,7,8
104.5
r1,3,6,7,8
104.5
r1,5,6,7,8
104.5
r1,2,3,5,6,8
104.5
r1,2,3,6,7,8
104.5
r1,2,5,6,7,8
104.5
r1,3,5,6,7,8
104.5
r1,2,3,5,6,7,8
104.5
r3
104.5
r3,7
104.5
r5,8
104.5
r1,5,6
104.5
r2,5,8
104.5
r1,2,5,8
104.5
r1,5,6,7
104.5
r1,5,6,8
104.5
r1,5,7,8
104.5
r1,2,3,5,6
104.5
r1,2,3,5,8
104.5
r1,3,5,6,7
104.5
r1,2,3,5,6,7
104.5

Weight
MST
change (%) (days)
+0.1
> 14
16.1
> 14
+14.1
> 14
15.0
> 14
10.5
> 14
+14.9
> 14
+12.5
> 14
+21.3
> 14
+11.6
> 14
+7.8
> 14
+11.8
> 14
+12.7
> 14
+12.1
> 14
+18.9
> 14
+14.8
> 14
+12.4
> 14
+13.0
> 14
11.4
> 14
+12.1
> 14
+15.7
> 14
+7.1
> 14
+14.1
> 14
+7.0
> 14
+12.2
> 14
+12.8
> 14
+11.5
> 14
+16.0
> 14
+15.4
> 14
+21.0
> 14
+9.6
> 14
+12.8
> 14
+9.9
> 14
6.2
> 14
4.5
> 14
+9.7
> 14
+3.9
> 14
+21.3
> 14
+10.4
> 14
+13.9
> 14
+10.4
> 14
+16.0
> 14
+10.7
> 14
+16.1
> 14
+13.0
> 14
+4.1
> 14

In the virus name “r” denotes “reassortant.” The numbers in the virus
name indicate segments derived from the Tok07 virus as follows: 1, PB2; 2,
PB1; 3, PA; 4, HA; 5, NP; 6, NA; 7, M; and 8, NS. The virus segments derived
from the SK06 virus were not assigned numbers. Gene segments derived
from Tok07 and SK06 viruses are shown in gray and rose, respectively. The
last 13 viruses from r3 to r1,2,3,5,6,7 were derived from the moderately
replicative group; all other viruses were from the highly replicative group.
The pathogenicity of the reassortant viruses was determined as described in
Materials and Methods. The weight change was determined from four mice
in each group infected with 104 pfu of virus [relative weight change from
days postinoculation (dpi) 0 to the weight at dpi 14]. None of these viruses
killed mice at 104 pfu. Therefore, the MLD50 was assigned as ≥ 104.5 pfu and
was not determined further. +, mice had increased body weight; −, mice had
body weight loss; MST, mean survival time of the mice infected with 104 pfu.

from the Tok07 virus. Although the introduction of Tok07 PB2
into the SK06 virus backbone did not necessarily result in a more
pathogenic phenotype, our data suggest that human PB2 is a prerequisite for the emergence of substantially virulent reassortant
viruses. For the 10 reassortant viruses with MLD50 ≤100 pfu, we
fully sequenced the virus stocks to ensure that there were no
mutations that might be responsible for the highly pathogenic
phenotype. No such mutations were found. Therefore, our data
suggest that the components of these reassortant viruses are compatible at both the viral RNA and protein levels and that the highly
pathogenic phenotype is an intrinsic property of these viruses.
All the 75 reassortant viruses we examined for pathogenicity
possessed HA from SK06 virus, which has a series of basic amino
acids at the cleavage site. The high cleavability of H5 HA protein
has been well established as a prerequisite for the high-virulence
Li et al.

Table 2. Reassortant viruses with pathogenicity similar to that
of SK06
Virus
No.
6
10
36
45
55
56
170
191
256

MLD50
Virus
Virus segments
name
PB2 PB1 PA HA NP NA M NS (pfu)
r6
104.3
r1,3
104.3
r7,8
104.3
r1,3,6
104.0
r1,6,7
104.0
r1,6,8
103.8
r1,2,3,6,7
104.3
r1,3,5,7,8
104.3
SK06
104.0

Weight
MST
change (%) (days)
13.6
12.8
19.4
13.5
18.5
13.5
16.5
13.3
18.9
12.3
15.9
13
17.8
13
15.4
12.8
8.3
13

Symbols and nomenclature of the viruses are as in Table 1. The weight
change was determined from four mice in each group infected with 104 pfu
of virus (relative weight change from dpi 0 to the weight of the mice on the
day they started to die or were euthanized). The MLD50 was further determined from groups of four mice.

phenotype of H5N1 inﬂuenza viruses in mammals (11). Our data
clearly demonstrated that human PB2 is the principal determinant for the pathogenicity of these reassortant viruses. Therefore, to achieve a better understanding of the contributions to
pathogenicity made by the other human virus genes of the
reassortant viruses, we analyzed pathogenicity data of singlegene reassortant viruses each containing one gene from the
human virus and found that, except for PB2, none of the human
virus genes in isolation could increase the pathogenicity of the
virus (see viruses r2, r3, r7, and r8 in Table 1; r6 in Table 2; and
r1 in Table 3). With respect to the speciﬁc role of each human
virus gene, we found that human PB1 alone did not increase the
pathogenicity of the reassortant viruses, because all 11 viruses
containing Tok07 PB1 with SK06 PB2 (see viruses r2, r2,3, r2,6,
r2,7, r2,8, r2,5,8, r2,6,7, r2,6,8, r2,7,8, r2,5,7,8, and r2,6,7,8)
exhibited low pathogenicity in mice with MLD50 ≥104.5 pfu
(Table S5). Without exception, however, the viruses containing
Tok07 PB1 as well as Tok07 PB2 exhibited enhanced pathogenicity or pathogenicity similar to that of corresponding viruses
possessing SK06 PB1 and Tok07 PB2. For example, the pathogenicity was increased when the virus pair r1,3/r1,2,3 was com-

Fig. 2. Survival of mice inoculated with 104 pfu of reassortant viruses.
Groups of four mice were anesthetized with isoﬂurane and were inoculated
intranasally with 104 pfu of virus. Body weight and survival status were
checked daily. (A) Viruses with pathogenicity similar to that of SK06. (B)
Viruses more pathogenic than SK06.
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Table 1. Reassortant viruses of lower pathogenicity than that
of SK06

Table 3. Reassortant viruses of higher pathogenicity than that
of SK06
Virus
No.
1
9
13
14
37
40
41
42
46
57
95
96
105
106
107
113
117
168
172
180
181
227

Virus
Virus segments
MLD50
name
PB2 PB1 PA HA NP NA M NS (pfu)
r1
3.2
r1,2
1.8
r1,6
17.8
r1,7
102.0
r1,2,3
103.3
r1,2,6
17.8
r1,2,7
56.2
r1,2,8
10
r1,3,7
102.5
r1,7,8
103.3
r1,2,3,6
103.0
r1,2,3,7
56.2
r1,2,6,7
103.5
r1,2,6,8
102.0
r1,2,7,8
56.2
r1,3,5,7
103.5
r1,3,7,8
102.5
r1,2,3,5,7
103.3
r1,2,3,7,8
102.5
r1,2,5,6,8
102.8
r1,2,5,7,8
102.3
r1,2,3,5,7,8
102.5

Weight
MST
change (%) (days)
(> 20.0)
7.3
(> 20.0)
7
(> 20.0)
7.8
(> 20.0)
7.3
(> 20.0)
7.8
(> 20.0)
6.8
(> 20.0)
8
(> 20.0)
7.3
(> 20.0)
7
(> 20.0)
9
(> 20.0)
11.8
(> 20.0)
6
16.7
8.5
(> 20.0)
7.5
(> 20.0)
7
(> 20.0)
11.5
(> 20.0)
11.8
(> 20.0)
9.3
(> 20.0)
8.8
(> 20.0)
9.3
(> 20.0)
7
(> 20.0)
8.8

Symbols and nomenclature of the viruses are as in Table 1. The weight
change was determined from four mice in each group infected with 104 pfu
of virus (relative weight change from dpi 0 to the weight of the mice on the
day they started to die or were euthanized). The MLD50 was further determined from groups of four mice. − (> 20.0) denotes that the mice lost >20%
of their body weight.

pared and was similar for virus pair r1/r1,2 (Table S5), suggesting
a close partnership between PB1 and PB2 proteins in forming
the RNP complex and in overall functioning.
Human virus NP in the SK06 background usually attenuated
the viruses in mice. Of the 75 reassortant viruses tested, 25
viruses contained Tok07 NP (Table S6). The MLD50 was ≥ 104.5
for 19 of these viruses. The other six viruses were attenuated
when compared with the corresponding viruses that derived their
NP from SK06 virus (with only one exception, virus pair
r1,2,3,7,8/r1,2,3,5,7,8, in which both viruses had an MLD50 of
102.5 pfu; Table S6). By analyzing other human virus segments in
the same way, we found that Tok07 PA (Table S7), Tok07 NA
(Table S8), and Tok07 NS (Table S9) also attenuated the
pathogenicity of the reassortant viruses, with a few exceptions
(for Tok07 PA, see the MLD50 of virus pairs r1,7,8/r1,3,7,8 and
r1,5,7,8/r1,3,5,7,8; for Tok07 NA, see virus pairs r1,3/r1,3,6, r1,8/
r1,6,8, r1,2,3/r1,2,3,6, and r1,2,5,8/r1,2,5,6,8; and for Tok07 NS,
see virus pair r1,2,3,5,7/r1,2,3,5,7,8).
The inﬂuence of Tok07 M on pathogenicity was largely
dependent on the speciﬁc combination of reassortant viruses
(Table S10). In the absence of Tok07 PB2, all 11 viruses containing Tok07 M were of low pathogenicity (MLD50 ≥104.5 pfu)
or showed pathogenicity similar to that of the parental SK06
virus. In the presence of Tok07 PB2, however, the pathogenicity
was increased in some reassortant viruses (e.g., r1,3/r1,3,7) but
was attenuated in others (e.g., r1,2/r1,2,7).
Taken together, our data suggest that human PB2 is indispensible for reassortant viruses to be virulent to mice. Human
PB1 alone lacks the ability to increase virus pathogenicity in mice
but could do so in cooperation with human PB2. Other human
segments, including PA, NP, NA, and NS, usually attenuated the
reassortant viruses, whereas the inﬂuence of the human M segment varied depending on the speciﬁc gene combination of the
reassortant virus.
Discussion
We systematically attempted to generate all of the 254 combinations of reassortant viruses between two currently cocirculating avian H5N1 and human H3N2 inﬂuenza viruses to evaluate
4690 | www.pnas.org/cgi/doi/10.1073/pnas.0912807107

their pathogenic potential. Our data demonstrate that the gene
segments of these two viruses are largely compatible, resulting in
184 reassortant viruses with different replicative abilities and
70 nonviable viruses. Pathogenicity experiments performed with
75 H5 reassortant viruses showed that 22 viruses were more
pathogenic for mice than the parental SK06 virus. Strikingly,
three viruses exhibited substantial lethality for mice with MLD50s
of ≤10 pfu. Our data suggest that of the eight segments in the
human virus, Tok07 PB2 is indispensible for the conversion of
reassortant H5 viruses into the highly pathogenic phenotype and
that, in contrast to the ﬁndings of Chen et al. (9), viruses with
substantial virulence indeed can be generated by reassortment of
avian H5N1 and human H3N2 viruses. Our study thus provides
valuable information for preparedness for future pandemics that
could be caused by reassortants between avian H5N1 and human
inﬂuenza viruses, including the recently emerged pandemic
H1N1 virus.
While we were working on this study, Chen et al. (9) published
data on reassortment between A/Wyoming/3/03 (H3N2) and
A/Thailand/16/04 (H5N1) viruses, both of which are human isolates. They attempted to generate the 63 reassortant viruses
bearing the H5 HA and N1 NA genes with the remaining segments
as combinations of the two parental viruses plus one extra single
gene reassortant virus, r6, possessing the A/Wyoming/3/03 NA in
the background of the A/Thailand/16/04 virus. For the 39 viruses
they generated, pathogenicity was assessed in a mouse model.
The MLD50 for the wild-type A/Thailand/16/04 virus was 101.8
pfu. Surprisingly, the most virulent reassortant virus in their study
was the r6 virus (MLD50 = 102.2 pfu), whereas the corresponding
r6 virus (see virus r6 in Table 2 and Fig. 2A) in our study exhibited
pathogenicity similar to that of the wild-type SK06 virus. Most
importantly, in the Chen et al. study (9), none of their reassortant
viruses were more virulent than the wild-type H5N1 virus.
The differences between our data and those of Chen et al. (9)
may stem partly from the choice of parental H5N1 viruses in the
two studies. The H5N1 viruses have been shown to acquire
enhanced pathogenicity by a glutamic acid-to-lysine mutation at
position 627 in the PB2 protein (11, 12). Unlike Chen’s study (9),
we demonstrate that H5 viruses with increased pathogenicity in
mice can be generated by reassortment between low-pathogenic
avian H5N1 and human H3N2 inﬂuenza viruses and that the
human virus PB2 segment functions in the background of an
avian H5N1 virus and enhances its virulence.
We used an H5N1 virus of avian origin in this study because
most of the current human cases of H5N1 virus infection have
been characterized by contact with sick poultry or poultry
products (13, 14). Therefore, the emergence of reassortant H5
viruses with pandemic potential most likely will occur through
reassortment when a person infected with a seasonal human
inﬂuenza virus comes into contact with H5N1 virus-infected
poultry or poultry products. This scenario is more likely now
because of the cocirculation of multiple lineages of avian H5N1
and human H3N2 inﬂuenza viruses around the world (15–18).
Previously, we selected two genetically distinct viruses, A/
equine/Prague/1/56 (H7N7) and A/Yokohama/2017/03 (H3N2),
to deﬁne the restricting factors for inﬂuenza virus reassortment
and found that the activity of the RNP complex is one of the most
important determinants for inﬂuenza virus reassortment (10). This
ﬁnding extends to the current study. We found that almost all
96 reassortant viruses in the highly replicative group possessed
high RNP activity in the minigenome assay, and all 32 reassortant
viruses containing the two RNP combinations with the lowest
activity (SPB2SPB1TPATNP and SPB2TPB1TPATNP) were nonviable.
The cotransfection procedure used in our previous study reﬂected
the competitiveness of the progeny viruses in the reassortment
process; however, the current study provides speciﬁc information
about the viability and replicative ability of all 254 combinations of
reassortant viruses between the two parental viruses.
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Materials and Methods
Cells and Viruses. 293 and 293T human embryonic kidney cells were maintained in DMEM supplemented with 10% FBS. MDCK cells were grown in
MEM containing 5% newborn calf serum. After infection with inﬂuenza virus,
the MDCK cells were maintained in MEM containing 0.3% BSA and 0.5 μg/mL
L-(tosylamido-2-phenyl) ethyl chloromethyl ketone-trypsin. The H5N1 (SK06)
virus was isolated from a sample collected in South Kalimantan province,
Indonesia, in November 2006 (26) and was grown in 10-day-old embryonated eggs. The H3N2 (Tok07) virus was isolated during the 2006–2007
inﬂuenza season and was propagated in MDCK cells.
Construction of Plasmids. Reverse genetics systems for the SK06 and Tok07
viruses were established by the method described by Neumann et al. (27).
Brieﬂy, the cDNAs of the SK06 and Tok07 viruses were synthesized from viral
RNAs by reverse transcription with Uni12 primer (28), ampliﬁed by PCR with
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gene-speciﬁc primers, and then were inserted into the pHH21 vector. The ORFs
for PB2, PB1, PA, and NP of both the SK06 and Tok07 viruses were inserted into
the pCAGGS/BsmBI vector for protein expression, as described previously (10).
The generation of plasmids expressing the three polymerase and NP
proteins of the WSN virus and the minigenome ﬁreﬂy luciferase reporter,
pPolWSNNA F-Luc, was described previously (10, 27).
Reverse Genetics. All reassortant viruses and the parental SK06 and Tok07
viruses were generated from plasmids as described by Neumann et al. (27).
Brieﬂy, the eight plasmids for the synthesis of viral RNA and the four
expression plasmids for WSN PB2, PB1, PA and NP proteins were transfected
into 293T cells. Forty-eight hours later, aliquots of the transfection supernatant were used to inoculate MDCK cells to produce stock viruses. With two
exceptions [r1,2,3,7,8 and r1,2,6,7,8, which were harvested 24 hours post
infection (hpi)], the viruses were harvested 48 hpi when obvious CPE were
observed or were harvested 72 hpi if the MDCK cells showed no CPE or only
unobvious CPE at 48 hpi. The titers of the stock viruses were determined by
plaque assay on MDCK cells. All experiments with live viruses and with
transfectants generated by reverse genetics were performed in an enhanced
biosafety level 3 containment laboratory approved for such use by the Centers
for Disease Control and Prevention and the US Department of Agriculture.
Luciferase Assay. A dual-luciferase reporter assay system (Promega) was used
to compare the activities of viral RNP complexes. Brieﬂy, the construct
pPolWSNNA F-Luc (0.05 μg) was transfected into 2 × 105 293 cells together
with 0.5 μg each of the four protein expression plasmids, pCAGGS-PB2,
pCAGGS-PB1, pCAGGS-PA and pCAGGS-NP, for each of the 16 possible RNP
combinations between the SK06 and Tok07 viruses. The assay was performed at both 33 °C and 37 °C. At 48 hours post-transfection, luciferase
activities were measured on a GloMax 96 microplate luminometer (Promega). As an internal control, pGL4.74[hRluc/TK] (Promega) was used (29).
Mouse Experiments. Reassortant H5 viruses whose HA gene was derived from
the SK06 virus and which grew to titers >106 pfu/mL in MDCK cells were
tested for pathogenicity in 6-week-old Balb/C mice (Jackson Laboratory).
For each virus, four mice were lightly anesthetized with isoﬂurane and
inoculated intranasally with 104 pfu of virus in 50 μL PBS. The mice were
observed for 14 days after inoculation, and their body weight and survival
status were checked daily. Mice that lost >20% of their body weight were
euthanized. If the test virus did not reduce the body weight of any of the
mice by >20%, the MLD50 was designated as ≥104.5 pfu. For viruses that
killed mice at 104 pfu, the MLD50 was reﬁned further by testing additional
groups of four mice.
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It is noteworthy that the activities of the RNP complexes
containing SK06 PB2 protein decreased dramatically when the
minigenome assay was performed at 33 °C rather than at 37 °C,
probably because of the presence of glutamic acid (a known
determinant of temperature sensitivity in RNA replication of
avian inﬂuenza viruses) at position 627 in the PB2 protein of
SK06 virus (19). The presence of human Tok07 PB2 protein in 8
of the 16 RNP combinations led to sustained replication and
transcription activity in the minigenome assay at 33 °C, without
exception. Therefore, we anticipate that the introduction of the
human PB2 segment into a reassortant virus could confer efﬁcient growth at the lower temperature of the upper respiratory
tract of humans, an ability that is critical for efﬁcient transmission of pandemic viruses among humans (20). To initiate
pandemics, inﬂuenza viruses also need to acquire human-like
receptor-binding speciﬁcity with α2,6-linked sialic acid (21–23),
an ability that has been partially achieved by some H5N1 human
isolates (7, 24, 25).
In summary, we attempted to generate all the possible 254
combinations of reassortant viruses between human H3N2 and
avian H5N1 inﬂuenza viruses that could pose a threat to public
health. Our study elucidated the speciﬁc role of each human
virus segment in the pathogenicity of reassortant H5 viruses and
found that the introduction of the human PB2 segment into the
reassortant viruses is crucial to convert them to a highly pathogenic phenotype. Our ﬁndings suggest that high pathogenicity, an
important viral property in determining the magnitude of a
pandemic, could occur as a result of reassortment between avian
H5N1 and human H3N2 inﬂuenza viruses and highlight the
importance of vaccination programs against both avian H5N1
and human H3N2 inﬂuenza viruses, at least for people at high
risk of exposure to avian H5N1 inﬂuenza viruses, such as poultry
workers and medical personnel.
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