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ABSTRACT

Amino acid substitutions were introduced into avian influenza virus PB1 in order to characterize the interaction between poly-
merase activity and pathogenicity. Previously, we used recombinant viruses containing the hemagglutinin (HA) and neuramini-
dase (NA) genes from the highly pathogenic avian influenza virus (HPAIV) H5N1 strain and other internal genes from two low-
pathogenicity avian influenza viruses isolated from chicken and wild-bird hosts (LP and WB, respectively) to demonstrate that
the pathogenicity of highly pathogenic avian influenza viruses (HPAIVs) of subtype H5N1 in chickens is regulated by the PB1
gene (Y. Uchida et al,, J. Virol. 86:2686-2695, 2012, doi:http://dx.doi.org/10.1128/JV1.06374-11). In the present study, we intro-
duced a C38Y substitution into WB PB1 and demonstrated that this substitution increased both polymerase activity in DF-1
cells in vitro and the pathogenicity of the recombinant viruses in chickens. The V14A substitution in LP PB1 reduced polymerase
activity but did not affect pathogenicity in chickens. Interestingly, the V14A substitution reduced viral shedding and transmissi-
bility. These studies demonstrate that increased polymerase activity correlates directly with enhanced pathogenicity, while de-

creased polymerase activity does not always correlate with pathogenicity and requires further analysis.

IMPORTANCE

We identified 2 novel amino acid substitutions in the avian influenza virus PB1 gene that affect the characteristics of highly
pathogenic avian influenza viruses (HPAIVs) of the H5N1 subtype, such as viral replication and polymerase activity in vitro and
pathogenicity and transmissibly in chickens. An amino acid substitution at residue 38 in PB1 directly affected pathogenicity in
chickens and was associated with changes in polymerase activity in vitro. A substitution at residue 14 reduced polymerase activ-
ity in vitro, while its effects on pathogenicity and transmissibility depended on the constellation of internal genes.

Inﬂuenza A virus is a negative-strand RNA virus with a genome
composed of eight segments. Viral subtypes are based on two
surface glycoproteins, hemagglutinin (HA) and neuraminidase
(NA). To date, 16 HA subtypes (H1 to H16) and 9 NA subtypes
(N1 to N9) have been identified in wild birds (1, 2). Wild water-
fowl are a natural host of influenza A viruses and serve as an
asymptomatic reservoir.

In poultry, only a small proportion of avian influenza viruses
(AIVs) are recognized as highly pathogenic avian influenza viruses
(HPAIVs) on the basis of their lethality for chickens. Multiple
basic amino acids at the HA cleavage sites of the H5 and H7 sub-
types represent one of the molecular signatures of HPAIV (3-5).
In addition to the HA cleavage site, the pathogenicity of influenza
viruses is also affected by components of the viral polymerase
complex, consisting of polymerase basic protein 2 (PB2), poly-
merase basic protein 1 (PB1), and polymerase acidic protein (PA).
Reverse genetics of influenza viruses has been used to engineer
recombinant viruses with targeted amino acid substitutions and
to examine their effects on the pathogenicity of HPAIVs. Amino
acid substitutions $224P and N383D in the PA of an H5N1
HPAIV have been found to increase polymerase activity in duck
fibroblasts, coinciding with enhanced pathogenicity in ducks (6).
The T515A substitution in the PA of another H5N1 HPAIV re-
sulted in a loss of pathogenicity in ducks when the virus was inoc-
ulated orally and reduced polymerase activity in vitro (7). The
T552S substitution in an H2N1 subtype AIV enhanced viral
growth and increased polymerase activity in mammalian cells (8).
The amino acid residue at position 627 in PB2 has been recognized
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as an important determinant of host range for influenza A viruses.
Viruses derived from avian hosts have a glutamic acid (627E) at
this position, whereas a lysine (627K) is predominant at this po-
sition in human isolates (9). Enhanced polymerase activity has
been shown to correlate with residue 627K in mammalian cells,
and both pathogenicity and mortality were increased in mice (10—
12). The Y436H substitution in the PB1 of an H5N1 HPAIV re-
sulted in a loss of pathogenicity in ducks and reduced polymerase
activity in vitro (7). Other substitutions in H5N1 HPAIV PBI,
such as V473L and P598L, reduced plaque size in Madin-Darby
canine kidney (MDCK) cells and decreased viral titers in lungs and
tracheas collected from infected mice (13). Both substitutions re-
duced polymerase activity in vitro (13). The K207R substitution in
the PB1 of an H5N1 virus was found to decrease polymerase ac-
tivity without affecting the mortality of infected mallards and mice
(7). The K480R substitution in the PBI of an A(HIN1)pdm09
virus did not affect viral replication in MDCK cells, although it
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TABLE 1 Functional consequences of amino acid substitutions in this study”

Effect” in:
DE-1 cells Chickens
Substitution Viral replication Polymerase activity Pathogenicity Transmissibility
WB — WB(L/PB1) Up* Up** Up —
LP — LP(W/PB1) Down* Down** Down —
WB — WB-PB1-C38Y No change Up** Up* —
LP(W/PB1) — LP(W/PB1-C38Y) Up* Up** Up** —
LP — LP-PB1-Y38C — Down** Down* Lost
LP — LP-PB1-V14A No change Down** No change Lost
WB(L/PB1) — WB(L/PB1-V14A) Down* Down** Down” No change

@ Up, increased by the substitution; Down, decreased by the substitution; —, data not applicable; Lost, lost transmissibility by substitution. For details, see Results. Statistically

significant differences were observed in each category (*, P < 0.05; **, P < 0.01).
b Viral titers in some organs were significantly decreased.

increased polymerase activity slightly in both mammalian and
avian cells in vitro (14).

Previously, we constructed recombinant viruses possessing
HA and NA genes from an H5N1 HPAIV strain (15). The internal
genes were derived from two different AIVs of low pathogenicity
in chickens: A/whistling swan/Shimane/580/2002 (H5N3) (WB)
and A/chicken/Yokohama/aq55/2001 (H9N2) (LP) (15). When
WB PBI was replaced with LP PBI to produce the WB(L/PB1)
construct, the mean survival time (MST) was shortened from 3.33
to 2 days postinfection (dpi). WB PBI showed the opposite effect
when it was substituted for LP PBI to construct LP(W/PB1). The
MST with LP(W/PB1) was extended to 7.5 dpi, and the survival
rate was increased from 6.7% to 50%. These results indicate that
changes in PBI alter the pathogenicity of the recombinant viruses
in chickens, despite the presence of the same surface antigen genes
as those in HPAIVs.

In this study, we compared amino acid substitutions in WB
PB1 with those in LP PB1 and identified substitutions that affect
polymerase activity by performing in vitro polymerase assays. Re-
combinant viruses with the substitutions described below were
constructed for experimental infections in chickens. Through
these analyses, we demonstrate that the C38Y substitution in PB1
consistently increased viral replication and polymerase activity in
vitro, as well as pathogenicity in chickens. However, the V14A
substitution showed variable effects on in vitro polymerase activity
and pathogenicity or transmissibility in chickens, depending on
the genetic background (Table 1).

MATERIALS AND METHODS

Viruses and cells. In this study, we used three viruses: an H5N1 subtype
HPAIV (A/chicken/Yamaguchi/7/2004 [HP]) (16), a low-pathogenicity
ALV of the H5N3 subtype (A/whistling swan/Shimane/580/2002; kindly
provided by T. Ito, Tottori University) (WB), and an HON2 subtype virus
(A/chicken/Yokohama/aq55/2001) (LP) (17).

293T cells and DF-1 cells (a chicken fibroblast-derived cell line [CRL-
12203] obtained from the American Type Culture Collection, Manassas,
VA) (18) were cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% fetal calf serum and 1% penicillin-streptomycin (10,000
U/ml penicillin; 10,000 pg/ml streptomycin). MDCK cells were cultured
in minimum essential medium (MEM) supplemented with 10% fetal calf
serum, 1% penicillin-streptomycin, and amphotericin B (Fungizone; 2.5
pg/ml). DF-1 cells were maintained at 39°C under 5% CO,. MDCK and
293T cells were maintained at 37°C under 5% CO,.

Plasmid construction. Surface genes (HA and NA) were from HP,
and internal genes (PB2, PBI, PA, nucleoprotein [NP], matrix protein
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[M], and nonstructural protein [NS]) were from A/whistling swan/Shi-
mane/580/2002 or A/chicken/Yokohama/aq55/2001. Segments were in-
serted into a pHW2000 expression vector (kindly provided by E. Hoff-
mann, G. Neumann, Y. Kawaoka, G. Hobom, and R. G. Webster, St. Jude
Children’s Research Hospital, Memphis, TN) (19) as described previously
(15). Mutations were introduced by site-directed mutagenesis with the
PrimeSTAR mutagenesis basal kit (TaKaRa, Shiga, Japan) according to
the manufacturer’s protocol and were confirmed by sequencing. The
pPoll-Luc-RT plasmid, in which the human polymerase I (Pol I) pro-
moter sequence was replaced with a chicken-derived Pol I promoter, was
used for luciferase reporter assays (kindly provided by Leo L. M. Poon,
University of Hong Kong, Hong Kong SAR, China) (20).

Luciferase assay of polymerase activity in DF-1 cells. Plasmid pPoll-
Luc-RT and pHW?2000 plasmid constructs expressing PB2, PB1, PA, or
NP were cotransfected into DF-1 cells with pGL4.74 (Promega, Madison,
WI) by using the TransIT-LT1 transfection reagent (Mirus, Madison, WT)
as recommended by the manufacturer. Twenty-four hours after transfec-
tion at 39°C under 5% CO,, cell extracts were collected, and luciferase
activity assays were conducted with the Dual-Luciferase reporter assay
system (Promega). The assay results were normalized to the activity of
Renilla luciferase, encoded by pGL4.74.

Generation of recombinant viruses. Recombinant viruses were gen-
erated by use of a reverse genetics system (19). Equal amounts of the eight
plasmid genes (PB2, PB1, PA, HA, NP, NA, M, and NS) inserted into
pHW2000 were transfected into 293T cells by using the TransIT-LT1
transfection reagent (Mirus) as reccommended by the manufacturer. After
48 h, supernatants were collected and were used to inoculate MDCK cells
in infection medium (MEM supplemented with 0.4% bovine serum albu-
min, 1% penicillin-streptomycin [10,000 U/ml penicillin and 10,000
pg/ml streptomycin], amphotericin B [2.5 pug/ml], and 3% MEM vitamin
solution) in order to propagate the recombinant viruses. Supernatants
were harvested following the observation of cytopathic effects and were
titrated to determine a 50% egg infective dose (EID5,) by the Reed-
Muench method (21). Recombinant viruses with the HA gene from HP
were handled in the biosafety level-3 facilities at the National Institute of
Animal Health, Tsukuba, Japan.

Viral kinetics in vivo. DF-1 cells in 6-well plates (1 X 10° cells/well)
were infected with 0.001 EID,,/cell of recombinant viruses, and superna-
tants were collected at 24, 48, and 72 h postinfection (hpi) and were stored
at —80°C. Tenfold serially diluted supernatants were inoculated into em-
bryonated chicken eggs in order to calculate the EID,,. Welch’s ¢ test was
conducted at each time point for statistical analysis of viral titers.

Animal experiments. Four-week-old specific-pathogen-free White
Leghorn L-M-6 chickens were obtained from Nisseiken Co., Ltd. (Tokyo,
Japan). To determine pathogenicity, chickens were inoculated intrana-
sally with viruses at 10° EID;s/100 wl, and survival rates were recorded
for 10 days. To observe the efficiency of viral transmission, 1 of the inoc-
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FIG 1 Polymerase activities of recombinant vRNPs generated from DF-1 cells (A) and kinetics of virus multiplication in DF-1 cells (B and C). (A) Polymerase
activities (means * standard deviations from six or more independent experiments) of recombinant vRNPs in DF-1 cells incubated at 39°C were measured in
luciferase reporter assays. The polymerase activity of WB was set at 100% as a reference. Double asterisks indicate P values of <0.01. (B and C) Following infection
of DF-1 cells with 0.001 EID,/cell, supernatants were collected at 24 hpi, 48 hpi, and 72 hpi, and viral titers of WB and WB(L/PB1) (B) and of LP and LP(W/PB1)
(C) were determined. Data are means = standard deviations at each time point (#, 3 replicates). Values were analyzed by Welch’s ¢ test. Single asterisks indicate

P values of <0.05.

ulated chickens and 3 naive chickens were placed in the same isolator at 24
hpi. Observation lasted for 10 days from the date of initiation of cohabi-
tation. Inoculated and naive chickens shared feed and water. All animal
experiments were conducted in the biosafety level-3 animal facilities at the
National Institute of Animal Health, Tsukuba, Japan. The experimental
procedures and care of the animals were approved by the Animal Exper-
iment Committee of the National Institute of Animal Health, Tsukuba,
Japan.

Survival analysis. Survival rates and periods were plotted as Kaplan-
Meier survival curves (22). Survival analysis was conducted using the
results of this study together with our previous results (15). Differences
between recombinant and parental viruses were analyzed by a log rank
test.

Titration of viruses in specimens from infected chickens. Tracheal
and cloacal swab specimens were collected at 3, 5, 7, and 10 dpi and upon
the death of the chickens. Swabs were dipped into transport medium
(MEM containing 0.5% bovine serum-free albumin, 25 pg/ml of ampho-
tericin B, 1,000 U/ml of penicillin, 1,000 pg/ml of streptomycin, 0.01 M
HEPES, and 8.8 mg/ml of NaHCO;). Organ, tracheal, and cloacal swab
specimens were collected from infected chickens at 24 hpi. Swabs were
dipped into transport medium, and organs were homogenized in trans-
port medium using a Precellys 24 tissue homogenizer (Bertin Technolo-
gies, Paris, France). Swabs were removed from transport medium, and
homogenized specimens were stored at —80°C until titration. Tenfold
serially diluted specimens were inoculated into embryonated chicken eggs
in order to calculate the EID,. Welch’s ¢ tests were conducted for statis-
tical analysis of viral titers at each time point and for the determination of
differences in the tissue tropisms of recombinants.

RESULTS
Exchange of the PB1 gene between WB and LP reassortants af-
fected polymerase activity and viral growth in DF-1 cells. First,
to examine whether exchanging the PBI gene affects the polymer-
ase activity of reassortants, the polymerase activities of recombi-
nant viral ribonucleoproteins (VRNPs) were measured by a lucif-
erase reporter assay in DF-1 cells in vitro (Fig. 1A). The polymerase
activity of WB(L/PB1) showed an 8-fold increase over that of WB
(P < 0.01), and the MST was shortened by 1.33 days. In contrast,
the polymerase activity of LP(W/PB1) showed a 7-fold decrease in
activity from that of LP (P < 0.01) and a longer MST than that
with LP.

Next, we examined the growth kinetics of WB and WB(L/PB1)
and of LP and LP(W/PB1) in vitro in order to see whether the
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changes observed in polymerase activity affected the growth of
viruses in DF-1 cells (Fig. 1B and C). WB(L/PB1) grew more rap-
idly than WB until 48 hpi, and the viral titers of WB(L/PB1) were
significantly higher than those of WB at 24 hpi and 48 hpi (P <
0.05) (Fig. 1B). There was no significant difference in titers be-
tween WB(L/PB1) and WB at 72 hpi. However, growth decelera-
tion of LP(W/PB1) was observed after 48 hpi (Fig. 1C). The viral
titers of LP(W/PB1) were significantly lower than those of LP at 48
hpi and 72 hpi (P < 0.05), although there were no significant
differences at 24 hpi. These results suggested that the PBI gene of
WB is involved in the lower polymerase activity and lower growth
rates of WB and LP(W/PB1) than of LP.

Contribution of the C38Y substitution in WB PB1 to en-
hanced polymerase activity and viral growth. Twenty amino acid
differences were found between the PB1 sequences of WB and LP
(Table 2). To identify the residue(s) responsible for differences in
polymerase activity, we selected 7 amino acid residues, at posi-
tions 14, 38, 52, 171, 211, 398, and 739, for a site-directed mu-
tagenesis study. The residues at positions 14 and 739 are located in
the binding domains for PA and PB2 (23, 24), and the other five
substitutions are relatively unique to WB PB1 among AIVs (Table
2). The amino acid residue at each selected site in WB PB1 was
changed to the corresponding residue found in LP PB1, and vice
versa.

In WB, a cysteine-to-tyrosine substitution at residue 38
(C38Y) of PBI resulted in higher polymerase activity than that of
wild-type WB PB1 (P < 0.01) (Fig. 2A). No significant increase in
polymerase activity was observed following substitutions of the
other 6 amino acids (Fig. 2A). The effects of C38Y in WB PB1 were
also observed when WB-PB1-C38Y was combined with LP PB2,
PA, and NP to construct LP(W/PB1-C38Y). The polymerase ac-
tivity of LP(W/PB1-C38Y) was significantly higher than that of
LP(W/PB1) (P < 0.01) (Fig. 2B). Inhibitory effects were observed
when the Y38C substitution was introduced into LP PB1. The
polymerase activities of WB(L/PB1-Y38C) and LP-PB1-Y38C
were significantly lower than those of WB(L/PB1) and LP, respec-
tively (Fig. 2C). Thus, the residue at position 38 is a key amino acid
regulating polymerase activity in WB PB1, independently of the
other components of the polymerase complex of WB or LP.

In DF-1 cells, the replication of WB-PB1-C38Y, which pos-
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TABLE 2 Amino acid differences in PB1 between WB and LP, and prevalences of WB PB1 amino acid residues in viruses isolated from avian species

and chickens from the NCBI Influenza Virus Resource

Residue in: No. (%) of strains encoding the same amino acid residue as that in WB*
Amino acid HS5N3 strains HIN2 strains H5NI strains Strains isolated from Strains isolated from avian
position WB LP (n=42) (n=501) (n=1,201) chickens (n = 1,226) species (n = 7,762)
14 A \% 39 (92.9) 269 (53.7) 144 (12.0) 445 (36.3) 6,198 (79.9)
38 C Y 1(2.4) 2 (0.4) 0(0.0) 1(0.1) 3(0.0)
52 R K 1(2.4) 6(1.2) 7 (0.6) 26 (2.1) 125 (1.6)
62 G K 40 (95.2) 385 (76.8) 1,196 (99.6) 1,131 (92.3) 7,590 (97.8)
75 E D 42 (100.0) 385 (76.8) 1,185 (98.7) 1,068 (87.1) 7,512 (96.8)
76 D N 42 (100.0) 391 (78.0) 1,159 (96.5) 1,118 (91.2) 7,562 (97.4)
111 M 1 42 (100.0) 403 (80.4) 1,193 (99.3) 1,140 (93.0) 7,636 (98.4)
157 A T 41 (97.6) 381 (76.0) 1,195 (99.5) 1,108 (90.4) 7,525 (96.9)
171 L M 1(2.4) 0(0.0) 1(0.1) 2(0.2) 10 (0.1)
172 E D 41 (97.6) 304 (60.7) 1,190 (99.1) 981 (80.0) 7,355 (94.8)
175 D N 42 (100.0) 393 (78.4) 1,180 (98.3) 1,108 (90.4) 7,264 (93.6)
211 K R 1(2.4) 25 (5.0) 22 (1.8) 38 (3.1) 173 (2.2)
214 K R 40 (95.2) 382 (76.2) 1,194 (99.4) 1,115 (90.9) 7,464 (96.2)
215 K R 9(21.4) 93 (18.6) 686 (57.1) 435 (35.5) 1,683 (21.7)
317 M \Y% 42 (100.0) 352 (70.3) 1,176 (97.9) 1,050 (85.6) 7,138 (92.0)
375 N T 29 (69.0) 325 (64.9) 1,120 (93.3) 968 (79.0) 4,616 (59.5)
387 K Q 39 (92.9) 263 (52.5) 1,156 (96.3) 949 (77.4) 7,333 (94.5)
398 N E 3(7.1) 5(1.0) 3(0.2) 6 (0.5) 26 (0.3)
621 Q K 42 (100.0) 333 (66.5) 1,184 (98.6) 1,057 (86.2) 7,457 (96.1)
739 D E 1(2.4) 11 (2.2) 2(0.2) 9(0.7) 36 (0.5)

“ Shown are the numbers of strains that were categorized into the respective criteria extracted from the NCBI Influenza Virus Resource.

sesses WB PB1 with the C38Y substitution, did not differ signifi-
cantly from that of recombinants with wild-type WB PB1 (Fig.
3A). In contrast, the viral titers of LP(W/PB1-C38Y), which pos-
sesses WB PB1 with C38Y along with the other internal genes from
LP, were significantly higher than those of LP(W/PB1) at 48 hpi
and 72 hpi (P < 0.05) (Fig. 3B).

The V14A substitution in LP PB1 reduced polymerase activ-
ity. We also examined the effects of amino acid alterations from
valine to alanine at residue 14 (V14A) and from glutamic acid to
aspartic acid at residue 739 (E739D) in LP PBI, because these
residues are located in the PA- and PB2-binding domains of PB1.
In addition, the frequency of V14 among AIVs was biased in the
H5N1 and HIN2 strains (Table 2). V14A caused a significant de-
crease in polymerase activity when combined with the PB2, PA,
and NP of LP or WB (P < 0.01) (Fig. 2C). E739D caused an
increase in activity when combined with other components from
LP (P < 0.01) but not when combined with other components
from WB. No significant differences in viral replication were ob-
served between LP and LP-PB1-V14A (Fig. 3C). The viral titer of
WB(L/PB1-V14A) was significantly lower than that of WB(L/
PB1) at 72 hpi (P < 0.05) (Fig. 3D).

The substitution at amino acid position 38 in the PB1 gene
affected pathogenicity in chickens. Survival analysis was per-
formed to examine the pathogenicities of recombinant viruses
with the PB1 C38Y substitution in chickens. The pathogenicity of
WB-PB1-C38Y was found to be higher than that of WB (P =
0.025) (Fig. 4A). The MST of chickens infected with WB was
shortened from 3.39 dpi to 2.25 dpi by the C38Y substitution
(WB-PB1-C38Y). The effect of C38Y in WB PB1 on survival was
greatly enhanced (P = 0.008) by combination with LP PB2, PA,
and NP [LP(W/PB1-C38Y)] (Fig. 4B). The survival rate of chick-
ens infected with LP(W/PB1) was decreased from 50% to 0%, and
the MST was shortened from 7.50 dpi to 3.00 dpi, by the C38Y
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substitution. In a comparison of WB with WB-PB1-C38Y, no sig-
nificant differences were observed between the viral titers in tra-
cheal and cloacal swabs or in organs collected from infected chick-
ens (Fig. 4C and E; Table 3).

The level of viral shedding at 3 dpi in tracheal swabs from
LP(W/PB1-C38Y)-infected chickens was significantly higher than
that observed with LP(W/PB1) (Fig. 4D). LP(W/PB1) showed the
maximum viral titer at 5 dpi; however, the maximum titer in
chickens infected with LP(W/PB1-C38Y) was observed at 3 dpi
(Fig. 4D). Viral titers in cloacal swabs did not differ significantly
between LP(W/PB1-C38Y) and LP(W/PB1) (Fig. 4F). No appar-
ent differences in tissue tropism were observed between LP(W/
PB1-C38Y) and LP(W/PB1) (Table 4).

To confirm that the Y residue at position 38 in PB1 regulates
HS5N1 HPAIV pathogenicity in chickens, we constructed the re-
combinant virus LP-PB1-Y38C, which possesses the Y38C substi-
tution in LP PB1. We observed by survival analysis that the patho-
genicity of LP-PB1-Y38C was reduced from that of LP (P = 0.025)
(Fig. 5A). The survival rate of chickens infected with LP-PB1-
Y38C was increased from 4.3% to 40%, and the MST was extended
from 3.77 dpi to 6.80 dpi (Fig. 5A). Viral titers in tracheal swabs
from chickens exposed to LP-PB1-Y38C were significantly lower
at 3 dpi than those from chickens exposed to LP (Fig. 5B), while no
significant differences were observed in cloacal swabs (Fig. 5C).
The transmissibility of LP-PB1-Y38C was examined in order to
determine if the decreased pathogenicity resulting from the Y38C
substitution is associated with reduced transmissibility of the re-
combinant virus. LP-PB1-Y38C was not transmitted from in-
fected chickens to any naive chickens in the same isolator (see Fig.
7), and viral titers in tracheal swabs at 4 dpi did not differ from
those observed with LP (Fig. 5B). Thus, both pathogenicity and
transmissibility were reduced by the Y38C substitution in LP PB1.
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FIG 2 Effects of PB1 amino acid substitutions on polymerase activity. (A and
B) The effects of 7 amino acid substitutions in WB PB1 on polymerase activity
were analyzed in a WB background (A) and in an LP background (B). Asterisks
indicate significant differences (P < 0.01) from WB (A) and from LP(W/PB1)
(B). (C) Three amino acid substitutions in LP PB1 were analyzed for their effects
on polymerase activity in WB and LP. Asterisks indicate significant differences
among WB(L/PB1) variants in the WB background or among LP variants in the
LP background (P < 0.01). Values are means * standard deviations for three or
more independent experiments. Statistical differences in mean polymerase activ-
ities were assessed with Bonferroni’s multiple-comparison test.

V14A in LP PBI1 reduces transmissibility in chickens. To in-
vestigate the influence of the V14A substitution in LP PB1 on the
pathogenicities of recombinants, survival analysis was performed
comparing LP with LP-PB1-V14A and WB(LP/PB1) with
WB(LP/PB1-V14A). Survival analysis revealed no significant dif-
ference between LP and LP-PB1-V14A (P = 0.764) (Fig. 6A). Sim-
ilarly, there was no significant difference between WB(L/PB1) and
WB(L/PBI1-V14A) (P = 0.317) (Fig. 6B).

11134 jviasm.org

>

—e— B --®--WB-PB1-C38Y —e— LP(W/PB1) --®=--LP(W/PB1-C38Y)

—6 —6 1

- -

£Es5 E5 4

s B

a Qy .

m4 E4

°

53 &3

o o

=2 22 -

P -

Q [ i

£1 £1

To . : So : .
s 24 48 72 S 24 48 72

Time after infection [h] Time after infection [h]

—e—|P --8--LP-PB1-V14A —e— \WB(L/PB1) --®=--WB(L/PB1-V14A)
_.6 61
) -
Es E 5 -
3 3
a a 4
84 84
53 %3
o o
22 22 -
g g
=1 £ 11
Eo To
s 24 48 72 s 24 48 72

Time after infection [h] Time after infection [h]

FIG 3 (A and B) Viral titers of recombinants possessing the C38Y substitution
in PB1 in a WB background (A) or an LP(W/PB1) background (B). (Cand D)
Viral titers of recombinants possessing the V14A substitution in PB1 in an LP
background (C) or a WB(L/PB1) background (D). Values are means * stan-
dard deviations for three replicates. Viral titers at each time point were ana-
lyzed by Welch’s t test. Asterisks indicate P values of <0.05.

Next, we compared viral shedding and tissue distribution in
chickens infected with a parental virus and those infected with a
recombinant, or in chickens infected with different recombinants;
LP was compared with LP-PB1-V14A, and WB(L/PB1) was com-
pared with WB(L/PB1-V14A). The viral titers in tracheal swabs
from LP-PB1-V14A-infected chickens were significantly lower at
3 dpi than those from LP-infected chickens (Fig. 6C), although no
significant difference in viral titers was observed with cloacal
swabs (Fig. 6E). The viral titers of LP-PB1-V14A in the lung were
decreased (Table 5). A comparison of WB(L/PB1) and WB(L/
PB1-V14A) showed that the level of viral shedding from tracheal
swabs was significantly lower for WB(L/PB1-V14A) than for
WB(L/PB1) at 1 dpi (P < 0.05) (Fig. 6D). There were no signifi-
cant differences in viral titers in cloacal swabs (Fig. 6F). A com-
parison of tissue tropism in WB(L/PB1-V14A) and WB(L/PB1)
showed a tendency for WB(L/PB1-V14A) titers to decline in most
organs; they were significantly lower in the muscle (P < 0.01),
liver (P < 0.05), trachea (P < 0.05), and tracheal swabs (P < 0.05)
(Table 6) (the same data are shown for tracheal swabs in Fig. 6D).

A transmission study was conducted to evaluate the effects of
the V14A substitution, which resulted in reduced polymerase ac-
tivity, while no change in pathogenicity was observed. LP was
transmitted to all 3 naive chickens in the same isolator as an in-
fected chicken by the end of the observation period; in contrast,
LP-PB1-V14A was not transmitted to any naive chickens in the
same isolator (Fig. 7). Tracheal and cloacal swabs were collected at
3 dpi from inoculated chickens, and the LP titers from tracheal
swabs were significantly higher than the LP-PB1-V14A titers (Fig.
6C). These results were consistent with the differences in trans-
missibility between LP and the recombinant LP-PB1-V14A virus
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FIG 4 Pathogenicities of recombinant viruses with the C38Y substitution in
WB PBI for chickens. (A and B) Survival plots for chickens infected with WB
or WB-PB1-C38Y (A) and for chickens infected with LP(W/PB1) or LP(W/
PB1-C38Y) (B). The survivability of chickens (1 = 4) was determined, and
Kaplan-Meier survival rate curves were plotted and were analyzed by the log
rank test. (C to F) Viral titers in tracheal (C and D) and cloacal (E and F) swabs
from infected chickens. Swabs were taken from chickens infected with WB or
WB-PB1-C38Y (C and E) and from chickens infected with LP(W/PB1) or
LP(W/PB1-C38Y) (D and F) at 3, 5, 7, and 10 dpi routinely and upon the
deaths of the chickens. Viral titers at 1 dpi were those obtained in the experi-
ment reported in Tables 3 and 4. Viral titers at each time point were analyzed
by Welch’s t test. Double asterisks indicate a P value of <0.01.

with reduced polymerase activity. In contrast, WB(L/PB1) was
transmitted to 2 of the 3 naive chickens, and WB(L/PB1-V14A)
was transmitted to all 3 naive chickens, during the observation
period (Fig. 7). These two viruses showed nearly identical trans-
missibility, although the titer of WB(L/PB1-V14A) from tracheal
swabs at 1 dpi was significantly lower than that of WB(L/PB1)
(Fig. 6D).

DISCUSSION

In this study, we found that the C38Y substitution in WB PB1
increased both polymerase activity in vitro and pathogenicity in
chickens. The recombinant viruses with this substitution, WB-
PB1-C38Y and LP(W/PB1-C38Y), showed higher pathogenicity
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TABLE 3 Viral titers in organs collected from chickens at 24 h after
infection with WB or WB-PB1-C38Y

Titer (log,, EID,/ml)*

WB WB-PB1-C38Y
Animal Animal Animal Animal Animal Animal

Organ or sample 1 2 3 1 2 3
Pancreas <1.20 3.38 <0.20 <0.20 3.20 2.53
Spleen <1.20 3.53 <0.20 <0.20 4.20 3.20
Muscle <1.20 3.30 <0.20 <0.20 2.20 2.20
Liver <1.20 3.92 <0.20 0.53 3.07 3.20
Bursa of Fabricius <1.20 <1.20 <0.20 <0.20 3.32 3.20
Trachea <1.20 2.06 <0.20 <0.20 3.02 2.07
Lung <1.20 545 <0.20 <0.20 3.07 2.20
Kidney <1.20 3.32 <0.20 <0.20 2.53 1.70
Heart <1.20 4.87 <0.20 <0.20 2.38 2.53
Comb <1.20 3.38 <0.20 <0.20 3.32 2.87
Wattle <1.20 4.07 <0.20 <0.20 3.02 2.20
Brain <1.20 2.32 <0.20 <0.20 3.20 3.07
Duodenum — 3.32 <0.20 <0.20 3.38 2.20
Rectum <1.20 3.92 <0.20 <0.20 3.53 3.53
Blood <1.20 3.30 <0.20 <0.20 1.20 1.38
Tracheal swab <0.20 1.95 <0.20 <0.20 1.60 0.32
Cloacal swab <0.20 <0.20 <0.20 <0.20 <0.20 <0.20

@ The detection limit was either <1.20 or <0.20 log,, EID5,/ml. —, sample not
available.

in chickens than the parental viruses WB and LP(W/PB1), respec-
tively. Previously, a correlation was reported between enhanced
polymerase activity and pathogenicity with substitutions in the PA
gene of an H5N1 strain (6). A/duck/Hubei/49/05 (DK/49) showed
higher polymerase activity in duck fibroblasts and higher patho-
genicity in ducks than A/goose/Hubei/65/05 (GS/65). When the
§224P and N383D substitutions in PA were introduced into strain
GS/65, polymerase activity and pathogenicity were enhanced (6).

TABLE 4 Viral titers in organs collected from chickens at 24 h after
infection with LP(W/PB1) or LP(W/PB1-C38Y)

Titer (log,, EID5,/ml)¢

LP(W/PB1) LP(W/PB1-C38Y)
Animal Animal Animal Animal Animal Animal

Organ or sample 1 2 3 1 2 3
Pancreas <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Spleen <0.20 <0.20 0.32 <0.20 <0.20 <0.20
Muscle <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Liver <0.20 <0.20 <0.20 0.32 <0.20 <0.20
Bursa of Fabricius  <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Trachea <0.20 <0.20 <0.20 <0.20 0.32 <0.20
Lung <0.20 <0.20 <0.20 <0.20 0.53 0.53
Kidney <0.20 <0.20 <0.20 <0.20 0.32 <0.20
Heart <0.20 <0.20 <0.20 <0.20 0.70 <0.20
Comb 0.32 <0.20 <0.20 <0.20 <0.20 <0.20
Wattle <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Brain 0.32 <0.20 <0.20 <0.20 <0.20 <0.20
Duodenum <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Rectum <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Blood <0.20 <0.20 <0.20 <0.20 <0.20 <0.20
Tracheal swab 0.32 0.45 0.30 2.07 <0.20 <0.20
Cloacal swab <0.20 <0.20 <0.20 <0.20 <0.20 0.32

“ The detection limit was <0.20 log,, EID5,/ml.
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FIG 5 Pathogenicities of recombinant viruses with the Y38C substitution in
LP PBI1 for chickens. (A) The survivability of chickens (1 = 4) was determined,
and Kaplan-Meier survival rate curves were plotted and were analyzed by the
log rank test. (B and C) Viral titers in tracheal (B) and cloacal (C) swabs taken
from infected chickensat 1, 3, 5, 7, and 10 dpi routinely and upon the deaths of
the chickens were determined. Viral titers at each time point were analyzed by
Welch’s t test. The asterisk indicates a P value of <0.05.

The E627K substitution in the PB2 of an AIV was reported to
increase polymerase activity in mammalian cells (10), and this
substitution in an H5N1 HPAIV enhanced virulence in mice (11,
12). Higher polymerase activity was also attributed to the higher
pathogenicity of A/duck/Fujian/01/2002 in mice and chickens
than of A/duck/Guangxi/53/2002 (25, 26). In the present study,
along with others, demonstrates that enhanced polymerase activ-
ity is a major determinant of enhanced pathogenicity.

PB1 serves a central role in the formation of the structural
backbone of the viral polymerase complex and has RNA polymer-
ase activity (27-29). In addition, PB1 has viral RNA (VRNA)-
binding domains (amino acids 1 to 139, 233 to 249, and 494 to
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FIG 6 Pathogenicities of recombinant viruses with the V14A substitution in
LP PBI for chickens. (A and B) Survival plots for chickens infected with LP or
LP-PB1-V14A (A) and for chickens infected with WB(L/PB1) or WB(L/PB1-
V14A) (B). The survivability of chickens (1 = 4) was determined, and Kaplan-
Meier survival rate curves were plotted and were analyzed by the log rank test.
(C to F) Viral titers in tracheal (C and D) and cloacal (E and F) swabs from
chickens infected with LP or LP-PB1-V14A (C and E) and from chickens
infected with WB(L/PB1) or WB(L/PB1-V14A) (D and F). Swabs were col-
lected at 3, 5, 7, and 10 dpi routinely and upon the deaths of the chickens. Viral
titers at 1 dpi were those obtained in the experiment reported in Tables 5 and
6. Viral titers at each time point were analyzed by Welch’s ¢ test. Asterisks
indicate P values of <0.05.

757) and cRNA-binding domains (amino acids 1 to 139 and 267 to
493) (30, 31). Although C38Y resides in both the vRNA- and
cRNA-binding domains, it does not confer binding of PB1 to
VRNA. Jung and Brownlee demonstrated that changes from ala-
nine to arginine at positions 233, 238, 239, and 249 impaired
VRNA, cRNA, and mRNA synthesis in vitro by disabling the bind-
ing activity of PB1 to the vRNA promoter (31), indicating that the
essential domains for vRNA binding are located at amino acids
233 to 249. These results are consistent with a previous report
demonstrating that hairpin-loop RNA bound to the arginine-rich
domain (32). The polymerase function of PB1 resides in four con-
served polymerase motifs (amino acids 303 to 306, 403 to 412, 438
to 450, and 474 to 484) (28, 33). V473L and P598L, at positions in
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TABLE 5 Viral titers in organs collected from chickens at 24 h after
infection with LP or LP-PB1-V14A

Titer (log,, EID5,/ml)*

LP LP-PB1-V14A
Animal Animal Animal Animal Animal Animal

Organ or sample 1 2 3 1 2 3
Pancreas <1.20 <1.20 <0.20 <0.20 <0.20 0.87
Spleen <1.20 <1.20 <0.20 0.32 <0.20 <0.20
Muscle <1.20 1.70 <0.20 <0.20 <0.20 <0.20
Liver <1.20 <1.20 <0.20 <0.20 <0.20 <0.20
Bursa of Fabricius <1.20  1.32 0.32 <0.20 <0.20 <0.20
Trachea <1.20 2.45 0.32 <0.20 <0.20 1.38
Lung 1.53 3.32 <0.20 <0.20 0.32 0.32
Kidney <1.20  2.02 0.32 <0.20 <0.20 <0.20
Heart <1.20 2.45 <0.20 0.32 <0.20 <0.20
Comb 1.53 <1.20 <0.20 0.32 <0.20 <0.20
Wattle <1.20 2.07 <0.20 <0.20 <0.20 <0.20
Brain <1.20 2.02 <0.20 <0.20 <0.20 <0.20
Duodenum <1.20 <1.20 <0.20 <0.20 <0.20 <0.20
Rectum <1.20 <120 <0.20 <0.20 <0.20 <0.20
Blood <120 <1.20 <0.20 <0.20 <0.20 <0.20
Tracheal swab 0.45 1.45 <0.20 0.53 1.62 1.79
Cloacal swab <0.20 <0.20 <0.20 <0.20 <0.20 <0.20

@ The detection limit was either <1.20 or <0.20 log,, EID5,/ml.

motif IV and near the PB2-binding domain, respectively, reduced
polymerase activity (13). C38Y does not reside in either the PA-
binding domain at the N terminus (amino acids 1 to 15) or the
PB2-binding domain at the C terminus (amino acids 685 to 757)
of PB1 (23, 24, 34). How C38Y in PBI affects the polymerase
activity needs to be elucidated by further analyses.

The alteration of viral replication by substitutions in the PB1

TABLE 6 Viral titers in organs collected from chickens at 24 h after
infection with WB(L/PB1) or WB(L/PB1-V14A)

Titer (log,, EID5,/ml)”

WB(L/PB1) WB(L/PB1-V14A)
Animal Animal Animal Animal Animal Animal

Organ or sample” 1 2 3 1 2 3
Pancreas 3.32 2.53 2.53 0.53 2.20 <0.20
Spleen 4.87 3.20 3.20 1.07 3.20 <0.20
Muscle** 3.20 2.32 2.38 <0.20 1.20 <0.20
Liver* 4.07 2.87 3.32 0.70 2.32 <0.20
Bursa of Fabricius  3.20 2.32 1.70 0.32 2.38 <0.20
Trachea* 4.02 3.53 2.87 0.32 2.32 <0.20
Lung 4.45 3.53 3.20 0.53 4.07 <0.20
Kidney 4.38 2.32 2.53 0.53 2.20 <0.20
Heart 4.53 3.20 3.32 <0.20 3.32 0.53
Comb 3.02 2.87 2.45 <0.20 3.07 <0.20
Wattle 3.20 3.20 3.20 <0.20 2.53 <0.20
Brain 3.87 3.87 2.32 <0.20 2.32 <0.20
Duodenum 3.53 2.87 2.07 0.53 2.20 <0.20
Rectum 3.87 2.20 2.20 <0.20 1.87 <0.20
Blood 1.32 0.87 0.32 <0.20 0.53 <0.20
Tracheal swab* 1.70 1.32 <0.20 <0.20 0.32 0.32
Cloacal swab 0.70 2.32 <0.20 <0.20 <0.20 <0.20

@ Asterisks indicate statistically significant differences in viral titers between WB(L/PB1)
and WB(L/PB1-V14A), as determined by Welch’s ¢ test (*, P < 0.05; **, P < 0.01).
b The detection limit was <0.20 log,, EID5,/ml.
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FIG 7 Transmissibilities of recombinant viruses in chickens. Filled and
shaded bars indicate durations of detectable virus in tracheal and/or cloacal
swabs from infected and contacted chickens, respectively. The letter “x” indi-
cates the time point at which a chicken died from infection. Cohabitation with
infected chickens started at 1 dpi.

protein was not always consistent with that of polymerase activi-
ties observed in DF-1 cells. Two critical steps must occur with viral
transcripts for the replication cycle to be completed: vVRNA syn-
thesis and viral protein translation. A temperature-sensitive virus
with a C-terminal deletion in the NS1 protein showed reduced
VRNA levels and low infectivity at the restrictive temperature
(39.5°C), while the accumulation of cRNA and mRNA was not
altered (35). In addition, signaling through the nuclear factor kB
(NF-kB) pathway, a prerequisite for efficient influenza virus in-
fection, was activated by infection with influenza A virus (36, 37),
and an NF-kB inhibitor reduced vRNA production and viral in-
fectivity without influencing viral mRNA levels (38). In the pres-
ent study, polymerase activities were measured by luciferase as-
says, which reflect fluctuations in viral mRNA production but not
in VRNA levels. A possible explanation of the discrepancy ob-
served between viral replication and polymerase activities is that
VRNA production may have been variably affected by mutations
in PBI residue 14 or 38, while mRNA synthesis was consistently
affected, though not to an extent that would affect virus produc-
tion.

LP-PB1-V14A, a recombinant virus with the V14A substitu-
tion, displayed a reduced level of viral shedding in infected chick-
ens and lost the ability to be transmitted to naive chickens. Virus
shedding is a key factor in successful transmission between an
infected and a naive chicken, since influenza viruses are transmit-
ted through aerosols, large droplets, or direct contact with secre-
tions (39). Reduced polymerase activity has been shown to be
associated with restricted transmissibility of HPAIVs. Hulse-Post
et al. reported that reduced polymerase activity with the Y436H
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FIG 8 Numbers of strains with alanine or valine at amino acid position 14 in
PB1 and percentages of H5N1 (A) and HIN2 (B) strains since 1959. Black
arrows indicate when the oldest strain possessing V14 in PB1 appeared. Per-
centages were calculated when the number of strains of each subtype in the
same year was greater than 5.

substitution in PB1 resulted in lowered transmissibility and
pathogenicity in ducks (7). Lyall et al. established transgenic
chickens in which the RNA polymerase activity of a polymerase
complex from an AIV was hampered by expressing a short hairpin
RNA as an RNA decoy (40). When these transgenic chickens were
infected with an HPAIV, the efficiency of transmission of the virus
to transgenic and nontransgenic chickens was reduced, although
transgenic chickens were still susceptible to initial infection. The
level of shedding of the virus from the cloacae of transgenic chick-
ens was apparently lower than that in nontransgenic infected
chickens. Impaired polymerase activity in LP-PB1-V14A caused
reduced transmissibility of the virus without affecting its lethality.
Although other causes have not been eliminated, it is likely that
the reduced transmissibility of LP-PB1-V14A could be the result
of reduced secretions in the trachea. The functional change result-
ing from the V14A substitution requires further study, consider-
ing that Perez and Donis found that A14V does not affect PA
binding (41), while Wunderlich et al. demonstrated reduced bind-
ing to PA by PB1-derived peptides containing the V14A mutation
(42).

It is worth considering whether the V14A substitution may
play a role in the dissemination of viruses in the field, since the
frequency of valine at residue 14 in PB1 is much higher in H5N1
isolates than in other AIV isolates, a majority of which possess
alanine at this position (Table 2). The H5N1 and HIN2 viruses
with A14V have emerged since 2001 and 1994, respectively (Fig.
8). During the initial outbreak in 1997, H5N1 viruses possessed
A14, but the frequency of V14 suddenly increased in 2003, corre-
sponding with an eruption of the viruses in Asian countries (43).
In addition, V14 in H9N?2 viruses was confirmed in 1994, and the
population has gradually increased.
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In conclusion, we found that two novel amino acid substitu-
tions in the PB1 protein, namely, C38Y in WB PB1 and V14A in LP
PBI, alter polymerase activity. Altered polymerase activity was
shown to be an important factor for viral pathogenesis in chick-
ens. C38Y contributes to an increase in polymerase activity, ac-
companied by a shortened MST, while V14A affects transmissibil-
ity in chickens. Although the molecular bases of the change in
polymerase activity and the altered host responses induced by the
changes remain to be elucidated, our results demonstrate the in-
volvement of PBI in the pathogenesis of HPAIV in chickens.
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