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ABSTRACT

The H2N2/1957 and H3N2/1968 pandemic influenza viruses emerged via the exchange of genomic RNA segments between hu-
man and avian viruses. The avian hemagglutinin (HA) allowed the hybrid viruses to escape preexisting immunity in the human
population. Both pandemic viruses further received the PB1 gene segment from the avian parent (Y. Kawaoka, S. Krauss, and

R. G. Webster, J Virol 63:4603—4608, 1989), but the biological significance of this observation was not understood. To assess
whether the avian-origin PB1 segment provided pandemic viruses with some selective advantage, either on its own or via cooper-
ation with the homologous HA segment, we modeled by reverse genetics the reassortment event that led to the emergence of the
H3N2/1968 pandemic virus. Using seasonal H2N2 virus A/California/1/66 (Cal) as a surrogate precursor human virus and pan-

demic virus A/Hong Kong/1/68 (H3N2) (HK) as a source of avian-derived PB1 and HA gene segments, we generated four reas-
sortant recombinant viruses and compared pairs of viruses which differed solely by the origin of PB1. Replacement of the PB1
segment of Cal by PB1 of HK facilitated viral polymerase activity, replication efficiency in human cells, and contact transmission
in guinea pigs. A combination of PB1 and HA segments of HK did not enhance replicative fitness of the reassortant virus com-
pared with the single-gene PB1 reassortant. Our data suggest that the avian PB1 segment of the 1968 pandemic virus served to
enhance viral growth and transmissibility, likely by enhancing activity of the viral polymerase complex.

IMPORTANCE

Despite the high impact of influenza pandemics on human health, some mechanisms underlying the emergence of pandemic
influenza viruses still are poorly understood. Thus, it was unclear why both H2N2/1957 and H3N2/1968 reassortant pandemic
viruses contained, in addition to the avian HA, the PB1 gene segment of the avian parent. Here, we addressed this long-standing
question by modeling the emergence of the H3N2/1968 virus from its putative human and avian precursors. We show that the
avian PB1 segment increased activity of the viral polymerase and facilitated viral replication. Our results suggest that in addition
to the acquisition of antigenically novel HA (i.e., antigenic shift), enhanced viral polymerase activity is required for the emer-
gence of pandemic influenza viruses from their seasonal human precursors.

Inﬂuenza A viruses are single-stranded negative-sense RNA vi-
ruses. Their genome consists of 8 RNA segments, each of which
encodes 1 to 3 proteins (1). Pandemic influenza has been occur-
ring at irregular intervals for at least 500 years, causing significant,
occasionally catastrophic mortality in the human population (2,
3). Genetic data available for the last four pandemic viruses
(HIN1/1918, H2N2/1957, H3N2/1968, and HIN1/2009) indicate
that they all contained an antigenically novel hemagglutinin (HA)
which was derived from animal influenza A viruses (reviewed in
references 2-5). The origin of the other seven gene segments of the
pandemic viruses varied (3, 4, 6). The source of the non-HA gene
segments of the HIN1/1918 virus is not clear due to the lack of
sequence data for coexistent avian and mammalian influenza A
viruses. The precursor of the HIN1/2009 virus emerged and cir-
culated in pigs; this virus was transmitted and adapted to humans
as a whole. Two other pandemic viruses emerged via gene mixing
(reassortment) between animal viruses and contemporary human
viruses and contained either 5 gene segments (H2N2/1957) or 6
gene segments (H3N2/1968) of the human virus parent.

Avian influenza viruses do not replicate efficiently in humans.
It is believed that exchange via reassortment of nonadapted gene
segments from an avian virus by segments from a human-adapted
parent might allow the emerging pandemic virus to overcome
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host range restriction (2, 7, 8). Surprisingly, both 1957 and 1968
pandemic viruses contained the avian PB1 segment (gene segment
2) (9). This segment encodes three proteins, polymerase basic pro-
tein 1 (PB1), PB1-F2, and PB1-N40, which are translated from the
start codons 1, 4, and 5, respectively (1, 10). PBI is the core sub-
unit of the trimeric viral RNA-dependent RNA polymerase com-
plex (PB1, PB2, and PA), which is responsible for transcription
and replication of the viral genome (1, 11). PB1-F2 and PB1-N40
are not essential for virus replication, but they can affect replica-
tion efficiency and contribute to pathogenicity (10, 12).
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The presence of the avian PB1 segment in 1957 and 1968 pan-
demic viruses may indicate that there was no significant host range
restriction on this segment in humans, so it was included simply
by chance (8). Alternatively, the avian PB1 segment could have
provided some selective advantage to the reassortant pandemic
virus, either by itself or via cooperation with the avian HA or NA
segments (9). Several pieces of evidence argue in favor of the se-
lective advantage hypothesis. First, studies on the compatibility of
polymerase proteins from human and avian influenza viruses
showed that replacement of the human PB1 by its avian counter-
part can enhance polymerase activity in minigenome reporter as-
says (13—15). Second, analyses of single-gene reassortants demon-
strated an important role of the PBI segment for the high
virulence of the pandemic HIN1/1918 virus in mice and ferrets
(16, 17). Third, vaccine strains of influenza viruses prepared by
gene reassortment between wild-type (wt) viruses and the high-
growth donor strain A/PR/8/1934 often contain, in addition to
mandatory wild-type HA and neuraminidase (NA) segments, the
wt PB1 segment (18). Some of such “3 + 5” reassortant viruses
replicated more efficiently than their “2 + 6” counterparts lacking
wild-type PB1 (19, 20). Also, Chen and colleagues studied reas-
sortment between contemporary avian H5N1 and human H3N2
viruses and found that a 3 + 5 reassortant virus which included
the avian PB1, HA, and NA segments was highly virulent in mice,
whereas its 2 + 6 counterpart was significantly less pathogenic
(21). These results (18-21) support the hypothesis that there is
cooperation between homologous PB1 and HA/NA. Indeed, it
was shown recently that the selection of the high-growth 3 + 5
reassortants of A/PR/8/1934 could be explained by favorable in-
teractions between the homologous VRNA segments encoding
PB1 and NA during the packaging of vRNAs into virus particles
(22).

The outcome of reassortment events between two influenza
viruses strongly depends on the nature of the parental virus strains
(for areview, see reference 23). Therefore, the data obtained in the
aforementioned studies cannot unambiguously explain the bio-
logical significance of the presence of an avian virus-derived PB1
in the 1957 and 1968 pandemic viruses. To address this question,
we replayed in this study the emergence of the 1968 pandemic
virus from its putative human and avian precursors and tested
whether the avian-origin PB1 gene segment has provided the re-
assortant virus with selective replicative advantage. We also tested
the hypothesis that homologous PB1 and HA segments cooper-
ated during reassortment.

MATERIALS AND METHODS

Cells. 293T and MDCK cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 10% fetal calf serum (FCS;
Gibco), 100 TU ml™" penicillin and 100 pg ml™' streptomycin (pen-
strep), and 2 mM glutamine. Calu-3 cells (human bronchial adenocarci-
noma; ATCC HTB-55) were cultured in DMEM-F12 Ham (1:1) (Gibco)
with 10% FCS, pen-strep, and 2 mM glutamine. Infections were per-
formed using DMEM with 0.1% bovine serum albumin (PAA Laborato-
ries), pen-strep, and 2 mM glutamine. Cell cultures were maintained and
all viral replication and reverse genetics experiments were performed at
37°C with 5% CO, if not indicated otherwise.

Viruses and plasmids. Viruses A/California/1/1966 (H2N2) (Cal) and
A/Hong Kong/1/1968 (H3N2) (HK) were kindly provided by Alexander
Klimov, CDC, Atlanta, GA, USA, and Earl Brown, University of Ottawa,
Canada, respectively. RNA was isolated from Cal using the QIAamp viral
RNA minikit (Qiagen); each viral gene segment was amplified by reverse
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transcription-PCR (RT-PCR) using a set of universal primers (24). PCR
products were ligated into pHW2000 polymerase I (Pol I)/Pol II reverse
genetics plasmid (kindly provided by Robert Webster, St. Jude Children’s
Research Hospital, Memphis, TN, USA). The pHW2000 plasmids ex-
pressing gene segments of HK were prepared previously (25). To generate
plasmids U4-PB1,, and PB1,,, mutations were introduced into PB1,
and PB1,; plasmids, respectively, using a site-directed mutagenesis kit
(QuikChange; Stratagene).

Recombinant viruses. Viruses were generated using the eight-plasmid
reverse genetics system (26). In brief, 293T cells in T25 flasks were trans-
fected with a set of eight different plasmids (1 pg each) using Lipo-
fectamine 2000 (Invitrogen). Six hours later, the transfection medium was
replaced with DMEM containing 0.1% bovine serum albumin (BSA).
After 2 days of incubation, supernatants were collected from 293T cells
and treated with tosylsulfonyl phenylalanyl chloromethyl ketone
(TPCK)-trypsin (1 wg ml~!) for 1 h. Rescued viruses were amplified in
MDCK cells, clarified by low-speed centrifugation, aliquoted, and stored
at —80°C. Three different stocks of pHW2000-PB1 plasmids and two
different stocks of recombinant viruses were prepared and used in repli-
cate experiments. The identity of all plasmids was confirmed by sequenc-
ing. Sequence identities were confirmed for all viral gene segments of the
first set of stocks and for HA, NA, and PB1 segments of the second set of
stocks.

Biocontainment. All experiments with A/California/1/66 (H2N2)
and its recombinant variants were conducted in a biosafety level 3 (BSL3)
laboratory in accordance with German law (Gesetz zur Regelung der Gen-
technik and Verordnung iiber die Sicherheitsstufen und Sicherheitsmaf3-
nahmen bei Gentechnischen Arbeiten in Gentechnischen Anlagen).

Virus titration in MDCK cells. Titers of virus stocks were determined
as PFU per ml using plaque assay in 6-well plates under the low-viscosity
overlay medium Avicel RC/CL (27). In all other experiments, virus sus-
pensions were titrated using a single-cycle focus assay (25), and the titers
were expressed as focus-forming units (FFU) per ml.

Analyzing the composition of virus mixtures by sequencing. Virus-
containing fluids were clarified by low-speed centrifugation. RNA was
isolated using the QIAamp viral RNA minikit (Qiagen), reverse tran-
scribed, and PCR amplified with PB1-specific primers PB1-590-for (5'-G
AAGAGTAAGAGACAACATGACC-3') and PB1-1123-rev (5'-GTGTTC
GGAGCTTCATGCTC-3") using a OneStep RT-PCR kit (Qiagen). The
primers were designed to amplify an arbitrarily chosen part of the PB1
segment between nucleotides (nt) 590 and 1123 (message sense, 5’ to 3');
each primer bound to a conserved sequence shared by the PB1 genes of
Cal and HK. Generated cDNAs were sequenced using the PB1-590-for
primer, and the sequence chromatograms were analyzed in the region
between nucleotides 785 and 845 in the middle of the cDNA amplicon
where the PB1 sequences of Cal and HK differed by 10 nucleotide substi-
tutions, as shown in Fig. 2a. The heights (h) of PB1;-specificand PB1 -
specific peaks (hyx and he,, respectively) were measured on printed
chromatograms using a ruler. Ratios of i/ (hy + heyy) were calculated
for each of 10 polymorphic positions and averaged.

Viral competitive replication fitness in cell culture. Eight replicate
cultures of Calu-3 cells in 12-well plates were inoculated with 1:1 mixtures
of two viruses differing by the origin of the PB1 segment (either PB1,, or
PB1,;x). Mixtures were prepared based on viral infectious titers and inoc-
ulated at a total multiplicity of infection (MOI) of 0.002 PFU per cell.
Aliquots used for preparation of the mixtures were plaque titrated in
MDCK cells on the same day to confirm that equal amounts of viruses
were inoculated. Culture supernatants were collected from infected
Calu-3 cells after 3 days of incubation, titrated, and passaged two more
times in Calu-3 cells at an MOI of 0.002 FFU per cell. Compositions of the
original inoculated mixtures and passage 3 supernatants were analyzed by
sequencing.

Competitive reverse genetics experiments. Recombinant viruses
were generated by reverse genetics as described above using a 1:1 mixture
of PBl, and PBI plasmids instead of individual PB1 plasmids and
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Calu-3 cells instead of MDCK cells for virus amplification (see Fig. 4a). In
brief, 293T cell cultures in 12-well plates were transfected with 2 pg of the
mixture of pHW2000-PB1 plasmids PB1., and PB1, 1 pg of either
pHW2000-HA,; or pHW2000-HA ;¢ plasmid, and six pHW2000 plas-
mids (1 pgof each), which encode the remaining six gene segments of Cal.
At 48 h posttransfection, supernatants were collected and used for infec-
tion of Calu-3 cells. Virus-containing supernatants were collected from
Calu-3 cells at 3 days postinfection, clarified by low-speed centrifugation,
and aliquoted. Four to eight replicate competitive rescues were performed
on the same day, and the experiments were repeated on different days
using different stocks of plasmids.

The composition of the generated virus mixtures was determined by
sequencing as described above, with modifications which served to de-
stroy remaining plasmid DNA. To this end, isolated viral RNA was treated
with 1 U pl~ ! DNase I (Thermo Scientific) at 37°C for 3 h, purified with
an RNeasy minikit, and reverse transcribed using RevertAid H minus
Moloney murine leukemia virus (M-MuLV) reverse transcriptase (Fer-
mentas) and a primer complementary to the conserved 12 nt at the 3" end
of the VRNA (Unil2 primer) (24). Generated cDNAs were amplified by
PCR using Pfu polymerase (Thermo Scientific) and PB1-specific primers
PB1-590-for and PB1-1123-rev, followed by sequencing. To confirm
complete removal of plasmid DNA, RNA samples were PCR amplified
without prior reverse transcription, and the absence of PCR products was
controlled by gel electrophoresis.

Contact transmission experiments in guinea pigs. Experiments were
performed as previously described (28, 29). In brief, 5- to 6-week-old
female Hartley strain guinea pigs weighing 300 to 350 g were obtained
from Charles River Laboratories. For each experiment, four guinea pigs
were inoculated intranasally with 10* PFU of a 1:1 mixture of Cal-HA
and Cal-(HA+PBI1),;¢ virus in 300 pl of Opti-MEM. Prior to intranasal
inoculation and nasal washings, guinea pigs were anesthetized intramus-
cularly with a mixture of ketamine (30 mg kg™"' of body weight) and
xylazine (2 mg kg™ "). Four noninfected animals were cohoused with in-
oculated animals starting from 24 h postinoculation. At days 2, 4, 5, 6, and
8 postinoculation, nasal washings were collected and stored at —80°C
until analysis. Virus titers in nasal washings were determined using a focus
assay. Compositions of virus mixtures in the inoculum and nasal washings
were determined by sequencing.

Animal experiments were performed according to the guidelines of
the German animal protection law (TierSchG). The animals were housed
and handled in accordance with good animal practice as defined by
FELASA (www.felasa.eu/) and the national animal welfare body GV-SO-
LAS (www.gv-solas.de/). All animal experiments were approved by the
animal welfare committees of the local authorities (permit G-11/80). All
animal procedures were conducted under BSL3 conditions in accordance
with the local guidelines.

Luciferase minigenome reporter assay. Human 293T cells in 24-well
plates were transfected with four pHW2000 plasmids containing the gene
segments PB1, PB2, PA, and NP (1 g each) together with 1 g of the
reporter plasmid pPoll-NP-Luc, expressing firefly luciferase in negative-
sense orientation flanked by the noncoding regions of NP of A/WS/33
virus (kindly provided by Thorsten Wolff, Robert Koch Institute, Berlin,
Germany). To normalize for transfection efficiency, 1 wg of the Renilla
luciferase plasmid pGL4.73[hRluc/SV24] (Promega) was cotransfected.
As a negative control, we omitted the pHW2000-PB1 plasmid and used
the double amount of pHW2000-PB2 plasmid. After 24 h of incubation at
37°C, the cells were lysed and luciferase activity was measured with the
dual-luciferase reporter assay system (Promega) using a Berthold Centro
LB 960 luminometer.

Phylogenetic analyses. To identify the putative human virus precur-
sor of the 1968 pandemic virus, H3N2 viruses isolated in the first year of
the 1968 pandemic and H2N2 viruses which circulated in humans be-
tween 1965 and 1968 were studied. Fifty-one corresponding viral genome
sets for which full-length sequences were available for all 6 gene segments
shared by H3N2 and H2N2 viruses were downloaded from the NCBI
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Influenza Virus Resource (30). Nucleotide sequences were trimmed to
include coding regions and concatenated in the order PB2-PA-NP-NA-M-
NS. A phylogenetic tree was generated using MEGA software, version 6,
with the minimum evolution method (31).

To identify the putative avian precursor of the PB1 segment of the
H3N2/68 pandemic virus, we used all full-length nonredundant PB1 se-
quences of avian influenza viruses isolated between 1925 and 1985 avail-
able from NCBI Influenza Virus Resource, accessed on 4 January 2014
(312 sequences), and 16 full-length PB1 sequences of pandemic virus
strains isolated in 1968. The nucleotide sequences were combined and
edited using BioEdit 7.1.11 (Tom Hall), and a phylogenetic tree was gen-
erated using MEGA6 with the minimum evolution method. About 40
avian sequences clustering with the human sequences were selected for
further analysis (see Fig. 7). PB1 proteins encoded by the avian sequences
were compared with PB1 proteins of the 1968 pandemic viruses to identify
amino acid substitutions separating human PB1s from the avian consen-
sus sequence.

Statistics. Analyses were done using R 3.1.1 (32). Mean values and
mean differences of peak ratios [hy/(hyx + hey)] were bootstrapped
using 10,000 replications. P values for the two-sided alternative hypothe-
sis also were determined by bootstrapping (33). Bootstrapping was em-
ployed because the distribution of peak ratios was not symmetric and
could be bi- or trimodal (separating individual replicates where there was
enrichment, depletion, or balanced replication of the HK virus, with com-
plicated transitions). Numbers given in the text and figure legends are
mean values (or mean differences) with their 95% confidence intervals
(separated by a comma) given in brackets.

Figures 3 to 6 and 8 show the data together with the bootstrap means
and their 95% confidence intervals. P values shown on top of a group were
obtained from testing the null hypothesis that the expected peak ratio is
0.5. P values shown between groups are obtained from testing the null
hypothesis that the expected mean difference between the groups is zero.
The mean difference between PB1 and HA+PB1 shown in Fig. 3 is ad-
justed for the difference in the peak ratio measured in the original 1:1
mixtures. Practically, they are estimated by bootstrapping the interaction
of the two-factorial model of replication (before/after passaging) and vi-
rus pair (PB1 and HA+PB1).

The polymerase activity data (see Fig. 9) were adjusted for interassay
variability by using a two-factorial model accounting for the assay repli-
cation. Because the ratios were approximately normally distributed, the
results and estimates were taken directly from the linear model assuming
normal errors (no bootstrapping).

RESULTS

Modeling of the gene reassortment event that led to the 1968
pandemic virus. The virus which caused the 1968 pandemic con-
tained HA and PB1 gene segments from an unknown avian H3
virus and 6 other segments from a human H2N2 virus (Fig. 1a).
Phylogenetic analyses suggest that the gene reassortment between
the parental human and avian viruses occurred between 1966 and
1968 either in some intermediate host, such as swine, or in hu-
mans (4, 34). We decided to reconstruct this reassortment event
using reverse genetics and to test whether substitution of the PB1
segment of a human parent by that of an avian parent enhances
viral replication. Because exact identities of parental viruses and
the original human-avian H3N2 reassortant virus are not known,
we focused on the closest available viruses. Our analysis of pub-
lished full-genome sequences of human H2N2 viruses showed
that A/California/1/66 (Cal) displayed the highest similarity of the
six non-HA non-PB1 segments with the corresponding segments
of the 1968 pandemic viruses (Fig. 1b; Table 1). Therefore, we
used Cal as a model of the human virus parent. As a source of
avian-origin HA and PB1 gene segments, we used one of the ear-
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FIG 1 Modeling of the gene reassortment event which led to the emergence of the 1968 pandemic influenza virus. (a) Genesis of the pandemic virus. An
avian-origin H3 subtype virus (H3N?-Av) reassorted with a seasonal human H2N2 virus in undefined host species, producing the H3N2 reassortant virus with
HA and PBI gene segments from the avian parent (red) and the remaining 6 gene segments from the human parent (blue). This virus could have circulated in
mammals for 1 to 2 years (4) before it caused the 1968 pandemic (H3N2/1968). (b) Phylogenetic tree of concatenated nucleotide sequences of 6 gene segments
(PB2, PA, NP, NA, M, and NS) of human influenza viruses which circulated in 1965 to 1968. Blue branches represent seasonal human H2N?2 viruses; the red
branch represents pandemic H3N2 viruses isolated in 1968. Blue and red dots depict virus strains A/California/1/66 (H2N2) and A/Hong Kong/1/68 (H3N2),
which were used in this study as donors of human and avian gene segments, respectively. (c) Two pairs of recombinant viruses prepared to study effects of the
PBI segment on viral replication. Viruses of each pair differed by the origin of PB1 and shared either 7 gene segments of Cal (PB1 pair) or 6 gene segments of Cal
and the HA gene segment of HK (HA+PB1 pair).

liest H3N2 pandemic virus strains, A/Hong Kong/1/68 (HK),
which inherited these segments from the avian virus parent.

We cloned the gene segments of Cal and HK into reverse ge-
netics plasmid pHW2000 (26) and generated two pairs of recom-
binant viruses (Fig. 1c). The virus counterparts of each pair dif-
fered solely by the origin of the PB1 segment. The first pair of
viruses, Cal and Cal-PB1;, shared 7 segments of Cal. This virus
pair was used to infer whether avian-origin PB1 alone could affect

replication of the reassortant human virus. The viruses of the sec-
ond pair, Cal-HA ;¢ and Cal-(HA+PB1)y, shared 6 segments of
Cal and the HA segment of HK. This pair of viruses was used to
test the hypothesis that cooperation exists between homologous
HA and PB1 segments.

Avian PBI facilitates replication and transmission of the re-
assortant human viruses. The recombinant viruses of each pair
showed similar replication kinetics in Calu-3 cells, a continuous

TABLE 1 Nucleotide and amino acid differences between pandemic virus strain A/Hong Kong/1/68 and the closest H2N2 human viruses

Differences between HK and H2N2 viruses (nucleotide/amino acid) in segment®:

H2N2 virus PB2/PB2 PA/PA NP/NP NA/NA M/M1/M2 NS/NS1/NS2 PB1/PB1/N40/PB1-F2
A/California/1/66 17/3 1712 714 712 2/0/0 3/2/0 152/13/13/11
A/Panama/1/66 19/4 20/3 714 8/3 6/2/2 5/2/0 152/13/13/11
A/Czech Republic/66 18/4 22/3 12/4 10/4 3/0/1 5/4/0 157/13/13/11
A/England/10/67 25/6 29/5 15/4 14/3 10/2/1 71410 153/13/13/12
A/Tashkent/1046/67 2714 31/6 16/8 11/5 4/0/0 6/1/1 154/12/12/12
A/Johannesburg/617/67 22/4 27/5 13/5 1717 4/0/0 5/4/1 156/12/12/12
A/Georgia/1/67 28/6 23/4 8/5 15/6 3/0/1 6/3/0 154/13/13/14

“ Nucleotide differences between coding regions of gene segments are shown in italics. Amino acid differences are depicted using regular font.
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with a 95% confidence band (gray).

cell line derived from human respiratory epithelium (data not
shown). Therefore, we employed a more sensitive replication as-
say which compares fitness of the viruses under competitive con-
ditions (35, 36). Viruses of each pair were mixed at a 1:1 ratio
based on their infectious titers, and the mixtures were passaged 3
times in Calu-3 cells. This number of passages was chosen arbi-
trarily with the assumption that a single passage may not be suffi-
cient for significant enrichment of the mixture with one virus.
Compositions of the mixtures before and after passaging were
determined by Sanger sequencing of a nonconservative part of the
PB1 segment and calculating the mean ratio of the heights of
PB1,¢-specific peaks and PB1-specific peaks at 10 polymorphic
positions on the sequencing chromatogram (Fig. 2a). There was
some variation of the peak ratios for PB1yx [hyx/(hyx + hea)] at
individual positions (Fig. 2b); however, the mean peak ratio
closely correlated with the proportion of the virus with PB1,; in
the mixture with a detection limit of as low as 5% of the minor
viral population (Fig. 2¢).

Passaging of initially equal virus mixtures resulted in enrich-
ment by the virus with the PB1 segment of HK in the majority of
replicates (Fig. 3). Effects of similar magnitude were observed for
the PB1 and HA+PB1 virus pairs. These results indicated that
avian-origin PB1 of HK provided the virus with a replicative ad-
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vantage in human cells, and that this effect did not significantly
depend on the presence of the homologous HA.

To corroborate these findings, we studied competition of
the PB1 segments during the process of virus preparation from
reverse genetics plasmids (37, 38). Viruses were generated us-
ing nine plasmids, namely, seven non-PB1 plasmids required
for the preparation of either the PB1 pair or the HA+PB1 pair
plus the 1:1 mixture of PB1,;and PB1 plasmids (Fig. 4a). All
rescued viruses were enriched by variants containing PB1 seg-
ment of HK with no detectable effect of the origin of the HA
segment (Fig. 4b). These experiments confirmed that the avi-
an-origin PB1 alone increases competitive fitness of the hu-
man virus Cal.

We then tested the effect of the PB1 segment on viral replica-
tion and transmission in guinea pigs in two independent experi-
ments (Fig. 5). All guinea pigs which were inoculated intranasally
with the 1:1 mixture of viruses Cal-HAx and Cal-(HA+PB1);¢
became infected and shed the virus. Efficient virus transmission to
all contact-exposed animals that were cohoused with the inocu-
lated group was observed (Fig. 5a). Sequencing of the viruses in
nasal washings collected from inoculated animals at 2 days postin-
fection revealed a slight but significant enrichment of Cal-
(HA+PB1) ¢ (Fig. 5b). This effect was more pronounced on days
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FIG 3 Comparison of viral fitness in competitive replication experiments.
One-to-one mixtures of viruses Cal and Cal-PB1; (PB1 pair) and Cal-HA ;¢
and Cal-(HA+PB1),;x (HA+PBI1 pair) were passaged 3 times in Calu-3 cells.
The composition of the original mixtures (open circles) and mixtures after
passaging (closed circles) was characterized by sequencing and expressed as
mean peak ratios for PB1 . Data represent combined results from three ex-
periments performed on different days with a total of 24 replicate mixtures for
each pair of viruses. Mean adjusted difference of PB1 pair versus the HA+PB1
pair, 0.06 (—0.04, 0.17); P = 0.25.

4 and 6, although all animals still shed detectable amounts of Cal-
HA k. The dominance of Cal-(HA+PB1)x over Cal-HA;x was
particularly pronounced in the nasal washings of contact animals,
as no Cal-HA ¢ could be detected in the nasal washings of 3 and 4
out of 8 contact guinea pigs analyzed on days 4 and 6 postinfec-
tion, respectively (Fig. 5b). These results indicated that the virus
with avian-origin PB1 of HK replicated and transmitted in guinea
pigs more efficiently than the virus containing the Cal-PB1 coun-
terpart.
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S
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or Transfection
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Avian-Origin PB1 of 1968 Pandemic Influenza Virus

Effects of substitutions in the 3'NCR and in the PB1 protein.
The coding sequences of eight influenza virus RNA segments are
flanked by noncoding regions (NCRs). NCRs play several impor-
tant functions in the virus replication cycle, such as binding of the
polymerase complex, transcription initiation, and packaging of
segments into the virion. Apart from a U/C polymorphism of the
fourth 3'NCR nucleotide, 12 terminal nucleotides at the 3" end
and 13 terminal nucleotides at the 5" end are conserved and seg-
ment independent (1). In accord with the common practice, we
generated genomic cDNAs of Cal and HK using a set of previously
described cloning primers designed to match the conserved parts
of the NCRs (24). However, subsequent sequencing of the NCRs
of wild-type Cal and HK revealed a single-nucleotide difference
between the wild-type viruses and their recombinant variants: the
PB1 segment of wt Cal harbored U4 in the 3'NCR, whereas the
generated PB1, plasmid coded for C4. The 3'NCR of the PB1
segment of wild-type HK contained C4, and this nucleotide was
correctly encoded by the PBlyy plasmid. To test whether the
U4/C4 polymorphism in the 3'NCR of PB1,, affected the results
of our experiments, we generated mixtures of viruses with PB1,
and PB1 i by reverse genetics as described in the legend to Fig. 4a
using either C4-PB1,, plasmid or U4-PB1, plasmid. All rescued
virus mixtures were enriched to the same extent by viruses con-
taining PB1¢ (Fig. 6), indicating that the U/C variation in posi-
tion 4 of PBl., had no significant effect on competitive virus
fitness.

The sequences of the PB1 segment of the 1968 pandemic vi-
ruses differ from PB1 sequences of the closest known avian vi-
ruses. As a result, the PB1 protein of the pandemic viruses harbors
3 amino acid substitutions with respect to the putative avian an-
cestor sequence, namely, K121R, L212V, and R327K (Fig. 7). PB1
of Cal contained avian-like amino acids in these positions. It is not
known whether these substitutions in the PB1 protein of H3N2/
1968 viruses occurred before the emergence of the original reas-
sortant virus (H3N2 reassortant in Fig. 1a) or whether they were
acquired in the postreassortment period of virus evolution pre-
ceding the 1968 pandemic. The first scenario was tested in the
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FIG 4 Comparison of viral fitness in competitive reverse genetics experiments. (a) Mixtures of two viruses differing by PB1 segment were generated by
transfecting 293T cells with a 1:1 mixture of PB1; and PB1,, plasmids, either HA,; plasmid (PB1 pair) or HA; ;¢ plasmid (HA+PBI pair), and plasmids of 6
other gene segments of Cal. Rescued viruses were amplified in Calu-3 cells and characterized by sequencing. (b) Combined results from three experiments
performed on different days with a total of 20 replicate mixtures for each pair of viruses. The dotted line depicts the expected peak ratio in the absence of viral
competition (0.5). P values refer to the differences between observed and expected peak ratios. Mean difference between PB1 and PB1+HA pairs, 0.02 (—0.02,

0.06); P = 0.3.
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FIG 5 Comparison of viral fitness in competitive transmission experiments in
guinea pigs. (a) In each of two experiments, four guinea pigs were inoculated
intranasally with a 1:1 mixture of viruses Cal-HA; and Cal-(HA+PBI1) .
Four naive contact guinea pigs were cohoused with inoculated animals starting
from day 1 postinfection. Viral titers were determined in nasal washings of
directly inoculated animals (black circles) and contact animals (magenta cir-
cles). (b) Compositions of the inoculum (black circles), viruses shed by inoc-
ulated animals at day 2, 4, and 6 (black circles), and viruses shed by contact
animals at days 4 and 6 (magenta circles). Closed and open circles depict data
from the first and second experiments, respectively. P values refer to the dif-
ferences with respect to the inoculum (p,) and with respect to viruses shed by
inoculated animals on day 2 (p,).

experiments described above. To account for the second scenario,
we generated the PB1,,, plasmid by making three mutations in the
PB1k plasmid, R121K, V212L, and K327R, which restored the
avian consensus sequence. PB1,, and PB1y, segments then were
compared for their ability to compete with the PB1.,, segment in
the competitive reverse genetics experiments. The rescues were
performed at 33°C to model the temperature of viral infection in
the human upper respiratory tract. Viruses containing PB1
dominated over the viruses with PB1,, in about half of the repli-
cates [Fig. 8a, PB1(HK) pair and HA+PB1(HK) pair]. The dom-
inance of the viruses with PB1,, was less pronounced [Fig. 8a,
PB1(Av) pair and HA+PB1(Av) pair]. As the effect for the
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FIG 6 Effects of C4/U4 variation in the 3'NCR of PBI,, on viral replicative
fitness. Mixtures of two viruses differing by PB1 segment (PB1;;x and PB1,))
were generated by reverse genetics. Two variants of the PB1,, plasmid which
contained either C4 or U4 in the 3'"NCR were used. Peak ratios for all groups
were larger than 0.5 (P < 0.001). Mean difference of C4 versus U4 in the PBI
group, —0.05 (—0.15, 0.04); mean difference in the HA+PBI group, 0.01
(—0.05, 0.07).

PBI1(Av) pair did not reach statistical significance after the rescue,
we made three additional sequential passages in Calu-3 cells of the
replicate rescued PB1(Av) mixtures as well as of the matching
PB1(HK) mixtures. The passaging resulted in a further enrich-
ment of the mixtures with the viruses containing PB1,,, although
to a lower level than that in the case of PB1;¢ (Fig. 8b). We deter-
mined complete sequences of the PB1 segments in the five repli-
cate PB1(Av) mixtures, which contained 100% of the virus with
PB1,,. No changes in PB1,, sequence were detected, indicating
that no adaptive mutations were required for the dominance of
PB1,, over PB1,,. Collectively, these experiments showed that in
both reassortment scenarios, the avian-origin PB1 segment pro-
vided the seasonal human virus with a replicative advantage. Fur-
thermore, the experiments confirmed that neither the U/C varia-
tion in position 4 of the 3'NCR of PB1,, nor the presence of the
HA gene segment of HK had significant effects on the outcome of
viral competition.

Avian-origin PB1 enhances activity of viral polymerase. The
PBI protein is the key component of the viral polymerase com-
plex, which includes PA, PB1, and PB2 proteins and the viral nu-
cleoprotein (NP). Therefore, we determined effects of the avian
PB1 segment on polymerase activity of the reconstituted polymer-
ase complexes using a minigenome luciferase reporter assay. Sub-
stitution of the homologous PB1,, in the Cal polymerase com-
plex by either PB1,, or PB1 increased polymerase activity (Fig.
9), with the effect of PB1,;x being more pronounced than that of
PBI,,.

DISCUSSION

The factors underlying the formation of pandemic influenza vi-
ruses are poorly understood (3, 8). Thus, reasons for the incorpo-
ration of an avian-origin PB1 segment into at least two out of four
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FIG 7 Amino acid differences between the PB1 protein of the 1968 pandemic viruses and its putative avian precursor. Phylogenetic analysis of full-length
nucleotide sequences of human and avian PB1 segments was performed as described in Materials and Methods. Shown is a portion of the tree with pandemic virus
strains isolated in 1968 and the closest avian viruses. Comparison of amino acid sequences revealed three listed substitutions in the human PB1s with respect to

the avian consensus sequence.

characterized pandemic viruses remained enigmatic. Our recon-
struction of the 1968 pandemic virus emergence shows that this
segment served to facilitate viral replication efficiency. Although
the enhancing effect was marginal and could be revealed only in
competitive fitness experiments, it can readily explain the selec-
tion of the avian PB1-containing virus after natural reassortment
between human and avian virus precursors. Deeper insight into
the mechanisms responsible for the PB1-mediated enhancement
of viral growth will require further studies. Our work indicates,
however, that increased activity of the viral polymerase complex
containing avian PB1 (Fig. 9) is the most plausible explanation.

Our experiments have been conducted in human cells, and
they were supported by transmission studies in a guinea pig
model. However, we cannot exclude that the reassortment be-
tween avian and human parents of the pandemic virus occurred in
some intermediate host, such as swine or, less likely, species of
domestic gallinaceous poultry (Fig. 1a). In this view, it would be
interesting to test whether the avian PB1 segment also confers an
advantage in these species.

Recent studies revealed that the complete set of eight VRNA
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segments is incorporated into influenza virus particles as a com-
plex stabilized by a network of interactions between segment-spe-
cific packaging signals. Importantly, packaging signals and pat-
terns of intersegment interactions in the network can differ from
one virus strain to another, and these differences can affect the
outcome of the reassortment between two viruses (for reviews, see
references 23, 39, and 40). Thus, strain-specific interactions be-
tween gene segments might be responsible for the coselection of
two or more homologous segments during the emergence of re-
assortant pandemic viruses (22, 38). In our experiments, the com-
bination of homologous avian HA and PB1 segments did not sig-
nificantly enhance fitness of the viruses compared to fitness with
single-gene PB1 reassortants. Thus, these results argue against a
major role of putative cooperation between the HA and PB1 seg-
ments during the incorporation of avian PB1 into the 1968 pan-
demic virus.

Current knowledge on adaptive changes required for zoonotic
transmission and emergence of pandemic influenza viruses
mostly are limited to amino acid substitutions in the receptor-
binding site of HA which alter viral receptor usage and to substi-
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FIG 8 Effects of mutations in PBI protein on viral replicative fitness. (a) Competitive reverse genetics experiments were performed at 33°C using 1:1 mixtures
of PB1,; plasmid with either PB1; plasmid [PB1(HK) and HA+PB1(HK)] or PB1,, plasmid [PBI1(Av) and HA+PB1(Av)]. Sixteen replicate mixtures were
tested for each virus pair. Open and closed circles depict data obtained using PB1,, plasmids containing C4 and U4 at the 3'NCR, respectively. Mean difference
between the PB1(Av) group and HA+PB1(Av) group, 0.08 (—0.08, 0.25); P = 0.3. Mean difference between the PB1(HK) group and the HA+PB1(HK) group,
0.01 (—0.12,0.14); P = 0.9. (b) Composition of the rescued virus mixtures PB1(Av) and PB1(HK) after three additional passages in Calu-3 cells at 33°C.

tutions in the PB2 protein which facilitate viral polymerase per-
formance in cells of the upper respiratory tract in humans (for a
review, see references 8, 41, and 42). We found here that a com-
bination of 3 amino acid substitutions in the PB1 protein which
separate H3N2/1968 virus from its avian precursor increased ac-
tivity of the polymerase complex in a minireplicon assay and en-
hanced viral replicative fitness in human cells (Fig. 8 and 9). Thus,
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FIG 9 Effects of PBI on polymerase activity in minigenome reporter assay.
293T cells were cotransfected with firefly luciferase reporter plasmid, Renilla
luciferase plasmid, and plasmids expressing PB2, PA, and NP of Cal and either
PBl1c,, PB1,,, or PBl . The polymerase activity is expressed as the ratio of the
firefly luciferase reading and the Renilla luciferase reading. The data represent
results from three independent experiments performed on different days using
two different stocks of PBI plasmids. All P values are <0.001. RLU, relative
light units.
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these substitutions may represent new markers for avian-to-hu-
man adaptation of influenza viruses.

Pandemic influenza viruses differ from seasonal epidemic vi-
ruses by carrying an antigenically novel HA envelope, which facil-
itates viral replication and global spread in a nonimmune popu-
lation. Our results indicate that enhanced activity of the viral
polymerase complex also may be required for the emergence of a
pandemic virus from its seasonal virus precursor.
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