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ABSTRACT Influenza A viruses (IAV) pose a persistent pandemic threat. Successful
cross-species transmission from waterfowl to mammals requires host adaptation for
efficient replication and spread. Avian IAVs are adapted to the temperature of the avian
gut, approximately 41°C, while human IAVs replicate at 33°C in the upper respiratory
tract. PB1, the catalytic core of the viral heterotrimeric RNA-dependent RNA polymerase
(RdRp), is essential for viral RNA synthesis. Three pandemic IAV strains (1918, 1957,
and 1968) carried an avian-origin PB1 gene, suggesting a selective advantage. Fever,
a critical antiviral response, elevates body temperature to 38°C or higher and can
restrict viral replication. We hypothesized that avian PB1 may allow IAV replication at
febrile temperatures. Using a mini-replicon system, we demonstrate that a polymerase
of a seasonal human H1N1 IAV fails to replicate viral RNA efficiently at 40°C, whereas
substitution of the PB1 with that from the 1918, 1957, and 1968 pandemic viruses, or
a low-pathogenic avian H2N1 virus, restores RNA synthesis. Chimeric seasonal human
H1N1 viruses expressing avian or 1918 PB1 replicate at 40°C in MDCK cells, unlike
wild-type HIN1. Activity assays with purified chimeric IAV polymerases further sug-
gest that avian-origin PB1 may intrinsically enhance polymerase activity at elevated
temperatures. Together, these data show that avian-origin PB1 enables IAV replication at
febrile temperatures, highlighting its role in zoonotic emergence and host adaptation.
Surveillance of avian-origin PB1 genes in IAVs circulating in mammals may help identify
strains with pandemic potential and inform the development of countermeasures.

IMPORTANCE Influenza A viruses of avian origin remain a persistent threat to human
health. The 1918, 1957, and 1968 pandemic influenza viruses each acquired an avian-
origin PB1 gene, but the adaptive advantage conferred by these genes remains
incompletely understood. Here, we show that avian-origin PB1 genes enhance viral RNA
replication by a seasonal human influenza virus polymerase at elevated temperature and
enable replication of a human influenza virus at 40°C, a temperature relevant to both
avian hosts and human febrile illness. PB1-dependent effects were observed in cell-
based polymerase assays, with purified polymerase, and during authentic virus infection.
These findings identify temperature-resistant genome replication as a potential adaptive
property of avian-origin PB1 and suggest that acquisition of an avian PBT may help
influenza viruses overcome temperature barriers encountered during adaptation to
mammalian hosts.

KEYWORDS influenza A, viral RNA-dependent RNA polymerase, virus-host interactions,
host temperature, replication fitness

nfluenza A viruses (IAV) have a broad host range and continue to pose a major
threat to public health despite the availability of antivirals and vaccines. Pandemics
arise when a zoonotic strain spills over into humans or, more frequently, reassorts with
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circulating human IAVs (1-4). Pandemic IAVs are distinct from seasonal IAVs causing
epidemics, with higher infection rates, increased morbidity and mortality, and greater
hospital and economic burden (5-7). The 1918 HIN1 pandemic resulted in clinical
infections in one-third of the global population and caused an estimated 50 million
deaths (5). Subsequent influenza pandemics in 1957, 1968, and 2009, though smaller in
scale, also had major impacts and were caused by reassorted viruses with one or more
genes from the avian IAV gene pool (1, 8, 9). IAVs are naturally found in wild waterfowl
and circulate among migratory birds (10-12). The mammalian host range of select
IAV subtypes has diversified in recent years, evidenced by the ongoing global spread
of highly pathogenic avian influenza virus (HPAI) H5N1/H5Nx clade 2.3.4.4b and the
recent emergence of genotypes B3.13 and D1.1 in dairy cattle across the United States
(13-18). These recent events have heightened the threat of avian IAVs to human and
animal health, underscoring the critical need to understand the complexities of avian 1AV
zoonosis and how |AVs overcome the unique environmental, physiological, biological,
and immunological barriers to infection and transmission in mammalian hosts.

In contrast to human IAV infections, which predominantly manifest in the upper
respiratory tract (URT), low-pathogenic avian influenza viruses (LPAIV) typically cause
asymptomatic infections in the gastrointestinal tract of waterfowl (10, 19-21). Both
birds and mammals are homeothermic, maintaining a stable body temperature that is
metabolically ideal (22). However, the specific homeostatic temperature of an organism
is species-specific (Fig. 1). Naturally, avian IAVs have adapted to replicate at the spe-
cies-specific core temperature of their host reservoir species, approximately 39°C-43°C
(23). However, in select species, such as the red-billed quelea (Quelea quelea), tempera-
tures can rise to 49°C without host damage. In humans, 1AV typically replicates in the
URT, where the temperature is approximately 33°C, but can disseminate to the lower
respiratory tract (LRT), where temperatures reach 37°C (24, 25). The core temperature of
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FIG 1 1AV infects a wide range of avian and mammalian hosts with distinct core body temperatures. Wild aquatic birds serve as the primary reservoir and

transmit viruses to shorebirds, migratory birds, and poultry. Arrows indicate unidirectional (single) or bidirectional (double) spillover events between host

groups. Temperature ranges are shown for key IAV-susceptible hosts: wild aquatic birds, shorebirds, migratory birds, and poultry (red; birds from left to right:

raptors, sparrow, chicken, goose, duck, seagull, pelican); terrestrial mammals (yellow; left to right: pig, cow, cat, mink, fox, dog, horse); marine mammals (blue:

seal); humans (green); and bats (purple). In humans, body temperature differs between the upper (~33°C) and lower (~37°C) respiratory tracts. For bats (order

Chiroptera), the temperature range (34°C-40°C) reflects values during torpor and active flight. Created with BioRender.com.
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swine, a possible intermediate host for avian, human, and swine AV reassortment events,
is between the temperature range of humans and avian species at 38°C-39°C (2, 26, 27).

LPAI viruses have played a central role in the emergence of pandemic IAVs in humans.
A shared feature of the 1918 H1N1, 1957 H2N2, and 1968 H3N2 pandemic strains is
that each possessed an avian-origin PB1 gene, encoding the catalytic core of the viral
RNA-dependent RNA polymerase (RdRp). The influenza polymerase is a heterotrimeric
complex comprising PB1, PB2, and PA and is an essential component of the viral
ribonucleoprotein (VRNP) complex, which also includes nucleoprotein (NP) and one
segment of negative-sense VRNA. The polymerase functions dually as a replicase and
a transcriptase, generating three types of viral RNAs: vVRNA, cRNA, and mRNA (28-30).
PB1 can markedly influence IAV replication, transmissibility, and polymerase fidelity,
with consequences for viral pathogenicity (31-34). Furthermore, polymerase activity and
virus pathogenicity can be enhanced by an avian-origin PB1 (31-36). Here, we examine
avian-origin PB1 genes from a LPAIV and historical pandemic strains in the context of
a contemporary human IAV polymerase to determine if avian-origin PB1 substitutions
impact the temperature permissibility of the human IAV polymerase.

RESULTS

Avian and pandemic PB1 enhance seasonal human IAV polymerase activity
and vRNA replication at elevated temperature in vitro

PB1 genes of LPAIV-origin have repeatedly contributed to the emergence of pandemic
IAVs through reassortment with seasonal human IAV strains. To test whether avian-
origin PB1 affects polymerase activity in a human IAV background, we examined
PB1 from the A/Brevig Mission/1/1918 (H1N1), A/Japan/305/1957 (H2N2), and A/Hong
Kong/1/1968 (H3N2) pandemic strains, as well as from a model LPAIV, A/green-winged
teal/Ohio/175/1986 (H2N1) (hereafter referred to as LPAI) (34). The PB2, PA, and NP from
the human A/New York/312/2001 (H1N1) strain—hereafter referred to as NY312—were
co-expressed with either the cognate NY312 PB1 or a heterologous PB1 derived from
the model LPAI or the 1918, 1957, and 1968 pandemic viruses. Hereafter, complexes
containing NY312 PB2, PA, and NP together with a heterologous PB1 are referred to as
chimeric vVRNPs. A luciferase-based mini-genome assay was used to assess polymerase
activity in 293T cells that were transfected with plasmids to express vVRNP components
(Fig. 2A). Polymerase activity was examined at 33°C, 37°C, and 40°C, representing the
average temperatures of the human URT, LRT, and the avian gastrointestinal tract,
respectively (Fig. 2B). At 33°C, substitution of the cognate PB1 with LPAI- or pandemic
virus-derived PB1 had variable effects on polymerase activity. The 1918 PB1 reduced
polymerase activity, whereas the other PB1s modestly increased activity, although
only the increase conferred by the 1968 PB1 reached statistical significance. At 37°C,
polymerase activity was modestly higher for all heterologous PB1-containing polymer-
ase complexes relative to the cognate PB1 complex, but none of these differences
reached statistical significance. At 40°C, polymerase activity was also higher for the
heterologous PB1-containing complexes than for the cognate PB1 complex, with the
largest increase observed for the LPAl-derived PB1, which was the only increase to reach
statistical significance. Collectively, these data indicate that the effects of heterologous
PB1 segments on NY312 polymerase activity are temperature-dependent, with modest
increases observed for most PB1 substitutions and significant enhancement by the 1968
PB1 at 33°C and the LPAI-derived PB1 at 40°C.

The influenza virus polymerase functions both as a transcriptase to generate viral
mRNA and as a replicase to amplify VRNA through a complementary RNA (cRNA)
intermediate (28-30). Luciferase reporter assays do not differentiate between these
distinct polymerase functions. To address this, we used a VRNP reconstitution assay
at 33°C, 37°C, and 40°C to determine whether transcription or replication was affected
by the avian-origin PB1 by analyzing viral RNA levels by primer extension (Fig. 2Q).
The polymerase function of the heterologous vVRNPs was compared to the NY312 vRNP
at 33°C, 37°C, and 40°C. At 33°C, the polymerase with the LPAI PB1 had a statistically
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FIG 2 Avian PB1 increases polymerase activity across temperatures. (A) Schematic of minigenome luciferase assay and vRNP reconstitution of chimeric human
VRNPs tested at 33°C, 37°C, and 40°C. Created with BioRender.com. (B) Luciferase reporter assay measuring polymerase activity of chimeric NY312 3+1 vRNPs with
LPAI, 1918, 1957, or 1968 PB1 at 33°C, 37°C, and 40°C. Chimeric polymerase activities are presented as a percent fold change relative to the NY312 polymerase
(mean + SEM from three biological replicates). For each graph, statistical analysis was performed using a one-sample t-test comparing each ratio to 1, with
Bonferroni correction applied (a = 0.0125). P value: ns, P > 0.0125; *P < 0.0125; **P < 0.001. (C) Quantification of vVRNA, cRNA, and mRNA levels generated
by chimeric VRNPs at 33°C, 37°C, and 40°C using an IAV neuraminidase (NA) VRNA template. Data represent the mean + SEM of three biological replicates,
normalized to 5S rRNA and expressed as a percent fold relative to the NY312 vRNP. Significance was determined by two-way ANOVA with Dunnett’s multiple
comparison test against the NY312 vRNP at each temperature. P values: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

significant elevation in transcription and cRNA production compared to the cognate
NY312 polymerase. At 40°C, all heterologous PB1-containing polymerases produced
significantly higher levels of cRNA than the cognate NY312 polymerase. vRNA levels were
also significantly increased for the LPAI, 1918, and 1957 PB1-containing polymerases, but
not for the 1968 PB1-containing polymerase (Fig. 2C). Western blot analysis confirmed
comparable expression levels of PB1 proteins across constructs except for 1918 PB1 at
37°C, showing elevated expression (Fig. STA). Overall, these findings indicate that the
effects of heterologous PB1 at 40°C are primarily associated with increased viral RNA
replication rather than transcription.

Avian and pandemic PB1 enable temperature-resistant vRNA replication in a
seasonal human IAV polymerase complex at 40°C in vitro

The preceding experiments compared the effects of different PB1 genes on polymerase
activity at each temperature. We next examined the same experimental conditions by
comparing RNA synthesis across temperatures within each PB1 background. To address
this, levels of vRNA, cRNA, and mRNA generated by each vVRNP were compared across
33°C, 37°C, and 40°C (Fig. 3A).

RNA synthesis by the cognate NY312 polymerase increased from 33°C to 37°C,
with significant increases in mRNA, cRNA, and vRNA levels. In contrast, the effects of
temperature between 33°C and 37°C varied among the heterologous PB1-containing
polymerases. Most importantly, when the temperature was increased from 37°C to
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40°C, vRNA replication by the cognate NY312 polymerase was significantly reduced by
approximately 50%. In contrast, no significant reduction in VRNA or cRNA levels between
37°C and 40°C was detected for the polymerases containing LPAI or pandemic PBT.
mRNA levels also did not differ significantly between 37°C and 40°C for any of the
polymerases tested. Western blot analysis of NP and PB1 revealed increased protein
expression at 40°C across all PB1 variants (Fig. S1B).

Taken together, these results demonstrate that genome replication by the cognate
NY312 polymerase is temperature sensitive, whereas substitution with LPAI or pandemic
PB1 prevents the significant reduction in RNA replication observed for the cognate
polymerase at 40°C.

LPAI and wild-type 1918 pandemic vVRNPs transcribe and replicate at 40°C in
vitro

The LPAI and 1918, 1957, and 1968 pandemic-derived PB1 genes confer temperature
resistance to a seasonal human IAV polymerase at 40°C. However, the temperature
permissibility of the corresponding wild-type polymerases at 40°C is unknown. To
determine if the temperature resistance attributed to the avian-origin PB1 persists in
the context of wild-type pandemic vRNPs, plasmids encoding PB2, PB1, PA, and NP from
the 1918 H1N1, 1957 H2N2, and 1968 H3N2 pandemic strains were used to reconstitute
VRNP complexes in 293T cells at 33°C, 37°C, and 40°C. Additionally, the LPAI H2N1
VRNP was reconstituted with PB2 containing the mammalian E627K adaptive mutation
(LPAIPBZE27K) | evels of mRNA, cRNA, and VRNA were quantified to assess polymerase
activity at temperatures of 33°C, 37°C, and 40°C.

The LPAIPB2E2% yRNP showed no significant differences in mRNA, cRNA, or VRNA
synthesis between 37°C and 40°C (Fig. 3B). Similarly, mRNA levels generated by the
wild-type pandemic vVRNPs did not differ significantly between 37°C and 40°C. In
contrast, the effects of elevated temperature on genome replication varied among
the polymerases. Notably, for the 1918 polymerase, neither transcription nor replica-
tion differed significantly between 37°C and 40°C, whereas significant reductions in
replication were observed for some of the other pandemic polymerases.
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FIG 3 Temperature-dependent RNA synthesis by chimeric and wild-type IAV vRNPs. (A) Quantification of vRNA, cRNA, and mRNA levels generated by chimeric

NY312 3+1 vRNPs at 33°C, 37°C, and 40°C. Data represent the mean + SEM of three biological replicates, normalized to 5S rRNA and expressed as fold change

relative to 37°C. Statistical significance was determined by two-way ANOVA with Dunnett’s multiple comparison test against the 37°C condition. P values: ns, P >
0.05; *P < 0.05; **P < 0.01. (B) Assessment of temperature permissibility of LPAI"™**** and wild-type (WT) pandemic IAV vRNPs by measuring mRNA, VRNA, and
cRNA levels. LPAIP®**¥% data is indicated by the “LPAI” abbreviation. Data represent the mean + SEM of three biological replicates, normalized to 55 rRNA, and

expressed as fold change relative to 37°C. Statistical significance was determined by two-way ANOVA with Dunnett’s multiple comparison test against the 37°C

condition. P values: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
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These findings indicate that elevated temperature has differential effects on
replication among the pandemic and LPAI polymerases, whereas no significant
differences in transcription were detected between 37°C and 40°C. However, despite
the ability of the pandemic avian-origin PB1 genes to prevent the significant reduction
in replication observed with the NY312 polymerase, this phenotype was not consistently
observed in the context of the cognate wild-type pandemic polymerases, aside from the
1918 polymerase.

Role of NP in the temperature dependence of genome replication

IAV NP is a critical factor in IAV genome replication and transcription (37). It has been
proposed that NP is recruited to nascent RNA during influenza virus RNA replication
through interactions with the unstructured low-complexity acidic region of human
ANP32 (huANP32) (38). However, it remains unclear whether there is an interplay
between NP and PB1 during genome replication and whether NP contributes to
temperature dependence.

To investigate the potential contribution of NP to the temperature-resistant
replication phenotype associated with avian-origin PB1, NY312 polymerase with cognate
or LPAl PB1 was reconstituted in 293T cells in the absence of NP at 33°C, 37°C, and
40°C (Fig. 4A) (37-39). In this NP-deficient system with a 47-nt long VRNA template,
the polymerases generated mRNA and replicated the vRNA. Both the wild-type NY312
polymerase and the LPAI PB1-containing chimera supported transcription at 40°C
(Fig. 4B). Replication by the wild-type NY312 polymerase declined at 40°C, but this
reduction was not statistically significant compared with 37°C. Thus, in contrast to
the temperature-sensitive replication observed for the complete NY312 vRNP, temper-
ature sensitivity was less pronounced when replication was examined using the short
NP-independent template. These findings suggest that the temperature dependence of
NY312 genome replication is influenced by processes associated with NP-dependent
replication, although the underlying mechanism remains unclear.

Purified chimeric human IAV polymerase with an LPAI PB1 retains activity at
40°C

In contrast to the replication differences observed in the vRNP reconstitution assays at
40°C, transcription increased at this temperature independently of the PB1 expressed,
compared to 37°C. Cellular genes involved in the heat-shock response, which help
stabilize and maintain essential cellular processes, are often upregulated at elevated
temperatures (39-41). Such heat-induced transcriptional activation could enhance the
pool of host-capped RNAs available for cap-snatching, thereby promoting increased viral
transcription.

To determine if IAV transcription increases at 40°C independently of heat-induced
cellular responses, we assessed polymerase activity using purified RdRp complexes
in a cell-free system. A baculovirus expression system was utilized to produce NY312
wild-type and chimeric NY312 polymerases harboring LPAI PB1 or 1918 PB1. A purified
LPAI PB2-E627K polymerase was also produced for comparison (Fig. 5A). Polymerase
activity was evaluated using an in vitro transcription assay with an ApG primer and short
VRNA template, performed at 33°C, 37°C, and 40°C (Fig. 5B) (42). Across all temperatures,
the inclusion of LPAI PB1 in the NY312 polymerase variably enhanced transcriptional
activity in vitro. The LPAI PB1 conferred a statistically significant increase in polymerase
activity at 40°C. Similarly, the 1918 PB1 significantly enhanced activity at 37°C, while
increases at 33°C and 40°C were modest and not statistically significant (Fig. 5C).

When evaluating the temperature permissibility of each purified polymerase in
cell-free conditions, the LPAI polymerase activity increased significantly from 33°C to
37°C and did not differ significantly between 37°C and 40°C (Fig. 5D). In contrast, the
activity of the wild-type NY312 polymerase significantly increased from 33°C to 37°C but
significantly decreased at 40°C. This decline contrasts with the consistent transcriptional
increases observed in cell-based assays, notably in the NP-independent replication assay,
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FIG 4 NP-independent RNP reconstitution and RNA synthesis across temperatures. (A) Schematic of the NP-independent RNP reconstitution and primer
extension assay. Generated using BioRender.com. (B) Quantification of vRNA and mRNA levels generated from NP-independent replication and transcription of a
47-nt vVRNA-like template at 33°C, 37°C, and 40°C by the NY312 IAV polymerase containing either the cognate or LPAI PB1. RNA levels were normalized to the 55
rRNA loading control and expressed as fold change relative to 37°C. Data represent the mean + SEM from three independent experiments. Statistical significance
was determined by two-way ANOVA with Dunnett’s multiple comparison test against the 37°C condition. P values: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

but aligns with the observed reduction in genome replication. Importantly, chimeric
polymerases containing either LPAIl or 1918 PB1 showed no significant differences in
activity between 37°C and 40°C in vitro.

These findings suggest that LPAI PB1 contributes intrinsic properties that influence
RdRp activity at elevated temperatures and promote transcriptional activity under
elevated thermal conditions, even in the absence of host proteins. Further investigation
is warranted to elucidate how physiological changes in cellular metabolism influence
viral transcription, particularly in the context of temperature stress.

LPAI and 1918 PB1 genes restore replication of NY312 IAV at 40°C in cell
culture and do not enhance virulence in mice

The data above demonstrate that avian-origin PB1 confers temperature resistance in a
minigenome assay system. To investigate how PB1 substitution affects viral replication
in vitro, 7+1 chimeric viruses were generated in which the PB1 gene segment of NY312
was replaced with that of either the LPAI virus or the 1918 pandemic virus, while the
remaining seven gene segments were derived from NY312. These viruses are hereafter
referred to as NY312'™ P81 and NY312'9"8 P®! respectively (Fig. 6A). All viruses were
handled under enhanced biosafety level 3 (BSL-3) laboratory conditions, in accordance
with the biosafety and biosecurity guidelines of the NIH Division of Safety, and with
approval from the NIH Institutional Biosafety Committee and the NIH Dual Use Institu-
tional Review Entity (IRE).

To determine whether the LPAI or 1918 PB1 genes enhance viral replication in a
human IAV background, multicycle replication kinetics were assessed in MDCK cells at
33°C, 37°C, and 40°C. MDCK cells were infected with the NY312, NY312'9'88! or NY312t™
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FIG 5 Activity of human IAV NY312 polymerases with cognate LPAI or 1918 PB1 and of a LPAI polymerase. (A) SDS-PAGE analysis of purified IAV NY312
polymerases with cognate, 1918, or LPAI PB1, and of a LPAI polymerase. (B) Schematic of the purification of IAV polymerases expressed in the baculovirus system

and subsequent ApG-primed transcription assay. Generated using BioRender.com. (C) In vitro ApG-primed short template polymerase activity assay comparing
human IAV NY312 polymerases with cognate LPAl or 1918 PB1 and of a LPAI polymerase at 33°C, 37°C, and 40°C. A 19-nucleotide-long *’P-labeled RNA is shown
as a size marker, and the position of the transcription product (TP) is indicated. Data are presented as fold change relative to NY312 (set to 1) and represent

mean + SEM from four independent experiments. Statistical significance was determined by two-way ANOVA with Dunnett’s correction for multiple comparisons

against the NY312 polymerase with cognate PB1. Significant P values are noted with an asterisk. P values: ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.

(D) Temperature permissibility of purified polymerase complexes at 33°C, 37°C, and 40°C. Data represent mean + SEM from four independent experiments.

Statistical significance was determined by two-way ANOVA with Dunnett’s multiple comparison test relative to 37°C. P values: ns, P > 0.05; *P < 0.05; **P < 0.01;

***P < 0.001.

P81 viruses at a multiplicity of infection (MOI) of 0.001. Supernatant was collected at 10,
24, 30, 48, and 72 h post-infection, with an additional time point at 90 h for the 40°C
condition. Viral titers were determined by plaque assay (Fig. 6B through D).

Overall, the introduction of the LPAI PB1 or the 1918 PB1 into NY312 led to modest
increases in viral titers at some of the time points post-infection at 33°C and 37°C with
varying statistical significance. The NY312"* "8 virus exhibited significantly elevated
titers approximately one log higher than the NY312 H1N1 wild type at 10, 24, and 30 h
post-infection. The NY312'"'® "8 virus similarly demonstrated a one-log increase in titer
after 24 h at 37°C but continued to have significantly higher titers than the NY312 control
through 72 h.

A more striking phenotype emerged at 40°C. The NY312 wild-type virus was severely
impaired, exhibiting minimal replication throughout infection. In contrast, substitution
of PB1 with either the LPAI or 1918 PB1 in NY312 resulted in a significant increase
in replication, with each chimeric virus reaching titers six logs higher than the NY312
wild-type virus. The inability of the NY312 virus to replicate at 40°C persisted through the
additional 90 h time point.

These results demonstrate that substitution with LPAl or 1918 PB1 is sufficient to
restore replication of the NY312 virus at 40°C. Although this phenotype is consistent with
the temperature-dependent differences in genome replication observed in the vRNP
reconstitution assays, the substantially greater magnitude of the effect during multicycle
infection suggests that relatively modest differences in polymerase function may be
amplified over successive rounds of infection and/or that additional temperature-sensi-
tive viral or host processes contribute to the phenotype.

Numerous studies have previously identified PB1 as a virulence factor of IAV. This
quality is attributed to the generation of aberrant replication products that are sensed
by the innate immune system, as well as the PB1-F2 accessory protein (31, 36, 43, 44).
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FIG 6 Replication of chimeric human H1N1 viruses in MDCK cells and virulence in mice. (A) Schematic of WT NY312 and chimeric NY312 viruses with the LPAI or
1918 PB1 gene segment. (B-D) Replication kinetics of WT NY312 and chimeric NY312 viruses in MDCK cells at 33°C (B), 37°C (C), and 40°C (D) at a multiplicity of
infection (MOI) of 0.001. Viral titers were quantified at the indicated time points post-infection. Error bars represent the standard deviation (SD) of three technical

replicates. Titer values were log-transformed and plotted. Titers equaling 0 were set to 1 before log transformation. Statistical significance was determined by

two-way ANOVA with Dunnett’s multiple comparison test relative to WT NY312. Only values comparing titers to the NY312 control are shown. P values: ns, P >
0.05; *P < 0.05; **P < 0.01; ***P < 0.001. Significance to the WT NY312 control is indicated by blue or black asterisks for LPAl or 1918, respectively. For panel D, a
mixed-effects analysis with Dunnett’s test was used; significance at 10 h could not be calculated due to SD = 0 for the random effect. At 40°C, the NY312 with

1918 PB1 virus was undetectable at 10 and 24 h post-infection, and NY312 WT was undetectable at 10 h post-infection. (E-G) Weight loss in BALB/c mice (n =
5 per dose) infected intranasally with WT NY312 (E) or chimeric NY312 viruses expressing 1918 (F) or LPAI PB1 (G) at doses of 10°, 10, 10°, or 10> PFU (LPAI PB1:
10%, 10% or 10° PFU only). Mice were monitored for 14 days post-infection (DPI). The dotted line indicates 25% weight loss, the predefined humane endpoint.

To assess whether PB1 substitutions alter virulence in this system, the 50% lethal dose
(LDsg) for each virus was determined in BALB/c mice. Animal studies were conducted
in ABSL-3 laboratory conditions and under the approved NIH Animal Safety Protocol
(ASP) LID-6E. Cohorts were intranasally infected with the wild-type NY312, NY312''®
P81, or NY312'"' P81 viruses and monitored daily for 14 days, with euthanasia criteria set
at 225% body weight loss.

Independent of the PB1 origin and inoculation dose, all mice survived infection.
Moreover, no animals exhibited more than 15% body weight loss prior to recovery (Fig.
6E through G), and LDsq values for all three viruses exceeded 10* PFU. These findings
indicate that replacement of the human PB1 with either the avian LPAI or the 1918 PB1
did not enhance virulence in this model. Consequently, neither potential differences in
aberrant RNA production nor variation in PB1-F2 appear to contribute measurably to
virulence under these conditions.

Body temperature was not measured during these experiments. However, influenza
A virus infection in mice is typically associated with a reduction rather than an increase
in core body temperature (45). Thus, this model is unlikely to reproduce the febrile-
range temperatures at which the strongest PB1-dependent replication phenotype was
observed in vitro. This represents a limitation of the mouse model for assessing the
physiological consequences of PB1-mediated replication at elevated temperatures and
may, in part, explain why the LPAl and 1918 PB1 substitutions did not increase virulence
under these conditions.
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DISCUSSION

Monitoring and developing countermeasures against future unpredictable pandemic
IAVs remain high public health priorities. The rapid spread of panzootic HPAI H5N1/H5Nx
clade 2.3.4.4b viruses underscores the expanding host range of avian IAVs, posing a
significant threat to global health. Since LPAIs have significantly contributed to past
IAV pandemics, understanding how different HPAI or LPAI genes facilitate spillover and
adaptation in mammals is critical.

Avian IAV PB1 has multifactorial impacts on viral fitness, pathogenicity, polymerase
fidelity, and transmissibility (31, 33-36, 44, 46). Physiological host temperature can
hinder IAV replication and influence viral evolution (24, 47). Avian body temperatures
are species-dependent, ranging from 39°C to 43°C (22, 23, 48). Comparatively, humans
exhibit lower temperatures, especially in the URT, where the temperature is approxi-
mately 33°C, rising to 37°C in the LRT (25). The human core temperature can exceed
the homeostatic 37°C through a tightly regulated febrile response to infection. Fever,
or pyrexia, is characterized by an elevation in core temperature above 38°C and is one
of the symptoms of IAV infection (25, 49). In this study, we have demonstrated that
the introduction of an LPAl-origin PB1 gene into a contemporary human H1N1 RdRp
enhances viral RNA replication at elevated temperatures and, in the context of infectious
virus, enables replication at 40°C, a condition under which the wild-type NY312 virus is
highly impaired.

The IAV strains from the 1918, 1957, and 1968 pandemics all possessed avian-origin
PB1 genes when they first emerged (1, 50). Each pandemic PB1 gene elicited increased
genome replication at 40°C, akin to the model LPAI PB1 across multiple assays. How-
ever, the WT pandemic VRNPs did not consistently reproduce the phenotype of their
respective PB1s in the NY312 background at the elevated temperature. Only the 1918
VRNP showed no significant reduction in either transcription or replication between 37°C
and 40°C. One possible explanation is that this characteristic provided an advantage
to the 1918 H1INT virus during its spillover into humans more than a century ago.
Further research is needed to determine whether this temperature resistance contrib-
uted to the severe disease pathology for which the 1918 HIN1 virus is infamous. The
emergence of the 1918 HIN1 virus ushered in a new “pandemic era” of human IAVs,
as ancestral 1918 genes have been found in subsequent pandemic and seasonal 1AV
strains. The 1957 H2N2 pandemic virus possessed the PB2, PA, and NP genes from the
circulating seasonal HIN1 virus—a descendant of the 1918 HINT virus. While these
VRNP genes were avian-adapted before the emergence of the 1918 HIN1 virus, they
did not enable efficient replication at 40°C, even when combined with a PB1 from an
LPAI virus. This loss of phenotype may be partially explained by evolutionary changes
in the virus between 1918 and 1957, driven by increasing population immunity to the
1918 descendant IAVs. A rise in immunity can lead to milder clinical disease and lower
rates of febrile illness upon re-infection. Therefore, the high-temperature replication
phenotype in these VRNP genes may have been lost during decades of viral evolution
following the 1918 pandemic, potentially in favor of replication at lower temperatures
in the upper respiratory tract, which would be optimal for transmission. Although the
1957 and 1968 avian-derived PB1 genes retain some resistance to high temperatures,
they cannot compensate for the evolutionary changes in PA, PB2, and NP. These findings
suggest that the temperature permissibility of the IAV vRNP is a complex, multifactorial
trait not solely determined by the PB1 gene. Further research is necessary to elucidate
the complex dynamics of temperature resistance and the interplay between the vRNP
genes during viral replication.

Despite clear evidence that an LPAI PB1 can enhance the temperature permissibility
of a human IAV polymerase, the exact mechanism remains unresolved. There are 31
non-synonymous changes in the PB1 sequence between the model LPAI PB1 and the
human NY312 PB1 (Table 1). The 1918 PB1 shares higher sequence identity with the
NY312 PB1 and differs by 26 non-synonymous mutations, 25 of which are present in
the model LPAI PB1. The PB1 375N/S change is the only mutation in the 1918 PB1
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sequence not found in its LPAI counterpart, an observation that was noted in the
original sequencing of the 1918 HINT1 virus (50). Respectively, these 31 and 26 amino
acid changes in the LPAlI and 1918 PB1 are scattered across the different PB1 domains
spanning the fingers, B-ribbon, palm, thumb, B-hairpin, priming loop, and C-terminus.
Reductionist approaches are necessary to identify the constellation of residues linked
to PB1’s temperature permissibility and how they function in concert within the 1AV
heterotrimer, the VRNP, and with essential host co-factors, like ANP32, to enable this
replicative advantage.

A recent publication by Turnbull et al. reported temperature resistance in vivo using a
mallard PB1 in a PR8 backbone to model reassorted HIN1 (51). Their study demonstrated
that substitutions G180E and S394P in the A/Puerto Rico/8/1934 (HIN1) PB1 or R52K
and G216S in A/Texas/50/2012 (H3N2) conferred a replicative advantage in hyperthermic
conditions in both cell-based assays and a hyperthermic mouse model that emulates
pyretic temperatures. This was the first time discrete mutations could be causally linked
to replication at febrile temperatures in a model IAV. Our study uses different HIN1 and
LPAI virus models and recapitulates their observation that avian PB1 genes reassorted
with human IAV polymerase genes confer a fitness advantage at febrile-range temper-
atures. However, our NY312 H1N1 strain contains E180 and P394 in its PB1 coding
sequence, which are shared with the A/green-winged teal/175/1986 (H2N1) PB1 used
in this study. The precise mechanism by which LPAI PB1 enables replication at elevated
temperatures remains elusive, and these studies suggest that alternative residues are
involved in this phenotype.

In addition to potential intrinsic properties of the polymerase that enhance replica-
tion at elevated temperatures, other viral and host factors involved in viral transcrip-
tion and replication may also contribute. NP is a critical VRNP component that is
recruited to nascent RNA during VRNA and cRNA synthesis. In the NP-independent
system, the temperature-sensitive replication phenotype of the NY312 polymerase was
less pronounced than in the complete VRNP, suggesting that processes associated
with NP-dependent genome replication contribute to temperature sensitivity. One
possibility is that elevated temperature affects interactions required for NP recruitment,
nascent RNA encapsidation, or assembly of replication-competent vRNPs, and that these
processes are influenced by the PB1 background. However, the present experiments do
not distinguish among these possibilities or demonstrate a direct functional interaction
between PB1 and NP. Further experiments using alternative NP-independent templates
and different PB1 and NP combinations will be required to determine the molecular basis
of this phenotype.

The magnitude of the PB1-dependent phenotype during multicycle virus replication
was considerably greater than that observed in the VRNP reconstitution assays. This
may reflect amplification of a replication defect over successive rounds of infection,

TABLE 1 Sequence identity and amino acid differences between A/green-winged teal/Ohio/175/1986
(H2N1) LPAI PB1 and human A/New York/312/2001 (HTN1) NY312 PB1

IAV strain Nucleotide Non-synonymous  Amino acid substitutions PB1 domain
differences from differences from relative to NY312°
NY312, n (identity, NY312,n
%)

A/green-winged teal/ 413 (82%) 31 R52K, R54K, K57T, K75E, 1108L,  Fingers
Ohio/175/1986 1156T, R176K, D177E, D213N,
(H2N1) K327R, 1336V

V179M,V195M, H210Q, K211R  B-ribbon
1298L, Y456H, A457E, L473V Palm

D383E, K386E B-hairpin
V5171,1576L, D581E, V6671 Thumb
M645V, N654S Priming loop

R691K, 1744M, T7461, D752E C-terminus

“Bolded amino acid substitutions are also present in the A/Brevig Mission/1/1918 (H1IN1) PB1 sequence.
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but additional temperature-sensitive steps in the viral life cycle or virus—host interac-
tions may also contribute. Recent work has also shown that febrile-range temperatures
can enhance innate immune responses to influenza through increased production of
aberrant viral RNA species (52, 53), providing another potential mechanism that could
contribute to the greater magnitude of the phenotype observed during multicycle
infection. Innate immune responses and viral RNA synthesis were not examined during
the early stages of authentic virus infection at 40°C in this study, and their contribution
to the phenotype therefore remains unresolved. Further studies examining viral RNA
synthesis and host responses during single-cycle infection will be required to determine
how the PB1-dependent polymerase phenotype translates into the marked difference in
infectious virus production at elevated temperature. Differences in the PB1 UTRs could
also potentially contribute to the temperature-dependent phenotype. However, the UTR
sequences associated with the 1918 PB1 are highly conserved with those of NY312,
with an identical 5 UTR and only two nucleotide differences in the 3" UTR (54). Thus,
while a contribution of the PB1 UTRs at 40°C cannot be excluded, the available evidence
supports an important contribution of the PB1 coding sequence.

Despite the replicative advantage conferred by the avian-origin PB1 in a human H1N1
virus at elevated temperatures in vitro, neither the 1918 nor the LPAI PB1 substitution in
NY312 increased pathogenicity in a BALB/c mouse model. The wild-type NY312 virus is
highly attenuated in mice, possibly due to its HA or NA, such that replacing an internal
gene like PB1 does not significantly alter virulence in vivo. An additional limitation is that
body temperature was not measured during these experiments. Influenza virus infection
in mice is generally associated with a reduction rather than an increase in core body
temperature; therefore, this model would not be expected to reproduce the febrile-
range temperatures at which the strongest PB1-dependent phenotype was observed
in vitro (45). Consequently, the absence of increased virulence in this model does not
directly address whether avian-origin PB1 provides a fitness advantage during fever.
Future studies using an in vivo model in which body temperature can be experimentally
elevated to febrile-range temperatures will be required to determine the physiological
significance of PB1-mediated temperature resistance. Exploring the relationship between
replication, virulence, and zoonotic IAV emergence will expand our understanding of
how reassorted IAVs with genome segments from viruses of different hosts emerge and
establish themselves.

Temperature is a critical determinant of influenza virus replication and transmission.
This phenomenon is multifactorial, as it is shaped by complex interactions at the
viral-host interface (55-59). Understanding viral temperature sensitivity has been central
to the development of live-attenuated influenza vaccines (56, 60, 61). Temperature also
influences tropism and host adaptation of IAV. This study shows that an LPAI PB1 or
pandemic avian-origin PB1 enables a human IAV to replicate efficiently at 40°C (Fig.
7). Although these experiments demonstrate a PB1-dependent replication advantage at
elevated temperatures in vitro, its physiological significance during fever remains to be
established in an appropriate in vivo model. Fever is a highly conserved, tightly regulated
innate immune response in mammals (49). In humans, pyrexia is defined as a rise in
body temperature above the body’s regulated set point. Fevers can be categorized as
low-grade, moderate-grade, and high-grade based on a patient’s baseline temperature
and the site where the temperature is measured. Typically, the temperature benchmark
for mild febrile illness is 38°C (Fig. 7A). This complex inflammatory response elevates
cellular metabolism, boosts immune activity, and creates a hostile environment for
pathogens, ideally reducing viral replication as temperature increases (Fig. 7B). However,
avian |AVs may inherently tolerate higher temperatures, as their reservoir hosts maintain
core body temperatures of 39°C-43°C (Fig. 7C). Consequently, when an avian 1AV spills
over or reassorts with a circulating human IAV strain, acquisition of an avian PB1 could
enable the new virus strain to sustain replication despite fever. This may confer a
substantial advantage for an emerging zoonotic virus, allowing it to establish in an
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FIG 7 Effect of febrile temperature on IAV transcription and genome replication. (A) Temperature distribution within the human respiratory tract. The URT

maintains approximately 33°C, while the LRT approximates the core body temperature of around 37°C. During febrile illness, core temperature rises above 38°C,

enhancing immune responses and creating a physiologically restrictive environment for pathogens. (B) Model depicting the impact of 40°C on transcription

and replication of a human IAV. Elevated temperature increases transcription but markedly reduces replication of vRNA through cRNA, which may reduce vRNP

accumulation and contribute to reduced production of infectious progeny virions. (C) Model illustrating the response of an avian IAV following spillover into

humans. At 40°C, both transcription and genome replication are sustained or enhanced, which may support continued vVRNP accumulation and infectious virus

production at elevated temperature. This temperature resilience may permit ongoing replication and dissemination in the febrile host.

immunologically naive population, potentially influencing transmissibility, pathogenesis,
and pandemic potential.

Overall, this study expands our understanding of PB1’s role in modulating the
temperature permissibility of the influenza virus polymerase complex and highlights
how avian-origin PB1 may overcome febrile barriers in mammalian hosts. Given the
historical re-emergence of avian PB1 in the 1918 H1N1, 1957 H2N2, and 1968 H3N2
pandemics, avian PB1 may influence the pandemic potential and transmissibility of an
emerging AV in humans. Understanding how avian PB1 and other avian IAV genes help
overcome such barriers will be valuable for ongoing surveillance of avian IAVs circulating
in mammals. Insights from this study and further research could inform IAV surveillance
efforts and preparedness, particularly as LPAl and HPAI continue to emerge in birds and
spill over into humans and other mammals.

MATERIALS AND METHODS
Analysis of polymerase activity using reporter gene expression

293T cells were seeded the day before transfection in 96-well plates to achieve 70%-—
80% confluency. The pCAGGS plasmid set for the expression of A/New York/312/2001
(HTNT) (NY312) RNP genes and plasmids to express PB1 of A/green-winged teal/
Ohio/175/1986 (H2N1), A/Brevig Mission/1/1918 (H1N1), A/Japan/305/1957 (H2N2), and
A/Hong Kong/1/1968 (H3N2) have been described (36, 62-64). Chimeric 3+1 vRNPs
comprised the NY312 PB2, PA, and NP and a heterologous PB1. A pPoll Luc plasmid
expressing a firefly luciferase gene flanked by IAV noncoding UTRs was used as a
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reporter for polymerase activity (65). Cells were transfected with plasmids expressing
RNP components PB1, PB2, PA, and NP, and the luciferase reporter plasmid at 40 ng
each using Lipofectamine 2000 (Invitrogen). An empty pCAGGS vector was transfected
instead of the PB1 plasmid for a negative control. Cells were maintained at 37°C before
transfection. Immediately following transfection, plates were transferred to 33°C, 37°C,
or 40°C and incubated at the indicated temperature for 24 h. The Promega ONE-Glo
Luciferase assay kit (#£6120) was used to measure luciferase activity 24 h post-transfec-
tion following the manufacturer’s protocols. The data shown are from three independ-
ent experiments. The background signal of the negative control was subtracted from
the experimental data. The data were presented as percent fold changes relative to
the NY312 RNP value. A one-sample t-test with Bonferroni’s correction for multiple
comparisons was used (a = 0.0125).

Analysis of polymerase activity by primer extension

Approximately 3.0 X 10° to 4.5 x 10° 293T cells/well were seeded in 24-well plates 24
h before transfection to achieve 70%-80% confluency. The pCAGGS plasmid set for the
expression of the NY312 RNP components and plasmids to express LPAI or pandemic
PB1s were transfected along with a pPoll plasmid encoding the NA vRNA segment of
A/WSN/33 (H1N1) influenza virus at 200 ng of each plasmid (42, 62-64). Cells were
maintained at 37°C before transfection. Immediately following transfection, plates were
transferred to 33°C, 37°C, or 40°C and incubated at the indicated temperature for 24
h. TRI Reagent (Sigma) was used to isolate total RNA 24 h post-transfection following
the manufacturer’s protocols. First-strand RNA synthesis using SuperScript Il (Thermo
Fisher Scientific Inc.) was conducted with NA-specific primers radiolabeled with [y->*P]
ATP (Perkin-Elmer) as described (42). A primer specific to 55 rRNA was used as an
internal control. Products were resolved on a 6% or 12% denaturing PAGE containing 7
M urea. The resulting gels were imaged using a FLA-5000 scanner (Fuji) phosphorimager,
and targets were quantified using Fiji ImageJ2. Because the number of experimental
conditions exceeded the number of samples that could be resolved on a single PAGE
gel, comparisons examining the effect of PB1 within each temperature (Fig. 2C) and
the effect of temperature within each PB1 background (Fig. 3A) were resolved on
separate gels and quantified independently. The data shown are from three independent
experiments.

Examination of NP-independent polymerase activity

293T cells were seeded into 24-well plates 24 h before transfection to achieve 70%-80%
confluency. The pCAGGs plasmids expressing NY312 PB2 and PA and plasmids express-
ing LPAI or pandemic PB1s were transfected at 100 ng each along with a pPoll plasmid
expressing a 47-nt VRNA-like template derived from the NP segment of A/WSN/33 (H1NT1)
transfected at 50 ng. Lipofectamine 2000 (Thermo Fisher Scientific Inc.) was used for
transfection according to the manufacturer’s protocols. Cells were maintained at 37°C
before transfection. Immediately following transfection, plates were transferred to 33°C,
37°C, or 40°C and incubated at the indicated temperature for 24 h. After 24 h, TRI
Reagent (Sigma) was added, and total RNA was extracted following the manufacturer’s
protocols. Primer extension analysis of viral RNAs was performed as previously described
(42). The data shown are the result of three independent experiments.

Immunoblotting

Cells were lysed using Promega lysis buffer (Promega), and protein samples were
resolved by SDS-PAGE and transferred to a nitrocellulose membrane. Primary antibodies
for PB1 (GTX125923) and NP (GTX125989) were purchased from GeneTex. The primary
B-actin antibody was supplied by Santa Cruz Biotechnology (sc-47778). Secondary
goat anti-rabbit IgG (Li-COR 926-32211) and goat anti-mouse IgG (Li-COR 926-32220)
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antibodies were used for detection with the Li-COR Odyssey DLx platform. Images were
processed with the affiliated software (LI-COR, Inc., 2022).

Purification of chimeric recombinant IAV polymerases

The MultiBac system was used to express the polymerase complex of the A/New
York/312/2001 (HTN1) (NY312) and A/green-winged teal/Ohio/175/1986 (H2N1) (LPAI)
influenza viruses (66). To express chimeric polymerases, the NY312 PB1 gene was
replaced with that of the A/Green-winged teal/Ohio/175/1986 (H2N1) PB1 and the A/
Brevig Mission/1/1918 (H1N1) PB1 in the recombinant baculovirus. Recombinant IAV
polymerases were expressed in Sf9 insect cells and subsequently purified via IgG affinity
chromatography using a protein-A tag on the NY312 PB2 protein. Following cleavage
with TEV protease and release from IgG Sepharose, the polymerase complexes were
further purified by size-exclusion chromatography in a low-glycerol buffer (25 mM
Hepes-NaOH [pH 7.5], 500 mM NaCl, and 5% [vol/vol] glycerol) as previously described
(67). Fractions containing purified influenza polymerase were concentrated to 0.5-5.0
mg/mL for downstream applications.

Polymerase in vitro transcription assays

Polymerase activity of purified recombinant IAV polymerase was assessed using an a->2P
GTP incorporation assay as previously described (67). A reaction mixture containing a->?P
GTP (3,000 Ci/mmol), 1.5 pL of purified recombinant polymerase (284 nM), and 2.5 uM
of 5" and 3’ vRNA promoter was prepared and incubated at 33°C, 37°C, and 40°C for 1 h.
The promoter sequences have been described (67). RNA products were resolved on an
18% denaturing PAGE with 7 M urea after the addition of formamide to halt the reaction.
The gels were imaged by phosphorimaging through the FLA-5000 scanner (Fuji), and the
products were quantified using Fiji ImageJ2. The data shown are from four independent
experiments.

Generation of chimeric IAVs by reverse genetics

All work with the chimeric IAVs was performed in enhanced biosafety level 3 (BSL-3)
laboratory conditions at the National Institutes of Health (NIH). Biosafety practices
were aligned with NIH and the Centers for Disease Control and Prevention Biosafety
in Microbiological and Biomedical Laboratories (BMBL) 6th ed., the Federal Select Agent
program, and the NIH Guidelines for Research Involving Recombinant and Synthetic
Nucleic Acids, as well as NIH policies and requirements set forth by the NIH Division
of Safety and the NIH Institutional Biosafety Committee. This project was periodically
reviewed by the NIH Dual Use Research of Concern Institutional Review Entity (IRE),
and the manuscript was reviewed and approved by the IRE before submission. The IRE
determined that this research did not meet the definition of dual-use research of concern
or dangerous gain of function and that the work did not require elevation as part of the
P3CO framework.

A reverse genetics system based on the pHH21 plasmid for the A/New York/312/2001
(HTN1) (NY312) has been established previously (68). This strain was selected as a model
contemporary, non-lab-adapted human H1N1 virus. The pHH21 plasmid encoding the
PB1 gene segment of A/green-winged teal/Ohio/175/1986 (H2N1), hereafter referred to
as LPAI, was provided by R. Slemons (Ohio State University, Columbus, Ohio) and has
been described previously (11, 63, 69). The pHH21 plasmids encoding the PB1 gene
segments of A/Brevig Mission/1/1918 (HIN1) have also been described previously (36).
The NY312 and LPAI PB1 rescue plasmids contain the cognate 5" and 3’ UTRs of their
respective PB1 gene segments, whereas the 1918 PB1 rescue plasmid contains the
A/WSN/1933 (H1N1) PB1 5" and 3" UTRs. The NY312 7+1 chimeric viruses containing
the PB1 gene segments of the A/green-winged teal/Ohio/175/1986 (H2N1) and A/Brevig
Mission/1/1918 (H1N1) were generated in the NY312 backbone as previously described
(36, 70). The recombinant viruses were cultured and quantified by plaque assay. The LPAI
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and 1918 PB1-containing viruses were passaged 1-2 times before use. All viruses were
verified by sequencing.

Viral growth kinetics in MDCK cells

MDCK cells were seeded in 6-well plates in DMEM containing 10% FBS and grown to 90%
confluency at 37°C over a period of 24 h. Virus stocks were diluted in DMEM, and MDCK
cells were infected at an MOI of 0.001 in three technical replicates. Virus adsorption was
performed for 1 h at 37°C, after which the infected cells were transferred to 33°C, 37°C,
and 40°C and maintained for the duration of the experiment. Virus titers were measured
at 10, 24, 30, 48, and 72 h post-infection using plaque assays. An additional 90 h time
point was taken for the samples incubated at 40°C.

Mouse studies

Groups of mice (n = 5) were intranasally infected with the NY312 WT or NY312 7+1
1918 PB1 chimeric virus at 10°, 10% 103 and 10% PFU doses and the NY312 7+1 LPAI PB1
chimeric virus at 10%, 10% and 10% PFU doses. Natural history of disease was monitored via
daily weights taken for 14 days post-infection. Mice were ethically euthanized if they lost
more than 25% of their initial body weight.

Quantification and statistics

All statistical analyses were performed using Prism 10. Statistical tests were selected
according to the experimental design and the comparisons of interest. For experiments
comparing multiple groups with a defined control, ANOVA followed by Dunnett’s
multiple-comparison test was used. For the luciferase reporter assay in Fig. 2B, activities
of individual heterologous PB1-containing polymerases were expressed relative to the
cognate NY312 polymerase and compared with a theoretical value of 1 using one-sam-
ple t-tests. Because four PB1 variants were compared with NY312 at each temperature,
a Bonferroni correction was applied, resulting in an adjusted significance threshold of
a = 0.0125. Statistical significance was defined using the thresholds specified in the
corresponding figure legends. Unless otherwise indicated, nonsignificant differences
were not interpreted as evidence of equivalence. Statistical analyses were performed in
consultation with a statistician at the National Institutes of Health.

ACKNOWLEDGMENTS

We thank the Comparative Medicine Branch (NIH/NIAID) for performing animal care for
the animal studies. We also thank Jane Sharps, Dr. Kuang-Yu Chen, Dr. Fangzheng Wang,
and Dr. Zihan (Amanda) Zhu at the University of Oxford for their technical support and
guidance on exploratory experiments not included in the manuscript. We also thank
Alison Mateja, MSPH (NIH), for consulting on the statistical analysis.

This work was supported by the Division of Intramural Research, NIAID, NIH (JK.T,
SLW,SMG, JCB, LQ,YX,AF, LM, andS.FL.); the UK Medical Research Council (grant
MR/R009945/1) (E.F.); the UK Medical Research Council (grant MR/X008312/1) (E.F.); the
NIH-Oxford/Cambridge Scholars Graduate Program with the International Biomedical
Research Alliance (S.L.W.); and the Swiss National Science Foundation Early Postdoc
Mobility (grant P2BSP3_188158) and Postdoc Mobility (grant P500PB_206813) programs
(S.M.G.). The contributions of the NIH author(s) are considered works of the United States
Government. The findings and conclusions presented in this paper are those of the
author(s) and do not necessarily reflect the views of the NIH or the U.S. Department of
Health and Human Services.

Conceptualization: S.L.W.,, J.K.T,, E.F. Methodology: S.L.W,, S.M.G., J.C.B.,, L.Q., H.F, M.M,,
Y.X. Investigation: S.L.W., SSM.G., J.C.B,, H.F, M.M,, Y.X. Visualization: S.L.W., SM.G., M.M.
Resources: S.L.W., SSM.G., L.Q., H.F, JK.T,, E.F. Funding acquisition: J.K.T.,, E.F. Data curation:
S.LW, SMG,, JCB., MM, YX, LM, AF, SFL. Validation: SLW., SM.G., J.CB., MM,
Y.X. Formal analysis: S.LW. S.M.G,, M.M., Y.X. Writing—original draft: S.L.W., JKT., EF.

Month XXXX Volume 0 Issue 0

Journal of Virology

10.1128/jvi.00978-26 16


https://doi.org/10.1128/jvi.00978-26

Downloaded from https://journals.asm.org/journal/jvi on 04 November 2026 by 71.126.91.68.

Full-Length Text

Writing—review and editing: S.L.W., SM.G., J.C.B., Y.X., JKT., E.F. Supervision: L.Q,, H.F,
JK.T, E.F. Project administration: J.K.T., E.F.

AUTHOR AFFILIATIONS

'Sir William Dunn School of Pathology, University of Oxford, Oxford, United Kingdom
%viral Pathogenesis and Evolution Section, Laboratory of Infectious Disease, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda,
Maryland, USA

PRESENT ADDRESS

Jacob C. Bjorgen, School of Medicine and Public Health, University of Wisconsin,
Madison, Wisconsin, USA

Haitian Fan, School of Basic Medical Sciences, Zhejiang University School of Medicine,
Zhejiang University, Hangzhou, China

Munashe Mudiwa, ARUK Oxford Drug Discovery Institute, University of Oxford, Oxford,
United Kingdom

Lex Matthews, Non-Human Primate Program, Translational Stem Cell Biology Branch,
National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda,
Maryland, USA

AUTHOR ORCIDs

Jeffery K. Taubenberger ( http://orcid.org/0000-0002-9694-7228
Ervin Fodor @ http://orcid.org/0000-0003-3249-196X

FUNDING
Funder Grant(s) Author(s)
Division of Intramural Research Stephanie L. Williams
Sebastian M. Gygli
Jacob C. Bjorgen
Lex Matthews
Yongli Xiao
Ashley Freeman
Sharon F. Legaspi
Li Qi
Jeffery K. Taubenberger
Medical Research Council MR/R009945/1, MR/ Ervin Fodor
X008312/1
NIH-Oxford/Cambridge Scholars Stephanie L. Williams
Graduate Program with the Interna-
tional Biomedical Research Alliance
Swiss National Science Foundation P2BSP3_188158, Sebastian M. Gygli
Early Postdoc Mobility and Postdoc P500PB_206813

Mobility

AUTHOR CONTRIBUTIONS

Stephanie L. Williams, Conceptualization, Data curation, Formal analysis, Investigation,
Methodology, Project administration, Resources, Software, Validation, Visualization,
Writing - original draft, Writing — review and editing | Sebastian M. Gygli, Data curation,
Formal analysis, Investigation, Methodology, Resources, Software, Validation, Visualiza-
tion, Writing — original draft, Writing — review and editing | Jacob C. Bjorgen, Data
curation, Formal analysis, Investigation, Validation, Writing - review and editing | Haitian

Month XXXX Volume 0 Issue 0

Journal of Virology

10.1128/jvi.00978-26 17


http://orcid.org/0000-0002-9694-7228
http://orcid.org/0000-0003-3249-196X
http://dx.doi.org/10.13039/100017540
http://dx.doi.org/10.13039/501100007155
https://doi.org/10.1128/jvi.00978-26

Downloaded from https://journals.asm.org/journal/jvi on 04 November 2026 by 71.126.91.68.

Full-Length Text

Fan, Data curation, Formal analysis, Investigation, Methodology, Resources, Validation,
Writing - review and editing | Munashe Mudiwa, Data curation, Investigation, Meth-
odology, Writing — review and editing | Lex Matthews, Data curation, Investigation,
Methodology, Writing - review and editing | Yongli Xiao, Data curation, Formal analysis,
Methodology, Software, Writing — review and editing | Ashley Freeman, Data curation,
Investigation, Methodology, Writing — review and editing | Sharon F. Legaspi, Data
curation, Investigation, Methodology, Writing — review and editing | Li Qi, Conceptual-
ization, Methodology, Resources, Supervision, Writing — review and editing | Jeffery
K. Taubenberger, Conceptualization, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision, Writing - original draft,
Writing - review and editing | Ervin Fodor, Conceptualization, Formal analysis, Funding
acquisition, Investigation, Methodology, Project administration, Resources, Supervision,
Writing — original draft, Writing - review and editing

DATA AVAILABILITY

The National Institutes of Health can provide all experimental materials pending
scientific review and a completed material transfer agreement. Requests for any
materials should be submitted to E.F. or J.K.T. All sequences used in phylogenetic analysis
exist in the public domain and are available on the Influenza Research Database (IRD). All

Journal of Virology

data are available in the main text or the supplemental material.

ETHICS APPROVAL

Animal studies complied with the approval of the NIAID Animal Care and Use Committee
(ACUC) under the NIH Animal Safety Protocol (ASP) LID-6E.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Fig. S1 (JV100978-26-50001.pdf). Western blot analysis of PB1 and NP in vVRNP reconsti-
tution assays.

REFERENCES

1.

Kawaoka Y, Krauss S, Webster RG. 1989. Avian-to-human transmission of
the PB1 gene of influenza A viruses in the 1957 and 1968 pandemics. J
Virol 63:4603-4608. https://doi.org/10.1128/JV1.63.11.4603-4608.1989
Taubenberger JK, Kash JC. 2010. Influenza virus evolution, host
adaptation, and pandemic formation. Cell Host Microbe 7:440-451. http
s://doi.org/10.1016/j.chom.2010.05.009

Guan Y, Vijaykrishna D, Bahl J, Zhu H, Wang J, Smith GJD. 2010. The
emergence of pandemic influenza viruses. Protein Cell 1:9-13. https://do
i.org/10.1007/s13238-010-0008-z

Taubenberger JK, Kash JC, Morens DM. 2019. The 1918 influenza
pandemic: 100 years of questions answered and unanswered. Sci Trans|
Med 11:eaau5485. https://doi.org/10.1126/scitransimed.aau5485
Johnson N, Mueller J. 2002. Updating the accounts: global mortality of
the 1918-1920 “Spanish” influenza pandemic. Bull Hist Med 76:105-115.
https://doi.org/10.1353/bhm.2002.0022

Taubenberger JK, Morens DM. 2009. Pandemic influenza - including a
risk assessment of H5N1. Rev Sci Tech OIE 28:187-202. https://doi.org/10
.20506/rst.28.1.1879

Roberts NJ, Krilov LR. 2022. The continued threat of influenza A viruses.
Viruses 14:883-883. https://doi.org/10.3390/v14050883

Garten RJ, Davis CT, Russell CA, Shu B, Lindstrom S, Balish A, Sessions
WM, Xu X, Skepner E, Deyde V, et al. 2009. Antigenic and genetic
characteristics of swine-origin 2009 A(H1N1) influenza viruses
circulating in humans. Science 325:197-201. https://doi.org/10.1126/scie
nce.1176225

Month XXXX Volume 0 Issue 0

10.

1.

12.

13.

14.

15.

Neumann G, Noda T, Kawaoka Y. 2009. Emergence and pandemic
potential of swine-origin HINT influenza virus. Nature 459:931-939. http
s://doi.org/10.1038/nature08157

Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. 1992.
Evolution and ecology of influenza A viruses. Microbiol Rev 56:152-179.
https://doi.org/10.1128/mr.56.1.152-179.1992

Dugan VG, Chen R, Spiro DJ, Sengamalay N, Zaborsky J, Ghedin E,
Nolting J, Swayne DE, Runstadler JA, Happ GM, Senne DA, Wang R,
Slemons RD, Holmes EC, Taubenberger JK. 2008. The evolutionary
genetics and emergence of avian influenza viruses in wild birds. PLoS
Pathog 4:1000076. https://doi.org/10.1371/journal.ppat.1000076
Munster VJ, Fouchier RAM. 2009. Avian influenza virus: of virus and bird
ecology. Vaccine 27:6340-6344. https://doi.org/10.1016/j.vaccine.2009.0
2.082

Niedringhaus KD, Chan TC, McDowell A, Maxwell L, Stevens M, Potts L,
Miller E, Anis E, Why KV, Keller T, Stallknecht D, Poulson RL, Bahrs K,
Brown JD. 2024. Surveillance of highly pathogenic avian influenza virus
in wild canids from Pennsylvania, USA. Animals (Basel) 14:3700-3700. htt
ps://doi.org/10.3390/ani14243700

Baechlein C, Kleinschmidt S, Hartmann D, Kammeyer P, Wohlke A,
Warmann T, Herms L, Kiihl B, Beineke A, Wohlsein P, Harder T, Runge M.
2023. Neurotropic highly pathogenic avian influenza A(H5N1) virus in
Red Foxes, Northern Germany. Emerg Infect Dis 29:2509-2512. https://d
0i.org/10.3201/eid2912.230938

Kareinen L, Tammiranta N, Kauppinen A, Zecchin B, Pastori A, Monne |,
Terregino C, Giussani E, Kaarto R, Karkamo V, et al. 2024. Highly
pathogenic avian influenza A(H5N1) virus infections on fur farms

10.1128/jvi.00978-26 18


https://doi.org/10.1128/jvi.00978-26
https://doi.org/10.1128/JVI.63.11.4603-4608.1989
https://doi.org/10.1016/j.chom.2010.05.009
https://doi.org/10.1007/s13238-010-0008-z
https://doi.org/10.1126/scitranslmed.aau5485
https://doi.org/10.1353/bhm.2002.0022
https://doi.org/10.20506/rst.28.1.1879
https://doi.org/10.3390/v14050883
https://doi.org/10.1126/science.1176225
https://doi.org/10.1038/nature08157
https://doi.org/10.1128/mr.56.1.152-179.1992
https://doi.org/10.1371/journal.ppat.1000076
https://doi.org/10.1016/j.vaccine.2009.02.082
https://doi.org/10.3390/ani14243700
https://doi.org/10.3201/eid2912.230938
https://doi.org/10.1128/jvi.00978-26

Downloaded from https://journals.asm.org/journal/jvi on 04 November 2026 by 71.126.91.68.

Full-Length Text

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Month XXXX Volume 0

connected to mass mortalities of black-headed gulls, Finland, July to
October 2023. Euro Surveill 29:2400063. https://doi.org/10.2807/1560-7
917.ES.2024.29.25.2400063

Chothe SK, Srinivas S, Misra S, Nallipogu NC, Gilbride E, LaBella L,
Mukherjee S, Gauthier CH, Pecoraro HL, Webb BT, Pipas JM, Ramasamy S,
Kuchipudi SV. 2025. Marked neurotropism and potential adaptation of
H5N1 clade 2.3.4.4.b virus in naturally infected domestic cats. Emerg
Microbes Infect 14:2440498. https://doi.org/10.1080/22221751.2024.244
0498

Landazabal-Castillo S, Suarez-Agiiero D, Alva-Alvarez L, Mamani-Zapana
E, Mayta-Huatuco E. 2024. Highly pathogenic avian influenza A virus
subtype H5N1 (clade 2.3.4.4b) isolated from a natural protected area in
Peru. Microbiol Resour Announc 13:e0041724. https://doi.org/10.1128/
mra.00417-24

Castro-Sanguinetti GR, Gonzalez-Veliz R, Callupe-Leyva A, Apaza-Chiara
AP, Jara J, Silva W, Icochea E, More-Bayona JA. 2024. Highly pathogenic
avian influenza virus H5N1 clade 2.3.4.4b from Peru forms a monophy-
letic group with Chilean isolates in South America. Sci Rep 14:3635. https
://doi.org/10.1038/541598-024-54072-2

Pantin-Jackwood MJ, Swayne DE. 2009. Pathogenesis and pathobiology
of avian influenza virus infection in birds. Rev Sci Tech 28:113-136. https:
//doi.org/10.20506/RST.28.1.1869

Bertran K, Dolz R, Majé N. 2014. Pathobiology of avian influenza virus
infection in minor gallinaceous species: a review. Avian Pathol 43:9-25. h
ttps://doi.org/10.1080/03079457.2013.876529

Evseev D, Magor KE. 2019. Innate immune responses to avian influenza
viruses in ducks and chickens. Vet Sci 6:1-37. https://doi.org/10.3390/vet
sci6010005

Tabh JKR, Hartjes M, Burness G. 2023. Endotherms trade body
temperature regulation for the stress response. Proc Biol Sci
290:20231251. https://doi.org/10.1098/rspb.2023.1251

Andreasson F, Rostedt E, Nord A. 2023. Measuring body temperature in
birds - the effects of sensor type and placement on estimated
temperature and metabolic rate. J Exp Biol 226:1-8. https://doi.org/10.12
42/jeb.246321

Foxman EF, Storer JA, Fitzgerald ME, Wasik BR, Hou L, Zhao H, Turner PE,
Pyle AM, Iwasaki A. 2015. Temperature-dependent innate defense
against the common cold virus limits viral replication at warm
temperature in mouse airway cells. Proc Natl Acad Sci USA 112:827-832.
https://doi.org/10.1073/pnas.1411030112

Lindemann J, Leiacker R, Rettinger G, Keck T. 2002. Nasal mucosal
temperature during respiration. Clin Otolaryngol Allied Sci 27:135-139.
https://doi.org/10.1046/j.1365-2273.2002.00544.x

Ma W, Loving CL, Driver JP. 2023. From snoot to tail: a brief review of
influenza virus infection and immunity in pigs. J Immunol 211:1187-
1194. https://doi.org/10.4049/jimmunol.2300385

Gourdine JL, Rauw WM, Gilbert H, Poullet N. 2021. The genetics of
thermoregulation in pigs: a review. Front Vet Sci 8:770480. https://doi.or
g/10.3389/fvets.2021.770480

Wandzik JM, Kouba T, Cusack S. 2021. Structure and function of
influenza polymerase. Cold Spring Harb Perspect Med 11:1-19. https://d
0i.0rg/10.1101/cshperspect.a038372

Fodor E, Te Velthuis AJW. 2020. Structure and function of the influenza
virus transcription and replication machinery. Cold Spring Harb Perspect
Med 10:1-14. https://doi.org/10.1101/cshperspect.a038398

Te Velthuis AJW, Grimes JM, Fodor E. 2021. Structural insights into RNA
polymerases of negative-sense RNA viruses. Nat Rev Microbiol 19:303-
318. https://doi.org/10.1038/541579-020-00501-8

Pappas C, Aguilar PV, Basler CF, Solérzano A, Zeng H, Perrone LA, Palese
P, Garcia-Sastre A, Katz JM, Tumpey TM. 2008. Single gene reassortants
identify a critical role for PB1, HA, and NA in the high virulence of the
1918 pandemic influenza virus. Proc Natl Acad Sci USA 105:3064-3069. h
ttps://doi.org/10.1073/pnas.0711815105

Giria M, Rebelo de Andrade H. 2014. Genetic evolution of PB1 in the
zoonotic transmission of influenza A(H1) virus. Infect Genet Evol 27:234-
243. https://doi.org/10.1016/j.meegid.2014.07.024

Lin R-W, Chen G-W, Sung H-H, Lin R-J, Yen L-C, Tseng Y-L, Chang Y-K, Lien
S-P, Shih S-R, Liao C-L. 2019. Naturally occurring mutations in PB1 affect
influenza A virus replication fidelity, virulence, and adaptability. J
Biomed Sci 26:55-55. https://doi.org/10.1186/512929-019-0547-4

Cui H, Che G, de Jong MCM, Li X, Liu Q, Yang J, Teng Q, Li Z, Beerens N.
2022. The PB1 gene from HI9N2 avian influenza virus showed high
compatibility and increased mutation rate after reassorting with a

Issue 0

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Journal of Virology

human HINT1 influenza virus. Virol J 19:20. https://doi.org/10.1186/51298
5-022-01745-x

Wang F, Liu G, Lu Y, Hlasny M, Liu Q, Zhou Y. 2020. Acquisition of avian-
origin PB1 facilitates viral RNA synthesis by the 2009 pandemic H1N1
virus polymerase. Viruses 12:266-266. https://doi.org/10.3390/v1203026
6

Williams SL, Qi L, Sheng Z-M, Xiao Y, Freeman A, Matthews L, Legaspi SF,
Fodor E, Taubenberger JK. 2024. Effect of pandemic influenza A virus
PB1 genes of avian origin on viral RNA polymerase activity and
pathogenicity. Sci Adv 10:eads5735. https://doi.org/10.1126/sciadv.ads5
735

Zhu Z, Fan H, Fodor E. 2023. Defining the minimal components of the
influenza A virus replication machinery via an in vitro reconstitution
system. PLoS Biol 21:e3002370. https://doi.org/10.1371/journal.pbio.300
2370

Wang F, Sheppard CM, Mistry B, Staller E, Barclay WS, Grimes JM, Fodor
E, Fan H. 2022. The C-terminal LCAR of host ANP32 proteins interacts
with the influenza A virus nucleoprotein to promote the replication of
the viral RNA genome. Nucleic Acids Res 50:5713-5725. https://doi.org/1
0.1093/nar/gkac410

Balli S, Shumway KR, Sharan S. 2025. Physiology, Fever. StatPearls,
Treasure Island (FL).

Belon L, Skidmore P, Mehra R, Walter E. 2021. Effect of a fever in viral
infections - the “Goldilocks” phenomenon? World J Clin Cases 9:296—
307. https://doi.org/10.12998/wjcc.v9.i2.296

Singh IS, Hasday JD. 2013. Fever, hyperthermia and the heat shock
response. Int J Hyperthermia 29:423-435. https://doi.org/10.3109/02656
736.2013.808766

te Velthuis AJW, Robb NC, Kapanidis AN, Fodor E. 2016. The role of the
priming loop in influenza A virus RNA synthesis. Nat Microbiol 1:16029-
16029. https://doi.org/10.1038/nmicrobiol.2016.29

Kamiki H, Matsugo H, Kobayashi T, Ishida H, Takenaka-Uema A,
Murakami S, Horimoto T. 2018. A PB1-K577E mutation in HIN2 influenza
virus increases polymerase activity and pathogenicity in mice. Viruses
10:653-653. https://doi.org/10.3390/v10110653

Suzuki Y, Uchida Y, Tanikawa T, Maeda N, Takemae N, Saito T. 2014.
Amino acid substitutions in PB1 of avian influenza viruses influence
pathogenicity and transmissibility in chickens. J Virol 88:11130-11139. h
ttps://doi.org/10.1128/JVI.01564-14

Nguyen T-Q, Rollon R, Choi Y-K. 2021. Animal models for influenza
research: strengths and weaknesses. Viruses 13:1011-1011. https://doi.0
rg/10.3390/v13061011

Wendel |, Rubbenstroth D, Doedt J, Kochs G, Wilhelm J, Staeheli P, Klenk
H-D, Matrosovich M. 2015. The avian-origin PB1 gene segment
facilitated replication and transmissibility of the H3N2/1968 pandemic
influenza virus. J Virol 89:4170-4179. https://doi.org/10.1128/JV1.03194-
14

V'kovski P, Gultom M, Kelly JN, Steiner S, Russeil J, Mangeat B, Cora E,
Pezoldt J, Holwerda M, Kratzel A, Laloli L, Wider M, Portmann J, Tran T,
Ebert N, Stalder H, Hartmann R, Gardeux V, Alpern D, Deplancke B, Thiel
V, Dijkman R. 2021. Disparate temperature-dependent virus-host
dynamics for SARS-CoV-2 and SARS-CoV in the human respiratory
epithelium. PLoS Biol 19:e3001158. https://doi.org/10.1371/journal.pbio.
3001158

Freeman MT, Czenze ZJ, Schoeman K, McKechnie AE. 2020. Extreme
hyperthermia tolerance in the world’s most abundant wild bird. Sci Rep
10:13098. https://doi.org/10.1038/541598-020-69997-7

Evans SS, Repasky EA, Fisher DT. 2015. Fever and the thermal regulation
of immunity: the immune system feels the heat. Nat Rev Immunol
15:335-349. https://doi.org/10.1038/nri3843

Taubenberger JK, Reid AH, Lourens RM, Wang R, Jin G, Fanning TG. 2005.
Characterization of the 1918 influenza virus polymerase genes. Nature
437:889-893. https://doi.org/10.1038/nature04230

Turnbull ML, Wang Y, Clare S, Lieber G, Williams SL, Noerenberg M,
Alexander AJT, Clohisey Hendry S, Stewart DG, Hughes J, et al. 2025.
Avian-origin influenza A viruses tolerate elevated pyrexic temperatures
in mammals. Science 390:eadq4691. https://doi.org/10.1126/science.adq
4691

Bisht K, Weilandt DR, Lamb CH, Elshina E, Myhrvold C, Te Velthuis AJW.
2025. Temperature-dependent modulation of aberrant influenza A virus
RNA synthesis affects innate immune signaling. bioRxiv. https://doi.org/
10.1101/2025.05.19.654939

te Velthuis AJW, Long JC, Bauer DLV, Fan RLY, Yen H-L, Sharps J, Siegers
JY, Killip MJ, French H, Oliva-Martin MJ, Randall RE, de Wit E, van Riel D,

10.1128/jvi.00978-26 19


https://doi.org/10.2807/1560-7917.ES.2024.29.25.2400063
https://doi.org/10.1080/22221751.2024.2440498
https://doi.org/10.1128/mra.00417-24
https://doi.org/10.1038/s41598-024-54072-2
https://doi.org/10.20506/RST.28.1.1869
https://doi.org/10.1080/03079457.2013.876529
https://doi.org/10.3390/vetsci6010005
https://doi.org/10.1098/rspb.2023.1251
https://doi.org/10.1242/jeb.246321
https://doi.org/10.1073/pnas.1411030112
https://doi.org/10.1046/j.1365-2273.2002.00544.x
https://doi.org/10.4049/jimmunol.2300385
https://doi.org/10.3389/fvets.2021.770480
https://doi.org/10.1101/cshperspect.a038372
https://doi.org/10.1101/cshperspect.a038398
https://doi.org/10.1038/s41579-020-00501-8
https://doi.org/10.1073/pnas.0711815105
https://doi.org/10.1016/j.meegid.2014.07.024
https://doi.org/10.1186/s12929-019-0547-4
https://doi.org/10.1186/s12985-022-01745-x
https://doi.org/10.3390/v12030266
https://doi.org/10.1126/sciadv.ads5735
https://doi.org/10.1371/journal.pbio.3002370
https://doi.org/10.1093/nar/gkac410
https://doi.org/10.12998/wjcc.v9.i2.296
https://doi.org/10.3109/02656736.2013.808766
https://doi.org/10.1038/nmicrobiol.2016.29
https://doi.org/10.3390/v10110653
https://doi.org/10.1128/JVI.01564-14
https://doi.org/10.3390/v13061011
https://doi.org/10.1128/JVI.03194-14
https://doi.org/10.1371/journal.pbio.3001158
https://doi.org/10.1038/s41598-020-69997-7
https://doi.org/10.1038/nri3843
https://doi.org/10.1038/nature04230
https://doi.org/10.1126/science.adq4691
https://doi.org/10.1101/2025.05.19.654939
https://doi.org/10.1128/jvi.00978-26

Downloaded from https://journals.asm.org/journal/jvi on 04 November 2026 by 71.126.91.68.

Full-Length Text

54.

55.

56.

57.

58.

59.

60.

61.

Month XXXX Volume 0

Poon LLM, Fodor E. 2018. Mini viral RNAs act as innate immune agonists
during influenza virus infection. Nat Microbiol 3:1234-1242. https://doi.o
rg/10.1038/s41564-018-0240-5

Wang R, Taubenberger JK. 2014. Characterization of the noncoding
regions of the 1918 influenza A H1N1 virus. J Virol 88:1815-1818. https://
doi.org/10.1128/JV1.03098-13

Noton SL, Simpson-Holley M, Medcalf E, Wise HM, Hutchinson EC,
McCauley JW, Digard P. 2009. Studies of an influenza A virus tempera-
ture-sensitive mutant identify a late role for NP in the formation of
infectious virions. J Virol 83:562-571. https://doi.org/10.1128/JVI.01424-
08

Hussain S, Turnbull ML, Pinto RM, McCauley JW, Engelhardt OG, Digard
P. 2019. Segment 2 from influenza A(HTN1) 2009 pandemic viruses
confers temperature-sensitive haemagglutinin yield on candidate
vaccine virus growth in eggs that can be epistatically complemented by
PB2 701D. J Gen Virol 100:1079-1092. https://doi.org/10.1099/jgv.0.0012
79

Dalton RM, Mullin AE, Amorim MJ, Medcalf E, Tiley LS, Digard P. 2006.
Temperature sensitive influenza A virus genome replication results from
low thermal stability of polymerase-cRNA complexes. Virol J 3:58. https:/
/doi.org/10.1186/1743-422X-3-58

Bradel-Tretheway BG, Kelley Z, Chakraborty-Sett S, Takimoto T, Kim B,
Dewhurst S. 2008. The human H5N1 influenza A virus polymerase
complex is active in vitro over a broad range of temperatures, in contrast
to the WSN complex, and this property can be attributed to the PB2
subunit. J Gen Virol 89:2923-2932. https://doi.org/10.1099/vir.0.2008/00
6254-0

Laporte M, Stevaert A, Raeymaekers V, Boogaerts T, NehImeier I, Chiu W,
Benkheil M, Vanaudenaerde B, P6himann S, Naesens L. 2019. Hemagglu-
tinin cleavability, acid stability, and temperature dependence optimize
influenza B virus for replication in human airways. J Virol 94:e01430-19. h
ttps://doi.org/10.1128/JV1.01430-19

Nogales A, Steel J, Liu W-C, Lowen AC, Rodriguez L, Chiem K, Cox A,
Garcia-Sastre A, Albrecht RA, Dewhurst S, Martinez-Sobrido L. 2022.
Mutation L319Q in the PB1 polymerase subunit improves attenuation of
a candidate live-attenuated influenza A virus vaccine. Microbiol Spectr
10:e0007822. https://doi.org/10.1128/spectrum.00078-22
Martinez-Sobrido L, Peersen O, Nogales A. 2018. Temperature sensitive
mutations in influenza A viral ribonucleoprotein complex responsible for
the attenuation of the live attenuated influenza vaccine. Viruses 10:560-
560. https://doi.org/10.3390/v10100560

Issue 0

62.

63.

64.

65.

66.

67.

68.

69.

70.

Journal of Virology

Jagger BW, Memoli MJ, Sheng ZM, Qi L, Hrabal RJ, Allen GL, Dugan VG,
Wang R, Digard P, Kash JC, Taubenberger JK. 2010. The PB2-E627K
mutation attenuates viruses containing the 2009 H1N1 influenza
pandemic polymerase. mBio 1:e00067-10. https://doi.org/10.1128/mBio.
00067-10

Qi L, Davis AS, Jagger BW, Schwartzman LM, Dunham EJ, Kash JC,
Taubenberger JK. 2012. Analysis by single-gene reassortment
demonstrates that the 1918 influenza virus is functionally compatible
with a low-pathogenicity avian influenza virus in mice. J Virol 86:9211-
9220. https://doi.org/10.1128/JVI.00887-12

Memoli MJ, Tumpey TM, Jagger BW, Dugan VG, Sheng Z-M, Qi L, Kash JC,
Taubenberger JK. 2009. An early “classical” swine HIN1 influenza virus
shows similar pathogenicity to the 1918 pandemic virus in ferrets and
mice. Virology 393:338-345. https://doi.org/10.1016/j.virol.2009.08.021
Benfield CTO, Lyall JW, Kochs G, Tiley LS. 2008. Asparagine 631 variants
of the chicken Mx protein do not inhibit influenza virus replication in
primary chicken embryo fibroblasts or in vitro surrogate assays. J Virol
82:7533-7539. https://doi.org/10.1128/JV1.00185-08

Bieniossek C, Richmond TJ, Berger I. 2008. MultiBac: multigene
baculovirus - based eukaryotic protein complex production. Curr Protoc
Protein Sci 51. https://doi.org/10.1002/0471140864.ps0520s51

Fan H, Walker AP, Carrique L, Keown JR, Serna Martin |, Karia D, Sharps J,
Hengrung N, Pardon E, Steyaert J, Grimes JM, Fodor E. 2019. Structures
of influenza A virus RNA polymerase offer insight into viral genome
replication. Nature 573:287-290. https://doi.org/10.1038/541586-019-15
30-7

Qi L, Kash JC, Dugan VG, Wang R, Jin G, Cunningham RE, Taubenberger
JK. 2009. Role of sialic acid binding specificity of the 1918 influenza virus
hemagglutinin protein in virulence and pathogenesis for mice. J Virol
83:3754-3761. https://doi.org/10.1128/JV1.02596-08

Qi L, Pujanauski LM, Davis AS, Schwartzman LM, Chertow DS, Baxter D,
Scherler K, Hartshorn KL, Slemons RD, Walters K-A, Kash JC, Tauben-
berger JK. 2014. Contemporary avian influenza A virus subtype H1, H6,
H7, H10, and H15 hemagglutinin genes encode a mammalian virulence
factor similar to the 1918 pandemic virus H1 hemagglutinin. mBio
5:e02116. https://doi.org/10.1128/mBio.02116-14

Fodor E, Devenish L, Engelhardt OG, Palese P, Brownlee GG, Garcia-
Sastre A. 1999. Rescue of influenza A virus from recombinant DNA. J Virol
73:9679-9682. https://doi.org/10.1128/JVI.73.11.9679-9682.1999

10.1128/jvi.00978-26 20


https://doi.org/10.1038/s41564-018-0240-5
https://doi.org/10.1128/JVI.03098-13
https://doi.org/10.1128/JVI.01424-08
https://doi.org/10.1099/jgv.0.001279
https://doi.org/10.1186/1743-422X-3-58
https://doi.org/10.1099/vir.0.2008/006254-0
https://doi.org/10.1128/JVI.01430-19
https://doi.org/10.1128/spectrum.00078-22
https://doi.org/10.3390/v10100560
https://doi.org/10.1128/mBio.00067-10
https://doi.org/10.1128/JVI.00887-12
https://doi.org/10.1016/j.virol.2009.08.021
https://doi.org/10.1128/JVI.00185-08
https://doi.org/10.1002/0471140864.ps0520s51
https://doi.org/10.1038/s41586-019-1530-7
https://doi.org/10.1128/JVI.02596-08
https://doi.org/10.1128/mBio.02116-14
https://doi.org/10.1128/JVI.73.11.9679-9682.1999
https://doi.org/10.1128/jvi.00978-26

	Avian influenza A virus polymerase gene leads to temperature-resistant genome replication
	RESULTS
	Avian and pandemic PB1 enhance seasonal human IAV polymerase activity and vRNA replication at elevated temperature in vitro
	Avian and pandemic PB1 enable temperature-resistant vRNA replication in a seasonal human IAV polymerase complex at 40°C in vitro
	LPAI and wild-type 1918 pandemic vRNPs transcribe and replicate at 40°C in vitro
	Role of NP in the temperature dependence of genome replication
	Purified chimeric human IAV polymerase with an LPAI PB1 retains activity at 40°C
	LPAI and 1918 PB1 genes restore replication of NY312 IAV at 40°C in cell culture and do not enhance virulence in mice

	DISCUSSION
	MATERIALS AND METHODS
	Analysis of polymerase activity using reporter gene expression
	Analysis of polymerase activity by primer extension
	Examination of NP-independent polymerase activity
	Immunoblotting
	Purification of chimeric recombinant IAV polymerases
	Polymerase in vitro transcription assays
	Generation of chimeric IAVs by reverse genetics
	Viral growth kinetics in MDCK cells
	Mouse studies
	Quantification and statistics



