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SUMMARY

The influenza A virus nuclear export protein (NEP) is a multifunctional protein that is essential for the viral life
cycle and has very high sequence conservation. However, since the open reading frame of NEP largely over-
laps with that of another influenza viral protein, non-structural protein 1, it is difficult to infer the functional
constraints of NEP based on sequence conservation analysis. In addition, the N-terminal of NEP is structur-
ally disordered, which further complicates the understanding of its function. Here, we systematicallymeasure
the replication fitness effects of >1,800 mutations of NEP. Our results show that the N-terminal domain has
high mutational tolerance. Additional experiments show that N-terminal domain mutations affect viral tran-
scription and replication dynamics, host cellular responses, and mammalian adaptation of avian influenza
virus. Overall, our study not only advances the functional understanding of NEP but also provides insights
into its evolutionary constraints.

INTRODUCTION

Influenza A virus (IAV) belongs to the Orthomyxoviridae family

and is characterized as an enveloped, negative-sense, single-

stranded, segmented RNA virus. Its genome comprises 8 viral

segments encoding at least 12 proteins.1 Segment eight, which

is the shortest segment, is known as the non-structural (NS)

segment. The NS segment encodes two proteins via splicing,

NS protein 1 (NS1) and nuclear export protein (NEP, also known

as NS2).2 NS1 is one of the earliest proteins expressed during vi-

rus infection and has been well characterized as a potent type I

interferon (IFN) antagonist.3 In contrast, NEP serves a nuclear

export function and is expressed at a later stage during infection

as a less abundant spliced product of the NS segment.4 While

IAV with an NS1 deletion is replication competent, albeit attenu-

ated,5 IAV lacking NEP is a replication-incompetent virus.6

NEP has a protease-sensitive N-terminal domain (amino acids

1–53), which harbors two nuclear export signals (NESs),7,8 and a

protease-resistant C-terminal domain (amino acids 54–121),9

which interacts with IAV matrix protein (M1). A major function of

NEP is to mediate the nuclear export of influenza viral ribonucleo-

proteins (vRNPs) for viral packaging.10 Each IAV vRNP comprises

a viral RNA (vRNA) bound to three viral polymerase subunits, PB2,

PB1, and PA, as well as NP. NEP orchestrates the nuclear export

of vRNPs through its interaction with cellular b-importin protein

CRM17,8 and M1, which in turn binds to the vRNPs.7,9 The

vRNP is responsible for both transcription and replication of the

vRNA. Transcription occurs inside the nucleus, where the vRNA

is transcribed into capped and polyadenylated messenger RNA

(mRNA) by a primer-dependentmechanism.11,12 For viral genome

replication, positive-sense complementary RNA (cRNA) is first

produced using vRNA as a template, and the cRNA subsequently

serves as a template to producemore vRNA.11,13 The synthesis of

these three viral RNA species, namely mRNA, cRNA, and vRNA,

exhibits distinct dynamics during infection.14,15 The timing of

these dynamics is important for the optimal production of infec-

tious virions.16,17 Several studies have suggested that NEP is a

polymerase-associated cofactor that acts as a ‘‘molecular timer’’

to regulate the switch from transcription to replication, which is

attributed to the gradual accumulation of NEP.17–19

Viral polymerase activity represents a major barrier for avian

IAV adaptation to mammalian hosts. Several mammalian adap-

tive mutations in the polymerase subunits of avian IAV have

been identified, as exemplified by E627K in PB2.20 However,
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NEP has received increasing attention as a crucial determinant

of IAV tropism, facilitating avian IAV to overcome the replication

block in mammalian cells.21–23 Notably, the avian H5N1 IAV

polymerase is particularly susceptible to the polymerase-

enhancing ability of NEP that harbors mammalian adaptive mu-

tations (e.g., M16I, Y41C, E75G).22 These mammalian adaptive

mutations in NEP significantly augment cRNA and vRNA synthe-

sis, as well as mRNA transcription.22

While residues 63–116 in the C-terminal domain of NEP form a

helical hairpin,9 the rest of the protein is structurally disor-

dered.9,24 This poses a challenge to understand its sequence-

function relationship, especially for the N-terminal domain. In

this study, the replication fitness effects of �2,000 mutations

of NEP were measured using deep mutational scanning. Our

findings revealed that the N-terminal domain of NEP displays a

greater mutational tolerance than its C-terminal domain. Further-

more, we showed that multiple mutations in the N-terminal

domain simultaneously affect the transcription-to-replication

switch, innate immune response, and cellular apoptosis, as

well as facilitate mammalian adaptation of avian IAV.

RESULTS

Deep mutational scanning of H1N1 A/WSN/1933 NEP
To perform deep mutational scanning of NEP, we utilized the

eight-plasmid reverse genetics system of influenza H1N1

A/WSN/1933 (WSN), virus with NS1 and NEP separated by a

2A autoproteolytic cleavage site (Figure S1A).25,26 Here, the

open reading frames of NS1 and NEP did not overlap, as

opposed to NEP being produced as a spliced product of NS1

in the unengineered influenza virus. This virus, herein referred

as wild-type NS-split (WTNS-split), enabled us to construct a satu-

ration mutagenesis library spanning residues 2–113 of NEP

without mutating NS1. Over 98% of the clones in the mutant li-

brary contained 0–1 amino acid mutation (Figure S1B). The virus

mutant library was then rescued and passaged once for 24 h in

MDCK-SIAT1 cells. Using next-generation sequencing, the fre-

quencies of individual mutations in the plasmid mutant library

and the post-passaged mutant library were measured. Subse-

quently, the fitness value of each mutation was computed as

the normalized log10 enrichment ratio such that the fitness value

ofWTNS-split was 0, whereas beneficial and deleteriousmutations

would have positive and negative fitness values, respectively.

Our deepmutational scanning experiment measured the replica-

tion fitness effects of 1,895 (89%) out of 2,128 possible amino

acid mutations across the 112 residues of interest (Figure 1;

Table S1). A Pearson correlation of 0.77 was obtained between

two biological replicates (Figure S1C), demonstrating a reason-

able reproducibility of our deep mutational scanning result.

To further validate our deepmutational scanning result, we con-

structed seven amino acid mutations individually, including three

that had low fitness values (M52F, H56W, and Q59T) and four that

had high fitness values (I32T, T33L, S37Y, and D43V). Except for

residue IIe32, the other residues are evolutionarily highly

conserved (Figures 1 andS2). Subsequently, a virus rescueexper-

imentwas performed to assess the replication fitnessof thesemu-

tations (Figure 2A). Consistent with our deep mutational scanning

result, mutations I32T, T33L, S37Y, and D43V were rescued to a

titer similar to or higher than WTNS-split, whereas M52F and

Q59T did not produce any detectable infectious particles. Never-

theless, in contrast to the deep mutational scanning result, H56W

was rescued to a titer similar to WTNS-split. We also performed a

virus rescue experiment of two premature stop codon mutants

(R61* and L87*). While R61* had a low fitness value in our deep

mutational scanning result, L87* had a WT-like fitness value (Fig-

ure 1). Nevertheless, both R61* and L87* did not produce any

detectable infectious particles. This validation experiment indi-

cates that our deep mutational scanning result contains some

measurement errors but is mostly reliable. Of note, as described

in a previous study,17 WTNS-split had a 2-log decrease in virus titer

compared to the parental WTnon-NS-split (Figure 2A).

Enrichment of mutations with high replication fitness at
residue 43
Our deep mutational scanning experiment revealed that the

C-terminal domain (average mutational fitness value = �0.36)

Figure 1. Deep mutational scanning of WSN NEP

The replication fitness effects of individual mutations in the WSN NEP were measured by deep mutational scanning and are shown as a heatmap. Wild-type (WT)

amino acids are indicated by a black circle. Mutations in gray were excluded in our data analysis due to low input count. The natural amino acid sequence diversity

of each NEP residue was quantified by Shannon entropy. This analysis included all unique full lengths of NEP sequences (121 amino acid residues) on influenza

strains on Influenza Virus Database (n = 288).27 N-terminal domain, C-terminal domain, nuclear export signal (NES), and the M1-binding site are annotated by

colored bars. Two a-helices, C1 and C2, are annotated by pink and blue bars, respectively. The stop codon is annotated as *.

See also Figures S1, S2, and S5.
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exhibited lower mutational tolerance than the N-terminal domain

(average mutational fitness value = 0; Figure 1). This may be due

in part to the presence of structural constraints in the C-terminal

domain but not the N-terminal domain.9,24 The C-terminal

domain comprises two a-helices, C1 (amino acids 64–85) and

C2 (amino acids 94–115), connected by a short interhelical turn

(amino acids 86–93).9 These helices, largely hydrophobic, form

extensive contacts throughout their entire length.9 The C2

displayed lower mutational tolerance than C1, substantiating

previous studies showing that C2 is functionally important in

modulating IAV polymerase activity22,28 and regulating the intra-

molecular interaction with NEP N-terminal domain.23,29,30 Addi-

tionally, the C2-encoding region is critical for the packaging of

NS vRNA into the viral particle.31 Previous studies have also

shown the importance of Trp78 in C1 in interacting with M1 for

the nuclear export of vRNPs.9,32 Consistently, our results

showed that the key M1-binding residue Trp78 in C1 had a low

mutational tolerance, except for aromatic amino acid mutations

(His, Phe, and Tyr).

The N-terminal domain of NEP is featured by two NES (NES1

and NES2).8,10 A previous study has demonstrated that while

the NES1 sequence can tolerate some mutations without abol-

ishing its function, certain hydrophobic residues (Met14, Met16,

Met19, and Leu21) are crucial.33 Our data corroborated this

finding, revealing that although most mutations within the

NES were viable, mutations at hydrophobic residue Leu21 in

NES1 were predominantly deleterious (Figure 1). In contrast

to Leu21, most mutations at residue Asp43, which did not

reside in any region with known functions, exhibited high repli-

cation fitness in our deep mutational scanning result (Figure 1).

To experimentally validate this finding, all 19 amino acid

mutations were individually introduced into residue 43 of the

WTNS-split and analyzed by a virus rescue experiment. Consis-

tent with our deep mutational scanning result, our virus rescue

experiment showed that except for Glu, which is chemically

similar to Asp, all other amino acid mutations increased the titer

by 0.5- to 3-log (Figure 2B). In fact, the titer of individual mu-

tants in our virus rescue experiments had a Pearson correlation

of 0.80 with the deep mutational scanning result (Figure S1D).

Collectively, while the N-terminal domain had a high mutational

tolerance, certain mutations in the N-terminal domain could

dramatically alter virus fitness.

N-terminal domain mutations modulate replication
dynamics
To delve deeper into the functional relevance of the N-terminal

domain in the IAV life cycle, we further characterized those five

replication-competent mutations in our first virus rescue experi-

ment (Figure 2A). These included I32T, T33L, S37Y, and D43V,

which resided within the N-terminal domain, and H56W,

which was in the structurally disordered region downstream of

the N-terminal domain. Specifically, we were interested in under-

standing how mutations I32T and D43V increased the virus titer

(Figure 2A). Since NEP has been shown to modulate the produc-

tion of defective interfering particles (DIPs),34 we first investigated

the DIP production of different mutants by next-generation

sequencing. However, our data indicated that the DIPs could not

explain the differential virus production among different mutants

(Figures S3A–S3B). For example, although the titer of I32TNS-split
andD43VNS-split was 1 log higher thanWTNS-split in our virus rescue

experiment (Figure 2A), their DIP production profiles were similar

(FigureS3A). The total virus titerwasalsomeasuredusing thehem-

agglutinin assay, while the infectivity titer was quantified using the

50%tissueculture infectiousdose (TCID50).
35Consistently,wedid

not observe any significant difference in the infectivity titer:total

titer ratio among the viruses (Figure S3B).

A major function of NEP is to regulate the switching of viral

transcription to replication.16–18,36 Therefore, we hypothesized

that the difference in virus replication fitness among these mu-

tants was due to their effects on IAV transcription and replication

dynamics. To test our hypothesis, we employed a primer exten-

sion assay and quantitative reverse-transcription PCR (RT-

qPCR). We used the mRNA:cRNA ratio as an indicator to mea-

sure the transcription-to-replication switch. Both the primer

extension assay and qPCR assay showed that the transcrip-

tion-to-replication switch in WTNS-split occurred at an earlier

time point post-infection than the parental WTnon-NS-split
(Figures 3A and 3B). Moreover, D43VNS-split, which had a higher

replication fitness than WTNS-split (Figure 2A), displayed the tran-

scription-to-replication switch at a later stage of infection, more

closely resembling the parental WTnon-NS-split (Figures 3A and

3B). Conversely, T33LNS-split, which had a replication fitness

similar to that of WTNS-split in our rescue experiment (Figure 2A),

underwent the switch at an earlier stage of infection (Figures 3A

and 3B).

A B Figure 2. Virus rescue experiment of muta-

tions at residue Asp43

Mutations were individually introduced into WSN

NEP. Their effects on replication fitness were

examined by a virus rescue experiment. Virus titer

was measured by TCID50 assay.

(A) Replication fitness effects of selected muta-

tions at various residues. Each bar represents the

mean of two independent biological replicates.

Statistical significance was analyzed by two-tailed

Student’s t test: *p < 0.05.

(B) Replication fitness effects of mutations at

residue Asp43. Each bar represents the mean of

three independent biological replicates. Difference in virus titer between WTNS-split and mutations at residue 43 is statistically significant, except for D43E.

Statistical significance was analyzed by two-tailed Student’s t test. ns, not significant.

Different batches of cells were used for the virus rescue experiment in (A) and (B).

See also Figure S3.
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Since NEP facilitates nuclear export of vRNPs,7 we also per-

formed RNA fluorescence in situ hybridization (FISH) to examine

whether the nuclear export of vRNPs was affected by these mu-

tants. In this experiment, probes that were specific to PB2 vRNA

were used. Notably, cells that were infected with WTNS-split and

T33LNS-split showed bright perinuclear foci of PB2 vRNA

(Figures 3C and 3D). This was in stark contrast with the vRNA

distribution in cells that were infected with WSNnon-NS-split and

D43VNS-split, where the vRNAwas predominantly localized within

the nucleus (Figures 3C and 3D). These results indicated that the

D43V substitution also affected the nuclear export of vRNPs,

despite not being positioned within the NES. Additionally, the

timing disparity in the transcription-to-replication switch and

the altered vRNPs nuclear export between WTNS-split and

D43VNS-split suggested that the increase in the replication fitness

of D43V may be attributed to altered replication kinetics.

Considering the importance of the NS1:NEP expression ratio in

coordinating the timing of IAV infection,17 we postulated that

the variation of transcription-to-replication switch among

mutants correlated with NS expression. Consistently, the parental

WTnon-NS-split showed a higher NS1 and lower NEP expression

compared toWTNS-split (Figure 3E). NS1 and NEP expression pat-

terns of mutants with higher replication fitness, namely I32TNS-split
and D43VNS-split, resembled those of WTnon-NS-split. By contrast,

mutants with lower replication fitness, namely T33LNS-split,

S37YNS-split, and H56WNS-split, showed higher NEP and lower

NS1 expressions (Figure 3E). These findings suggested that

NEP mutations I32T and D43V compensated the fitness defect

of WTNS-split by suppressing the NEP expression level to that of

WTnon-NS-split, which may in turn lead to transcription-to-replica-

tion switch dynamics akin to those of WTnon-NS-split.

Impact ofmutations in the N-terminal domain on cellular
response regulation
Next, we examined the effects of these mutants on multicycle

replication kinetics in both MDCK-SIAT1 and A549 cells. Virus

production of I32TNS-split and D43VNS-split was approximately 1

log higher than WTNS-split at 48 h post-infection (hpi) in both

cell lines (Figures 4A and S4A). Notably, although virus produc-

tion of T33LNS-split was comparable to that in WTNS-split in

MDCK-SIAT1 cells, it was significantly lower than WTNS-split in

A549 cells (Figures 4A and S4A). The disparity in virus production

of T33LNS-split between A549 and MDCK-SIAT1 may be due to

differential IFN induction in these cell types.38 These results

A

B

C

D

E

Figure 3. Effects of D43V and T33L muta-

tions on transcription and replication

MDCK-SIAT1 cells were infected with the indi-

cated mutants at an MOI of 5.

(A and B) (A) Primer extension assay and (B) RT-

qPCR were used to determine transcription-to-

replication switch. RNA from infected cells were

harvested at the indicated time points, and the

transcription-to-replication switch was calculated

by using the mRNA:cRNA ratio. The switch was

defined as the peak of the mRNA:cRNA ratio,

indicating maximum viral transcription (more

mRNA) before transitioning to viral replication

(more cRNA). For the primer extension assay,

mRNA and cRNA levels were normalized to 5S

rRNA as described previously.37 For RT-qPCR,

the specificities of the amplified products were

confirmed by the melting curve analysis. Data are

shown as means of three independent biological

replicates.

(C) Micrographs of FISH staining of the indicated

mutants are shown. Infected cells were fixed at

9 hpi, and then stained for PB2 vRNA (orange) and

nucleus (cyan). Scale bar: 50 mm.

(D) Ratio of mean intensity of PB2 vRNA in the

nucleus to that of PB2 vRNA in the cytoplasm for

micrographs in (B). Each bar represents the

mean ± SE, with individual data points shown

(n = 46 for WTnon-NS-split; n = 29 for WTNS-split;

n = 39 for T33LNS-split; n = 91 for D43VNS-split). Two

outlier data points were removed for cells infected

with WTnon-NS-split, T33LNS-split, and D43VNS-split,

respectively. Statistical significance was analyzed

by one-way ANOVA with Tukey’s honestly signif-

icant difference post hoc test. ns, not significant;

*p < 0.05; ****p < 0.0001.

(E) Western blot analysis of NP, NS1, and NEP

protein expression at 16 hpi. Glyceraldehyde

3-phosphate dehydrogenase was used as loading

control.
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prompted us to hypothesize that these mutants may affect

cellular response during infection, thereby contributing to their

different growth kinetics.

A recent study has indicated that NEP promotes innate immu-

nity evasion by interacting with IFN regulatory factor 7 through

the N-terminal domain.40 To ascertain the impact of the NEPmu-

tants on innate immunity, we infected A549Dual cells, which allow

simultaneous monitoring of IFN-stimulated response element

(ISRE) activity and nuclear factor kB (NF-kB) induction.41 Our

data demonstrated that I32TNS-split and D43VNS-split had

significantly lower ISRE and NF-kB induction compared to the

WTNS-split at 24 and 48 hpi (Figures 4B and S4B). This observa-

tion helps explain the higher virus production in I32TNS-split and

D43VNS-split compared to the WTNS-split at 48 hpi (Figures 4A

and S4A). Interestingly, although I32TNS-split and D43VNS-split ex-

hibited reduced ISRE activity, the other mutant also showed

varying degrees of ISRE activity inhibition at different time points.

This observation could be due to an imbalanced NS1:NEP

expression ratio during infection (Figure 3E).

Therefore, we further tested the inhibition of ISRE activity in

these NEP mutants by transiently transfecting HEK293T cells

with NEP expression constructs, an ISRE-firefly luciferase re-

porter plasmid, and a constitutively expressed Renilla luciferase

plasmid for normalization. Consistently, we showed that NEP

suppressed ISRE activity in response to recombinant IFN-a (Fig-

ure 4C). This inhibition can be observed across all NEP mutants

with varying protein expression levels (Figures 4C and S4C). Our

result also indicated that T33L mutation weakened the ability of

NEP to antagonize the IFN response despite comparable, if not

higher, protein expression levels with other mutants (Figure 4C).

This helps explain the lower virus production observed in

T33LNS-split compared to that of WTNS-split in A549 cells (Fig-

ure 4A). Importantly, the magnitude of ISRE activity inhibition

shown by the mutants, when compared to WTNS-split, differed

A

B

C D

Figure 4. Impacts of NEP mutations on

cellular responses

(A) A549 cells were infected at an MOI of 0.01 with

the indicated mutants. Infectious particles in the

supernatant were harvested at the indicated time

points and quantified via the TCID50 assay. Each

bar represents the mean of three independent

biological replicates. Statistical significance was

analyzed by one-way ANOVA with Tukey’s hon-

estly significant difference post hoc test. *p < 0.05;

**p < 0.01; ****p < 0.0001.

(B) Activation of ISRE activity was measured in

mock- and IAV-infected A549 cells expressing

dual reporters for NF-kB and ISRE activities. Each

bar represents the mean of three independent

biological replicates. Statistical significance

was analyzed by one-way ANOVA with Tukey’s

honestly significant difference post hoc test.

***p < 0.001; ****p < 0.0001.

(C) HEK293T cells were transiently transfected

with plasmids expressing the indicated NEP mu-

tants, a plasmid encoding an ISRE-firefly lucif-

erase reporter, and a plasmid expressing Renilla

luciferase. At 24 h post-transfection, cells were

treated with IFN-a (2,000 U/mL) for 24 h prior to

measuring luciferase activities. SARS-CoV-2

ORF6, a potent IFN antagonist,39 was included as

a positive control for the assay. Each bar repre-

sents the mean of three independent biological

replicates. Statistical significance was analyzed by

one-way ANOVA with Tukey’s honestly significant

difference post hoc test. ****p < 0.0001.

(D) A549 cells were infected with the indicated

mutants at anMOI of 5. Cells were harvested at the

indicated time point, and the number of cells un-

dergoing apoptosis were measured using the

CellEvent Caspase-3/7 Green Flow cytometry kit.

Each line represents the mean of three indepen-

dent biological replicates. c-Casp3/7, cleaved

caspase-3/-7.

See also Figure S4.
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substantially between the transfection and infection model. This

discrepancy substantiated that an imbalancedNS1:NEP expres-

sion ratio during infection plays a key role in antagonizing innate

immunity.

When the innate immune responses fail to effectively control

IAV replication, cells may activate a secondary antiviral response

via programmed death, known as apoptosis.42 However, IAV

strategically inhibits early induction of apoptosis to prolong repli-

cation and induces apoptosis at later stages of infection to

enhance viral spread.43–46 Given the difference in innate immune

response among mutants and unexpected extensive cell death

observed in some mutants (WTNS-split, T33LNS-split, S37YNS-split,

A

B

C

Figure 5. Polymerase activity of avian influ-

enza in cultured human cells

Influenza polymerase reconstitution assay in

HEK293T cells for (A) WSN, (B) A/Quail/Hong

Kong/G1/97 (H9N2), and (C) A/Vietnam/1203/

2004 (H5N1). HEK293T cells were transiently

transfected with plasmids encoding the RNP

complexes (PB1, PB2, PA, and NP) and vector or

indicated amount of plasmids encoding NEP mu-

tants, together with human polymerase I-driven

vRNA and Renilla-expressing luciferase re-

porters. Renilla activity was used to normalize the

variation in transfection efficiency. Measurements

were taken at 16 h post-transfection. Each bar

represents the mean of three independent bio-

logical replicates. Statistical significance was

analyzed by two-tailed Student’s t test. *p < 0.05;

**p < 0.01; ***p < 0.001; ****p < 0.0001.

and H56WNS-split) (Figure S4D), we next

examined the apoptosis pathway in in-

fected A549 cells. Our results revealed

that while the parental WTnon-NS-split,

I32TNS-split, and D43VNS-split induced

apoptosis at 9 hpi, WTNS-split, T33LNS-split,

S37Y
NS-split

, and H56WNS-split infection re-

sulted in biphasic induction of apoptosis,

occurring as early as 6 hpi and again at

16 hpi (Figure 4D). This observation

further suggested that alteration of the

NS1:NEP expression ratio could lead to

multiple phenotypic changes.

NEP mutations increase the
polymerase activity of avian IAV in
human cells
Previous studies have shown that muta-

tions in the C-terminal domain of NEP

can modulate the polymerase activ-

ity.23,47 In this study, we sought to

explore whether the N-terminal domain

also influenced polymerase activity. We

tested the effects of our NEP mutants

on theWSN polymerase using a polymer-

ase reconstitution assay in HEK293T

cells. Nevertheless, no discernible differ-

ences in WSN polymerase activity were observed across all

tested NEP mutants, irrespective of the amount of NEP present

(Figure 5A).

Given that there is growing evidence indicating that mamma-

lian-adaptative mutations in NEP enhance avian IAV replication

in cultured human cells,21–23,48,49 we aimed to further investigate

the effect of these NEPmutants on the avian IAV polymerase ac-

tivity in human cells. We individually introduced each of the mu-

tations I32T, D43V, and H56W into NEP from a low pathogenic

avian influenza strain, A/Quail/Hong Kong/G1/97 (H9N2), and a

highly pathogenic avian influenza strain, A/Vietnam/1203/2004

(H5N1). Subsequently, we assessed their polymerase activity
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in HEK293T cells. Our data revealed that all three NEP mutants

partially increased the polymerase activity of the H9N2 and

H5N1 strains (Figures 5B and 5C). Surprisingly, H56W mutant

also enhanced the avian polymerase activity (Figures 5B and

5C), despite having very different phenotypes compared to

I32T and D43V mutants in terms of protein expression level

(Figures 3E and S3C), ISRE induction (Figure 4B), and apoptosis

induction (Figure 4D). In summary, these findings suggest that

I32T, D43V, and H56W mutations in the NEP of H9N2 and

H5N1 may facilitate mammalian adaptation of avian IAV.

DISCUSSION

For years, NEP has been perceived as a non-structural protein

when purified from virions.50,51 It was not until 1988 that the nu-

clear export function of NEP was revealed,7 which represented

a pivotal discovery in influenza virus biology. As our under-

standing of NEP has evolved, its multifaceted roles have

emerged as focal points of investigation. However, more than

25 years since the discovery of its nuclear export function,

the sequence-function relationships of NEP remain largely

obscure. By systematically defining the mutational fitness land-

scape of IAV NEP, this study advances our understanding of its

functional constraints.

A highlight of the study is that mutations at the N-terminal

domain of NEP display could simultaneously influence viral

RNA synthesis dynamics, innate immune response modulation,

apoptosis induction, and mammalian-adaptation of avian IAV.

This observation hints that these mutations likely impose global

effects on NEP, such as protein stability, folding kinetics,

and conformational dynamics, which subsequently alter the

NS1:NEP expression ratio and phenotypically reveal the multi-

faceted roles of NEP. Nonetheless, the modulation of apoptosis

by NEP mutations was not expected. While NS1 is known to be

an important regulator of host apoptotic cell death,43,45 the role

of NEP in apoptosis is less clear. Although our study shows

that the NEP mutant viruses induce monophasic or biphasic

apoptosis, it is possible that the NS1 expression level is the pri-

mary leading cause of this phenotype. Future investigation is

required to dissect the underlying mechanisms.

One interesting aspect of overlapping open reading frames is

how nucleotide usage is balanced according to the functions of

each open reading frame.52 A previous study found that the evo-

lution of the overlapping regions between Tat and Rev of HIV-1 is

constrained by the function of either but not both of the pro-

teins.52 In the case of the NS proteins, the majority of the N-ter-

minal domain of NEP overlaps with the C-terminal effector

domain of NS1, which predominantly suppresses the host

response and is associated with the pathogenicity of the vi-

rus.53,54 Given the high mutational tolerance in the disordered

N-terminal of NEP and the role of NS1 as a key immunomodula-

tory factor, it is likely that NEP accommodates the nucleotide

preferences of NS1 due to functional constraints imposed by

NS1. In other words, the sequence conservation of the N-termi-

nal domain is largely due to the overlapping open reading frames

with NS1, rather than its own functional constraints. Consis-

tently, fitness values of NEP mutations that would have altered

the NS1 amino acid sequence in the context of WTnon-NS-split

(mean = �0.061) were comparable to those that would not

(mean = �0.012), although this difference is statistically signifi-

cant (p = 0.045, two-tailed Student’s unpaired t test; Figure S5).

Of note, overlapping open reading frames of NS proteins neces-

sitates the use of the NS-split system in the present study. How-

ever, this hampers our understanding of how mutations within

this domain would impact virus replication kinetics as well as

cellular responses in natural infection.

Most reported mammalian-adaptive mutations in avian IAV

NEP occur in the N-terminal domain,22,23 although previous

studies have highlighted the importance of the three amino

acids at the C-terminal end of NEP for its polymerase-

enhancing function.23,47 Additionally, mutation T48N in the

N-terminal domain of NEP from pandemic H1N1/2009-like re-

combinant virus has been found to enhance viral replication

in guinea pigs,55 further consolidating our hypothesis that the

N-terminal domain of NEP is an important tropism determinant.

One notable observation in this study is that all tested muta-

tions in the N-terminal domain of NEP were found to enhance

the polymerase activity of avian IAV but not WSN in mammalian

cells. A previous study suggested that NEP has two distinct

conformations, ‘‘open’’ and ‘‘closed,’’ and that mammalian

adaptive mutations in NEP shift the equilibrium toward the

open conformation.23 In our study, we used the lab-adapted

WSN strain, which is known for robust replicates in mammalian

cell culture. Therefore, WSN NEP may already favor the open

conformation without additional mammalian adaptive muta-

tions, although this speculation requires detailed investigations

in the future. Additionally, whether mammalian-adaptive muta-

tions in NEP influence its interaction with the vRNP, thus lead-

ing to enhanced polymerase activity, remains an unanswered

question.

Limitations of the study
Our NEP mutant library was rescued using the NS-split system,

whichmay not fully capture the native interactions and dynamics

of NEP and NS1 during viral replication and host responses.

Additionally, our deep mutational scanning experiment was per-

formed in the genetic background of WSN. It is possible that the

mutational fitness landscape of NEP has minor variations de-

pending on the sequences of other segments of the IAV genome

due to epistasis.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-NP Abcam Cat# ab128193; RRID: AB_11143769

Anti-NS1 Santa Cruz Cat# sc-130568; RRID: AB_2011757

Anti-NEP GenScript Cat# A01499; RRID: AB_1968849

Anti-GAPDH Abcam Cat# ab8245; RRID: AB_2107448

Chemicals, peptides, and recombinant proteins

DMEM Thermo Fisher Scientific Cat# 10569010

DMEM, no phernol red Thermo Fisher Scientific Cat# 21063029

MEM Thermo Fisher Scientific Cat# 11095098

Opti-MEM I Reduced Serum Medium Thermo Fisher Scientific Cat# 31985070

GlutaMAX Supplemen Thermo Fisher Scientific Cat# 35050061

HEPES Thermo Fisher Scientific Cat# 15630130

Penicillin-Streptomycin Thermo Fisher Scientific Cat# 15140122

Fetal Bovine Serum (FBS) Thermo Fisher Scientific Cat# 16000044

Phosphate-buffered saline (PBS) Thermo Fisher Scientific Cat# 14040133

Blasticidin InvivoGen Cat# ant-bl-05

Zeocin InvivoGen Cat# ant-zn-05

UniversalTM Type I IFN

(Human IFN-Alpha Hybrid Protein)

PBL Assay Science Cat# 11200

Triton X-100 Sigma Aldrich Cat# S271-500

Complete protease inhibitor cocktail Roche Cat# 11836145001

43 Laemmli Sample Buffer Bio-Rad Cat# 1610747

b-mercaptoethanol Sigma Aldrich Cat# 444203

TPCK-Trypsin Thermo Fisher Scientific Cat# 20233

Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668-019

DpnI New England Biolabs Cat# R0176L

BsmBI-v2 New England Biolabs Cat# R0739L

T4 DNA Ligase New England Biolab Cat# M0202L

NEBuilder� HiFi DNA Assembly New England Biolab Cat# E2621S

RNaseOUT Thermo Fisher Scientific Cat# 10777019

iTaq Universal SYBR Green Supermix Bio-Rad Cat# 1725121

ProLong Diamond Antifade Mountant Thermo Fisher Scientific Cat# A9418

DAPI and Hoechst Nucleic Acid Stains Thermo Fisher Scientific Cat# 62248

NEB 5-alpha Competent E.coli New England Biolabs Cat# C2987H

MAX Efficiency DH10Bac Competent Cells Thermo Fisher Scientific Cat# 10361012

Critical commercial assays

CellEventTM Caspase-3/7 Green

Flow Cytometry Assay Kit

Thermo Fisher Scientific Cat# C10427

Dual-Luciferase� Reporter Assay System Promega Cat# E1910

QUANTI-blue Gold InvivoGen Cat# rep-qlc4lg1

QUANTI-Luc Gold InvivoGen Cat# rep-qbs

ECL Select Western Blotting Detection Reagent Cytiva Cat# RPN2235

QIAamp Viral RNA Mini Kit Qiagen Cat# 52904

RNeasy Mini Kit Qiagen Cat# 74104

ProtoScript II First Strand cDNA Synthesis Kit New England Biolabs Cat# E6560L

(Continued on next page)
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EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Cells and viruses
Madin-Darby canine kidney cells with stable expression of human a-2,6-sialyltransferase (MDCK-SIAT1) (Sigma, catalog #:

05071502-1VL), human lung adenocarcinoma epithelial A549-Dual cells (InvivoGen, catalog #: a549-nfis) and human embryonic kid-

ney HEK293T (ATCC, catalog #: CRL-3216) cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supple-

mented with 10% fetal bovine serum (FBS; Gibco), 100 U/mL Penicillin-Streptomycin. Cells were cultured in humidified incubators at

37�C with 5% CO2. Recombinant influenza A/WSN/1933 (H1N1/WSN) virus was generated using the pHW2000 eight-plasmid

reverse genetics system.26 Viral genotypes were confirmed by sequencing viral genomes. The recombinant mutant viruses were

independently rescued twice or thrice.

METHOD DETAILS

Mutant library construction
The mutant library was constructed based on the pHW2000 eight-plasmid reverse genetics system for influenza virus. The linearized

vector and a library of mutant WSN NEP inserts were generated through PCR. The linearized vector was generated using 50- CGA

CCG TCT CTG GGG CCG GGA GGT CGC GTC ACC GAC-30 and 50- CGA CCG TCT CTT CTC CTC GAC GTC CCC GGC TTG

CTT-30 as primers. For insert generation, two batches of PCRs were performed, followed by overlapping PCRs. The first batch of

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Superscript III reverse transcriptase Thermo Fisher Scientific Cat# 18080044

RNase inhibitor ApexBio Cat# K1046

Monarch DNA Gel Extraction Kit New England Biolabs Cat# T1020L

PureLink PCR Purification Kit Thermo Fisher Scientific Cat# K210003

KOD Hot Start DNA Polymerase EMD Millipore Cat# 71086-3

PrimeSTAR MAX DNA Polymerase Takara Cat# R045A

Q5 High-Fidelity DNA polymerase New England Biolabs Cat# M0491L

QIAprep Spin Miniprep Kit Qiagen Cat# 27106

Zymoprep Yeast Plasmid Miniprep II Kit Zymo Research Cat# D2004

PureLink HiPure Plasmid Miniprep Kit Thermo Fisher Scientific Cat# K210003

BAS-MS phosphorimaging plates FujiFilm Cat# 28956475

Deposited data

Raw sequencing reads This study BioProject: PRJNA1083715 and RJNA1110270

Raw gel images This study https://doi.org/10.17632/hzh8zmn77s.2

Experimental models: Cell lines

MDCK-SIAT cells Sigma-Aldrich Cat# 05071502-1VL

A549-Dual cells InvivoGen Cat# a549-bfis

HEK293T cells ATCC Cat# CRL-3216

Recombinant DNA

WSN 8-plasmid reverse genetics Neumann et al.26 N/A

pHW2000-NS-Split This study N/A

pCAGGS-Flag-NEP This study N/A

Influenza polymerase activity This study N/A

ISRE reporter plasmid This study N/A

Software and algorithms

ImageJ NIH https://imagej.net/ij/download.html

CellProfiler v4.2.1 Broad Institute https://cellprofiler.org/

FlowJo v10.8 BD Life Sciences https://www.flowjo.com/

Prism 10.0 GraphPad Software https://www.graphpad.com/

Python https://www.python.org/ N/A

R https://www.r-project.org/ N/A

Custom scripts This study https://doi.org/10.5281/zenodo.14291492
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PCRs consisted of 15 reactions, each with an equal molar mix of eight forward primers, as the forward primer and a universal reverse

primer 50- CGA CCG TCT CTC CCC GGG GGA GGT ATA TCT TT-3’. The forward primers for the first batch of PCRs are listed in

Table S2. These forward primers were named as cassetteX_N, in which X represents the cassette ID and N represents the primer

number. Forward primers with the same cassette ID were mixed at equal molar ratios and used in the same single PCR. The second

batch of PCRs consisted of another 15 reactions, each with a universal forward primer 50- CGT TAC CCG GCC AAT GCA CGT TTA

CGC CAC AAA TTT CTC TCT CCT CAA GCA AGC CGGGGA CGT CTC GGA GAA TCC CGGGCC C-3’. and unique reverse primers

as listed in Table S2. Subsequently, 15 overlapping PCRs were performed using the universal forward primer and reverse primer. For

each overlapping PCR, the template was amixture of 10 ng each of the corresponding products from the first and second batches of

PCRs. The complete insert was an equal molar mix of the products of these 15 overlapping PCRs. All PCRs were performed using

PrimeSTAR Max polymerase (Takara Bio) according to the manufacturer’s instructions. PCR products were purified using Monarch

DNA Gel Extraction Kit (New England Biolabs). Both the vector and the complete insert were digested by BsmBI (New England Bio-

labs) and ligated using T4 DNA ligase (New England Biolabs). The ligated product was transformed into MegaX DH10B T1R cells

(Thermo Fisher Scientific). At least one million colonies were collected. Plasmid mutant libraries were purified from the bacteria col-

onies using PureLink HiPure Plasmid Purification Kit (Thermo Fisher Scientific). The NEP mutant plasmid library was prepared once

and subsequently used for two independent biological replicates of virus rescue experiments. These two virus mutant libraries were

then passaged independently.

Rescuing, passaging and sequencing the mutant library
The virusmutant library was rescued by transfecting a co-culture of HEK293T andMDCK-SIAT1 cells (ratio of 6:1) at 60% confluence

in a T75 flask. Transfection was performed using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s in-

structions. At 24 h post-transfection, cells were washed twice with PBS and cell culture medium was replaced with OPTI-MEM me-

dium supplemented with 0.8 mg/mL TPCK-trypsin. The virus mutant library was harvested at 72 h post-transfection, titered by TCID50

assay usingMDCK-SIAT1 cells then stored at�80�Cuntil use. To passage the virusmutant libraries, MDCK-SIAT1 cells in a T75 flask

were washed twice with PBS and then infected with a multiplicity of infection (MOI) of 0.02 in OPTI-MEMmedium supplemented with

0.8 mg/mL TPCK-trypsin. At 2 h post-infection, infected cells were washed twice with PBS and fresh OPTI-MEM medium supple-

mented with 0.8 mg/mL TPCK-trypsin was added to the cells. At 24 h post-infection, supernatant was harvested. Each replicate

was transfected and passaged independently.

Viral RNA of the post-passaged mutant library was extracted using QIAamp Viral RNA Mini Kit (QIAGEN). The extracted RNA was

then reverse transcribed to cDNA using Superscript III reverse transcriptase (Thermo Fisher Scientific). To add part of the adapter

sequence required for Illumina sequencing, the plasmid mutant library and the cDNA from the post-infection viral mutant library

were amplified by PCR using primers: 50- ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC TNN NNN NNN GAC GTC GAG

GAG AAT CCC GGG -30 and 50-ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TNN NNG TAG AAA CAA GGG TGT TTT TTA

TTA-3’. A total of 12 N were included in each amplicon product as unique molecular identifiers (UMIs) to distinguish true mutations

from sequencing errors.56–58 For each sample, the six amplicon PCR products were mixed at equal molar ratio. Subsequently, 1

million copies of mixed amplicon PCR products were used as template for a second PCR to add the rest of the adapter sequence

and index to the amplicon using primers: 50-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACX XXX XXX XAC ACT CTT TCC CTA

CAC GAC GCT-30, and 50-CAA GCA GAA GAC GGC ATA CGA GAT XXX XXX XXG TGA CTG GAG TTC AGA CGT GTG CT-3’. Po-

sitions annotated by an ‘‘X’’ represented the nucleotides for the index sequence. The final PCR products were purified by PureLink

PCR purification kit (Thermo Fisher Scientific). Each sample was prepared individually and submitted for next-generation sequencing

using Illumina MiSeq PE250.

Analysis of sequencing data for deep mutational scanning
Sequencing data was obtained in FASTQ format and analyzed using a custom snakemake pipeline.59 Firstly, paired-end reads with

the sameUniqueMolecular Identifiers (UMIs) weremerged using a Python script. A consensus sequencewas created for UMIs with a

minimumof two identical sequences. Groupswere retained if at least 70%of the sequences agreed on the consensus; otherwise, the

group was discarded. Next, primer sequences were removed using cutadapt,60 followed by the merging of forward and reverse

consensus reads using FLASH.61 The resulting merged consensus reads were processed using the SeqIO module in

BioPython,62 translated into amino acid sequences, and filtered based on their sequence length matching the reference amplicon.

Subsequently, mutations were identified by comparing the amino acid sequences to the reference, and merged consensus reads

with more than one amino acid mutation were excluded from downstream analysis. The frequency of mutant i in individual samples

was normalized as follows:

freqsampleðiÞ =
read countsampleðiÞ+1P

i˛ sample

ðread countsampleðiÞ+1Þ
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For each mutant i, the replication fitness was calculated as follows:

fi = log10

freqoutputðiÞ
�
freqinputðiÞ

freqoutputðwtÞ�freqinputðwtÞ
where the freqoutputðiÞ represents the normalized frequency corresponding to variant i in the post-passaging virus mutant library, and

the freqinputðiÞ represents the normalized enrichment corresponding to variant i in the plasmid mutant library.

Primer extension analysis
After RNA extraction, approximately 400 mg of total RNA was reversed transcribed using 32P-labeled PA c/mRNA-specific primer

(PA_135: 50-TGC TGC AAA TTT GTT TGT TCG-30), 32P-labeled PA vRNA-specific primer (PA_2119: 50-GGG TTT TGC TTA ATG

CTTCTTGG-30), 32P-labeled 5S rRNA-specific primer (5S100: 50-TCCCAGGCGGTCTCCCATCC-30), and a SuperScript III reaction

mix (Invitrogen) containing 1 U/mL RNase inhibitor (ApexBio). cDNA products derived from the viral RNAs were resolved using 7 M

Urea/12%PAGE in 1x TBE as described previously.37 Radioactive signals were collected overnight using BAS-MS phosphorimaging

plates (FujiFilm) and visualized using a Typhoon scanner. Densitometry analysis was performed using ImageJ.

Reverse transcription and quantitative PCR
MDCK-SIAT1 cells were infected with viruses at an MOI of 0.5 and incubated at 4�C for 30 min to allow the virus to adsorb to the cell

surface but not to be endocytosed. Synchronized IAV infectionwas initiated by shifting the temperature to 37�C.Cells were harvested

at 0, 2, 4, 6, 8, and 12 h post-temperature shift. UninfectedMDCK-SIAT1 cells were also collected as a negative control. Total cellular

RNA was isolated using RNeasy Mini Kit (Qiagen). Reverse transcription (RT) of RNA was performed using ProtoScript II First Strand

cDNA Synthesis Kit (New England Biolabs), in accordance with the manufacturer’s manual. Oligo-dT primer was used in RT reaction

for detection of mRNAs, whereas uni-12- (50-AGC AAA AGC AGG-30) and uni-13- (50-AGT AGA AAC AAGG-30) specific primers were

used for vRNAs and cRNA, respectively.63,64 Quantification PCR (qPCR) mixtures were prepared according to the user manual of

iTaq Universal SYBR Green Supermix (Bio-Rad) and reactions were run in a CFX Opus 96 Real-Time PCR Instrument (Bio-Rad).

Segment-specific primers were used for the qPCR analysis. WSN PA forward primer: 50-CTG ACC CAA GAC TTG AAC CAC-3’;

WSN PA reverse primer: 50-AGC ATA TCT CCT ATC TCA AGA ACA-3’; WSN NA forward primer: 50-ACA ACG GCA TAA TAA CTG

AAA CC-3’; WSN NA reverse primer: 50-CAG GTA CAT TCA GAC TCT TGT GTT-3’. The relative viral copy number quantification

was calculated from the slope of a standard curve that was obtained by using serial dilution of the corresponding plasmid as

template.

Fluorescence In situ hybridization
One day before the experiment, MDCK-SIAT1 cells were seeded on coverslips in 24-well plates. Cells were infected by viruses at an

MOI of 5. Infection was synchronized and secondary infection was blocked using 20mMNH4CI. Coverslips with cells were collected

and washed twice with PBS, followed by fixation with 4% formaldehyde for overnight at 4�C. To visualize viral RNA, RNA fluores-

cence in situ hybridization (RNA-FISH) through hybridization chain reaction (HCR)65 was then performed according to the manufac-

turer’s instructions with modifications. Cells were washed with PBS thrice, then permeabilized with 0.1% v/v Triton X-100 for 10 min

at room temperature. After the permeabilization, cells were washed twice with 23 sodium chloride sodium citrate (SSC) buffer and

incubated in HCR hybridization buffer at 37�C for 30 min with gentle rocking. Subsequently, cells were incubated with hybridization

buffer containing 1.2 pmol of the PB2 vRNA probe at 37�C for overnight with gentle rocking.

The next day, excess probes were removed by washing cells 4 times with probe wash buffer at 37�Cwith gentle rocking and were

further washed twice with 53 SSC-T buffer (53 SSC with 0.1% Tween 20) for 5 min each at room temperature. Cells were then incu-

bated with amplification buffer for 30 min at room temperature with gentle rocking. 18 pmol of B2-Alexa 647 amplifier hairpins per

sample were snap-cooled by heating at 95�C for 90 s and cooled to room temperature in the dark for 30 min. Hairpin solution, which

was prepared by adding amplifier hairpins to 300 mL amplification buffer per sample, was added to samples and incubated for 1 h at

room temperature in the dark with gentle rocking. Excess hairpins were removed by washing samples 5 times with 53 SSC-T buffer.

For the first wash, samples were incubated in 53 SSC-T buffer supplemented with 1 mg/mL DAPI (Invitrogen) for 20 min at room tem-

perature with gentle rocking. All subsequent washes were performed for 5 min at room temperature with gentle rocking. After the last

wash, samples were mounted on glass slides with ProLong Diamond Antifade Mountant (Invitrogen). Cells were visualized using a

LSM880 microscope system (Zeiss).

Micrograph analysis
Micrographs were analyzed using a custom pipeline on CellProfiler v4.2.166 (Broad Institute). Using images from the DAPI channel,

nuclei were identified using a minimum cross-entropy thresholding method. Then, nuclei were used to propagate and identify cells

using the Otsu thresholdingmethod. Nuclei and cells that touch the border of the imagewere discarded. Cytoplasmwas identified by

subtracting nuclei from cells. The ratio of the mean intensity of PB2 vRNA in the nucleus to that of PB2 vRNA in the cytoplasm was

subsequently calculated. Only cells with PB2 vRNA median intensity of at least 0.05 were considered.
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Western blot analysis
Cells were lysed in RIPA lysis buffer and the cell pellets were removed by centrifugation at speed of 14,000 rpm for 30 min at 4�C.
Protein samples were prepared bymixing with 43 Laemmli Sample Buffer (Bio-Rad) supplemented with b-mercaptoethanol (Sigma-

Aldrich) and boiled at 95�C for 10 min. After SDS-PAGE, the proteins were transferred from the gel to polyvinylidene fluoride mem-

branes (Bio-Rad). Membranes were blocked with 5% skim milk in PBST (PBS supplemented with 0.1% Tween 20) for 1 h at room

temperature and incubated overnight with primary antibodies diluted in 5% skimmilk in PBST at 4�C.Membranes werewashed three

times, 10 min each with PBST, incubated with secondary antibodies for 1 h at room temperature. Afterward, membranes were

washed three times, 10 min each with PBST. Positive immunostaining bands on the membranes were visualized using ECL Select

Western Blotting Detection Reagent (Cytiva) and scanned by iBright 1500 imaging system (Invitrogen).

Growth kinetic analysis of virus
Confluent MDCK-SIAT1 or A549-Dual cells seeded in 24-well plates were washed with PBS once and infected with virus at the indi-

cated MOI. After 1 h of adsorption, the viral inoculum was removed, and infected cells were washed twice with PBS, and then

cultured in DMEM medium supplemented with either 0.5 mg/mL TPCK-treated trypsin for A549 or 1 mg/mL TPCK-treated trypsin

forMDCK-SIAT1 at 37�C. Supernatants were collected at the indicated time points by centrifugation at 130003 g for 1min to remove

dead cells and stored at �80�C until being titrated. Virus titers were determined by TCID50 assay in MDCK-SIAT1 cells.

Quanti-luc luciferase assay
QUANTI-Luc Gold is a two-component reporter kit which contains: QUANTI-Luc Plus andQLCStabilizer (Invivogen). A standard pro-

tocol according to manufacturer’s instructions was followed. Quanti-Luc pouches were dissolved in sterile water together with QLC

stabilizer. 20 mL of cell supernatant was added to a white opaque 96-well plate. 50 mL of QUANTI-Luc Gold assay solution was added

to each well. The measurement was carried out immediately using BioTek synergy HTX multimode reader (Agilent).

Quanti-blue SEAP phosphatase assay
QUANTI-blue Gold is a two-component kit which contains: QB reagent and QB buffer (Invivogen). A standard protocol according to

manufacturer’s instructions was followed. The following protocol refers to the use of 96-well plates. 180 mL of QUANTI-Blue Solution

was dispensed per well into a flat-bottom 96-well plate. 20 mL of sample (supernatant of SEAP-expressing cells) or negative control

(cell culturemedium) were added and incubated at 37�C for 6 h. Optical density (OD) at 620 nmwasmeasured using aBioTek synergy

HTX multimode reader (Agilent).

ISRE luciferase assay
For luciferase assays, HEK293T cells were seeded in a 24-well plate at a density of 100,000 cells per well. The next day, cells were

transiently transfected with pRL-TK and ISRE-Luc reporter plasmids along with the indicated plasmids for 24 h. Cells were then

treated overnight with 2000 U/mL of universal Type I IFN (PBL Assay Science) and lysed at 24 h post treatment using Passive Lysis

Buffer (Promega). Samples were processed and luciferase activity was measured using the Dual-Luciferase Assay System (Prom-

ega) according to the manufacturer’s instructions. Measurements were acquired by BioTek synergy HTXmultimode reader (Agilent).

Firefly luciferase values were normalized to Renilla luciferase values.

Caspase-3/7 activation assay
Cells were stained with CellEvent caspase-3/7 green flow cytometry assay kit (Thermo, catalog #: C10427) according to the manu-

facturer’s protocol. Data were acquired by a BD Symphony A1 (BD Bioscience) flow cytometer, and the results were analyzed in

FlowJo v10.8 software (BD Life Sciences).

Influenza virus polymerase activity assay
Dual luciferase activity reporter assays were performed to compare the polymerase activity of RNP complexes in the presence of

indicated NEP plasmid. RNP complex expression plasmids composed of PB2, PB1, PA (125 ng each) and NP (250 ng), together

with pYH-Luci reporter plasmid (125 ng) and Renilla reporter plasmid (10 ng) were co-transfected into HEK293T cells. At 24 h after

transfection, cells were lysed, and the luciferase activity was measured using the Dual-Luciferase reporter assay system (Promega).

Measurements were acquired by a BioTek synergy HTX multimode reader (Agilent).

Shannon entropy and sequence logo analysis
All the available influenza A virus sequences was downloaded from Influenza Virus Database (n = 93271).27 After removing duplicate

sequences, NEP sequences were clustered using CD-HIT67 with a 90% sequence identity threshold. For each cluster, the overrep-

resented sequences were downsampled to ensure that the dataset reflects the diversity of the viral population. At the end, a total of

288 full length NEP sequences (121 amino acid residues) were included in the analysis.
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RNA library preparation and sequencing
MDCK-SIAT1 cells were infected with viruses at an MOI of 0.5 and incubated at 4�C for 30 min to allow the virus to adsorb to the cell

surface but not to be endocytosed. Synchronized IAV infection was initiated by shifting the temperature to 37�C. Secondary infection
was blocked using 20mMNH4CI. Cells were harvested at 0, 2, 4, 6, 8, and 12 h post-temperature shift for RNA sequencing to quantify

the cellular RNA and viral RNA levels. Uninfected MDCK-SIAT1 cells were also collected for a negative control. RNA from the cells

were extracted using RNeasy Plus Micro Kit (Qiagen). To assay both positive- and negative-sense RNAs, total RNA was prepped

using the Clontech Pico SMARTer stranded total RNA-Seq kit v2, which preserved strand orientation of the RNA sequences by

the template-switching reactions. The cDNA library was then subjected to next-generation sequencing using two lanes of Illumina

NovaSeq X 10B PE150. At least 20 million paired-end reads were obtained per sample.

Sequencing analysis of defective interfering particles (DIPs)
The sequencing data were processed using a custom Python Snakemake pipeline.68 First, raw sequencing reads were quality-

filtered with fastp.69 The remaining paired-end reads were concatenated and treated as single-end reads, then aligned end-to-

end to wild-type reference sequences using Bowtie.70 The unaligned reads, which are potential junction-spanning reads, were sub-

sequently analyzed using the ViReMa algorithm71 (parameters: -DeDup -MicroInDel_Length 20 -Defuzz 3 -N 1 -X 8). We extracted

deletion junctions and their read support from ViReMa output files and sorted them by segment using an in-house Perl script. The

DIP segment counts were then normalized by gene length and total mapped reads, yielding a standardized measure of Transcripts

Per Million (TPM).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the statistical analyses have been performed using Prism 9 Graph Pad Software. Two-tailed Student’s unpaired t test was per-

formed to compare between two populations of data (e.g., control and sample) whereas one-way ANOVA with Turkey’s honestly

significant difference post hoc test was applied for multi sample comparisons. All data generated were from independent biological

replicates where nR 3, each measured in technical duplicates or triplicates. Results have been presented as means ± standard de-

viation (SD) or standard error of the mean (SEM).
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