L] AMERICAN Journal of
SOCIETY FOR ; ®
— MICROBIOLOGY Verlogy

VACCINES AND ANTIVIRAL AGENTS

L)

Check for
updates

Viral Subpopulation Screening Guides in Designing a High
Interferon-Inducing Live Attenuated Influenza Vaccine by
Targeting Rare Mutations in NS1 and PB2 Proteins

Amir Ghorbani,>® Michael C. Abundo,® Hana Ji,>® Kara J. M. Taylor,2* (2 John M. Ngunijiri,> Chang-Won Lee?®

aFood Animal Health Research Program, Ohio Agricultural Research and Development Center, The Ohio State University, Wooster, Ohio, USA

bDepartment of Veterinary Preventive Medicine, College of Veterinary Medicine, The Ohio State University, Columbus, Ohio, USA

ABSTRACT Influenza A viruses continue to circulate among wild birds and poultry
worldwide, posing constant pandemic threats to humans. Effective control of emerg-
ing influenza viruses requires new broadly protective vaccines. Live attenuated influ-
enza vaccines with truncations in nonstructural protein 1 (NS1) have shown broad
protective efficacies in birds and mammals, which correlate with the ability to in-
duce elevated interferon responses in the vaccinated hosts. Given the extreme diver-
sity of influenza virus populations, we asked if we could improve an NS1-truncated
live attenuated influenza vaccine developed for poultry (PC4) by selecting viral sub-
populations with enhanced interferon-inducing capacities. Here, we deconstructed
a de novo population of PC4 through plaque isolation, created a large library of
clones, and assessed their interferon-inducing phenotypes. While most of the clones
displayed the parental interferon-inducing phenotype in cell culture, few clones
showed enhanced interferon-inducing phenotypes in cell culture and chickens. The
enhanced interferon-inducing phenotypes were linked to either a deletion in NS1
(NS1A76-86) or a substitution in polymerase basic 2 protein (PB2-D309N). The
NS1A76-86 deletion disrupted the putative eukaryotic translation initiation factor
4Gl-binding domain and promoted the synthesis of biologically active interferons.
The PB2-D309N substitution enhanced the early transcription of interferon mRNA, re-
vealing a novel role for the 309D residue in suppression of interferon responses. We
combined these mutations to engineer a novel vaccine candidate that induced addi-
tive amounts of interferons and stimulated protective immunity in chickens. There-
fore, viral subpopulation screening approaches can guide the design of live vaccines
with strong immunostimulatory properties.

IMPORTANCE Effectiveness of NS1-truncated live attenuated influenza vaccines re-
lies heavily on their ability to induce elevated interferon responses in vaccinated
hosts. Influenza viruses contain diverse particle subpopulations with distinct pheno-
types. We show that live influenza vaccines can contain underappreciated subpopu-
lations with enhanced interferon-inducing phenotypes. The genomic traits of such
virus subpopulations can be used to further improve the efficacy of the current live
vaccines.
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nfluenza A viruses (IAVs) belong to the family Orthomyxoviridae. Their genomes
consist of eight segments of negative-sense RNA in the form of ribonucleoprotein
(RNP) complexes. Each RNP is associated with a heterotrimeric RNA-dependent RNA-
polymerase complex and, therefore, can be transcribed immediately upon translocation
to the nucleus of the infected cell (1). Owing to the lack of proofreading capability of
the viral RNA polymerase complex, IAVs are prone to high rates of spontaneous
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mutations, leading to extensive genomic and phenotypic diversity in the virus popu-
lation (reviewed in references 2-4).

Seasonal IAV epidemics are a major cause of respiratory illness and mortality in
humans. Global human pandemics can also arise through zoonotic transmission of
emerging IAVs from animals (5). Migratory wild birds serve as natural reservoirs for all
IAV subtypes (6, 7). Periodic introduction of 1AVs, especially of the H5 and H7 subtypes,
from wild birds to domestic poultry can have devastating effects on the poultry
industry and global food security (8, 9). Although commercial vaccines have been
shown to provide good protection against closely related IAVs, there is currently no
effective and practical vaccine to control antigenic variants or newly emerging IAVs in
poultry (10). Therefore, there is a growing need to develop novel universal vaccines that
can effectively immunize the host against a wider range of AV strains (11).

An ideal vaccine should efficiently activate both the innate and adaptive arms of
immunity, similar to activation by natural IAV infection. The innate immune system,
especially through interferons (IFNs), serves as one of the first layers of host defense
against viral pathogens including IAVs (12). The activation of innate immunity also
promotes the development of adaptive immune responses through mediator cytokines
secreted from dendritic cells (12-14). Upon virus infection, activation of cellular pattern
recognition receptors triggers a signaling cascade that leads to production of type | («
and B) and type Ill (A) IFNs that, in turn, induce the expression of hundreds of
IFN-stimulated genes with potent antiviral activities (12). To overcome this barrier and
remain fully infectious, IAVs have evolved countermeasures to prevent or circumvent
the activation of IFN response in infected cells. One of these countermeasures is the
nonstructural protein 1 (NS1), a multifunctional viral protein that plays a central role in
antagonizing the IFN system (reviewed in reference 15). Accordingly, IAVs expressing
truncated NS1 proteins are highly attenuated while exhibiting an enhanced IFN-
inducing phenotype in immunocompetent hosts, making them ideal candidates for
development of effective live attenuated influenza vaccines (LAIVs) (reviewed in refer-
ence 16).

NS1-truncated LAIVs provide a robust protective immunity against diverse influenza
virus strains in various hosts, including murine (17, 18), swine (19-21), equine (22, 23),
avian (24-27), nonhuman primate (28), and human hosts (29). In our search for
potential LAIV candidates, we found that A/turkey/OR/71-deINS1 (H7N3) virus contains
multiple genetically and phenotypically diverse subpopulations of NS1-truncated vari-
ants (24, 30). Despite having similar levels of NS1 truncations, these variants displayed
varying degrees of protective efficacies in avian (24, 30) and mammalian (31) species,
which correlated with their ability to induce a type | IFN response in cells from the
specific hosts (30-32). One of the naturally derived variants, the plaque clone 4 virus
(PC4), was predicted to be highly protective in avian hosts based on its type |
IFN-inducing ability in avian cells (30). PC4 expresses a naturally truncated NS1 protein
maintaining only the first 91 (out of 230) amino acids at the N terminus and an
additional two nonconsensus amino acids at the C terminus (24). In chickens, PC4
induces high levels of innate immune responses, is highly attenuated, and does not
transmit to unvaccinated contact birds, making it a safe alternative for inactivated
vaccines (24-26). Most importantly, PC4 has demonstrated the ability to induce rapid,
robust, and cross-reactive systemic and mucosal antibody responses that translate into
significant protective immunities against antigenically distant heterologous and het-
erosubtypic low-pathogenicity IAVs in chickens (24, 26, 27).

In this study, we asked whether we could further improve the IFN-inducing ability
of PC4 for avian hosts. Owing to the intrinsic propensity of IAVs to form heterogenous
particle subpopulations (2), we hypothesized that PC4 is naturally composed of sub-
populations with enhanced IFN-inducing phenotypes. To test this hypothesis, we
analyzed a large library of plaque-purified PC4 subpopulations and found a few
subpopulations with enhanced IFN-inducing capacities. We identified two key muta-
tions in NS1 and polymerase basic 2 (PB2) proteins that were linked to the high
IFN-inducing phenotypes. We then combined the two mutations to engineer a new
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FIG 1 IFN-based screening of PC4 virus subpopulation. (A) Schematic of the experimental approach. PC4 virus subpopulations were plaque purified in CEF cells
and propagated in ECEs. Developmentally aged CEF cells were infected with each plaque-purified clone, and cell supernatants were collected at 24 hpi. The
acid-stable type | IFN released into the cell supernatants was partially purified using perchloric acid treatment. To quantify the biological activity of the IFN,
QT-35 cells were treated with serial 2-fold dilutions of the purified supernatants for 19 h and then challenged with a vesicular stomatitis virus that expresses
GFP (VSV-GFP). At 24 hpi, GFP intensities were recorded, using a fluorescence plate reader, that were then used to extrapolate the concentration of IFN in the
purified supernatants (IFN-a units/ml), using a recombinant chicken IFN-« as standard. (B) Induction of varying levels of type | IFNs by PC4 at different MOls.
IFN induction was performed by infecting the aged CEF cells with the indicated MOIs of PC4. IFN bioassay was performed as described above. Statistical
differences were only shown for an MOI of 0.3 PFU/cell with the peak IFN yield, which was used for all future experiments. (C) Relative IFN-inducing profile of
PC4 virus subpopulations. Experimental approach was as described above. The relative antiviral activity of cell supernatants was calculated by dividing the
amounts of IFN induced by each virus by the average amounts induced by PC4 (n = 4) in the same assay. Black dots represent the average relative IFN-inducing
capacity of each plaque-purified subpopulation obtained using three biological replicates. Graph includes pool data from multiple independent experiments.
The overlaid Tukey's boxplot (red) displays the overall distribution of population and the presence of outliers (ROUT method of regression, Q coefficient = 5%;
marked with #) with enhanced IFN induction (corresponded to HII-C1, HII-C2, HII-C3, and HII-C4). (D) Enhanced IFN induction by the HII-C1, HII-C2, and HII-C3
relative to the parental PC4. IFN induction (MOI = 0.3) and bioassay were performed as described above. (E) Formation of plaques with distinct diameters by
the HIl clones. Chicken embryo kidney cell monolayers were infected with the indicated clones (10 to 20 PFU/monolayer). At 80 hpi, the cell monolayers were
fixed with 10% formalin and stained with 0.1% crystal violet to visualize the plaques. Plaque images were captured using the FluorChem Q imaging system
(Alpha Innotech), and plaque diameters were measured using ImageJ software. Red dots represent values for each biological replicate. Bars indicate mean =
standard error of the mean (SEM) of biological replicates. ****, P < 0.0001; *, P < 0.05 (one-way ANOVA with Tukey's post hoc test).

LAIV candidate with exceptional IFN-inducing capacity in chickens. Our data showcase
that subpopulation screening approaches can be used to improve the innate immu-
nostimulatory property of LAIVs.

RESULTS

PC4 contains rare subpopulations with enhanced IFN-inducing phenotypes.
PC4, which was naturally derived from A/turkey/OR/71-deIlNS1 (H7N3) virus, was re-
created de novo through reverse genetics (24). To investigate the diversity of IFN-
inducing subpopulations of PC4, we isolated 100 clones from the population through
plagque purification in chicken embryo fibroblast (CEF) cells and amplified each clone
once in embryonated chicken eggs (ECEs). We then assessed the ability of the clones
to induce type | IFNs in developmentally aged CEF cells as shown in Fig. 1A (33). To do
that, we infected aged CEF cell monolayers with each clone at a multiplicity of infection
(MOI) of 0.3 PFU per cell, which was determined to induce the peak IFN response by
PC4 (Fig. 1B). We then collected the cell culture supernatants at 24 h postinfection (hpi),
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TABLE 1 Mutations identified in PC4 virus-derived plaque clones with enhanced or
parental IFN-inducing capacities

IFN-inducing phenotype Plaque clone(s) Protein Mutation(s)
Enhanced HII-C1 PB2 D309N
HII-C2 and HII-C4 NS1 Deletion (position 76-86)
NA FI97L, E119A
HII-C3 NS1 Deletion (position 76-86)
NA FO7L, E119A
HA A168G
Parental Clones 1 and 2 None None
Clone 3 NA D127N
Clone 4 HA 159V
Clone 5 HA V332F

precipitated acid-labile proteins from the supernatants, and analyzed the antiviral
activity of acid-stable type | IFNs in the supernatants against vesicular stomatitis virus
(VSV) infection in QT-35 cells (34-37). Finally, we compared the IFN-inducing capacities
of the clones relative to PC4 (Fig. 1C). From the library of 100 plaque clones, 96 clones
displayed IFN-inducing phenotypes that closely resembled that of the parental PC4.
The remaining 4 clones were identified as population outliers with substantially en-
hanced IFN-inducing capacities compared to that of the population consensus by the
ROUT method of regression (38). We then performed an independent experiment to
confirm the enhanced IFN responses induced by the top 3 high IFN-inducing (HIl)
clones, hereafter referred to as clones HII-C1, HII-C2, and HII-C3 (Fig. 1D). HIl-C4 was
dropped from further phenotypic analysis because it was genetically identical to HII-C2
at the level of consensus sequences (Table 1). Interestingly, there was no direct
relationship between plaque size and IFN-inducing phenotypes of the clones (Fig. 1 E).
These results show that even highly purified de novo created viruses can contain rare
subpopulations with HIl phenotypes.

The HIl clones induce enhanced innate immune responses while maintaining
their parental protective efficacies in vaccinated chickens. To validate the IFN-
inducing phenotypes in vivo, we inoculated separate groups of 2-week-old chickens
with each of the three selected HIl clones or PC4 via the intrachoanal and intraocular
routes. Another group of chickens was subcutaneously inoculated with oil-adjuvanted
inactivated PC4 vaccine (IIV), while the mock group was left untreated. We then
euthanized a set of birds at 24 hpi (n = 4/group) to collect tracheas for transcriptional
analysis of IFN and IFN-related genes. As illustrated in Fig. 2, the expression of IFN-3
(type I IFN) gene was significantly upregulated by all three HIl clones, while that of IFN-vy
and IFN-A; (type Il and IIl IFNs, respectively) was upregulated only by HII-C1 compared
to that of the mock group. The elevated IFN-B gene expression corresponded with
significant upregulation of downstream IFN-stimulated antiviral genes as follows: the
myxovirus resistance protein 1 (MX1) and 2'-5'-oligoadenylate synthetase-like (OASL)
genes (Fig. 2D and E). All three HIl clones also stimulated a significant increase in
expression of the mitochondrial antiviral signaling protein (MAVS) gene compared to
the mock and IIV groups (Fig. 2F). Overall, these results verified the enhanced IFN-
inducing ability of the HII clones in vivo. The results highlight the predictive accuracy
of our cell culture-based approach for selecting mutants with higher innate immuno-
stimulatory capacities in their target hosts (30).

We tracked the other set of birds (n = 7/group) to determine the progression of
humoral (serum) and mucosal (tear) antibody responses up to 3 weeks postvaccination
(WPV). Homologous hemagglutination inhibition (HI) antibodies were detected in
serum samples derived from vaccinated chickens at 1 WPV and continued to increase
for the duration of the experiment (Fig. 3A). As previously observed with PC4 vaccina-
tion (26), higher seroconversion rates were observed in all live vaccine groups (PC4 and
HIl clones) at 1 WPV compared to the IIV group. However, the Hl titers of the IIV group
thereafter increased by severalfold and were significantly higher than all live vaccine
groups at 2 and 3 WPV. There were no significant differences in HI antibody titers
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FIG 2 Expression of IFN and IFN-related genes in vaccinated chickens. Two-week-old chickens were either
vaccinated with the Hll clones (HII-C1, HII-C2, and HII-C3) or PC4 (10° EID,,) via the intrachoanal and intraocular
routes (1:1 ratio, vol/vol), injected subcutaneously with oil-adjuvanted inactivated PC4 vaccine (IIV), or left
unvaccinated (mock). At 24 h postvaccination, chicken tracheas (n = 4/group) were collected, and the relative

mRNA expression of IFN-S (

A), IFN-vy (B), IFN-A5 (C), MX1 (D), OASL (E), and MAVS (F) genes in the tracheal tissue

were determined using quantitative RT-PCR. Dots represent values for individual chickens. Bars indicate mean =+

SEM of chicken groups. **, P < 0.01; *, P < 0.05 (Kruskal-Wallis test).

among the live vaccine groups except at 3 WPV when the HII-C1 group showed
significantly higher titers than the HII-C3 group. Similar trends were observed when a
heterologous H7N2 low-pathogenicity avian influenza virus (A/chicken/NJ/150383-7/
02) antigen was used against the 3 WPV prechallenge serum samples in the HI assay
(Fig. 3B). Influenza virus-specific IgA antibody titers in chicken tears were in great
accordance with the serum HI titers among live virus immunization groups. However,
the IIV group did not develop detectable IgA titers (Fig. 3C) despite having the highest
serum HI antibody titers among the groups (Fig. 3A and B). Significantly higher levels
of tear IgA were observed in both HII-C1 and PC4 groups compared to those of the
mock, 1IV, and HII-C3 groups. Collectively, these data show that the humoral (serum)
and mucosal (tear) antibody-inducing phenotypes of the HIl clones generally follow the
same trend as the live parental PC4.

At 3 WPV, we examined the protective efficacy of the vaccines by challenging the
chickens (n = 7/group) with the heterologous H7N2 virus and determined the levels of
challenge virus shedding in tracheas. Regardless of the lower humoral and mucosal
antibody titers observed in some groups (especially HII-C2 and HII-C3), all of the
vaccinated groups showed significant reduction in tracheal virus shedding during the
peak of virus replication at 5 days postchallenge (DPC) compared to that of the mock
group (Fig. 3D). In accordance with the overall higher levels of serum and mucosal
antibody titers than the other live vaccine groups, the HII-C1 group also showed
significant reduction in virus shedding compared to that of the mock group at 3 DPC.
However, the differences in virus shedding titers between the vaccinated groups were
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FIG 3 Induction of humoral (A and B) and mucosal (C) antibodies and protective immunity (D) in vaccinated
chickens. Two-week-old chickens were vaccinated as described in Fig. 2. (A) Homologous HI antibody titers in
serum samples of vaccinated chickens at 1, 2, and 3 WPV. (B) Heterologous HI antibody titers against the challenge
virus antigen in serum samples of vaccinated chickens at 3 WPV (1 day prior to challenge). (C) Influenza
virus-specific IgA antibody titers in chicken tears at 3 WPV, as determined by a commercial IDEXX ELISA kit. IgA
titers are shown as sample optical density at 650 nm (ODgs,) minus the mean OD of mock. (D) Protective efficacies
against the heterologous H7N2 challenge virus. At 3 WPV, chickens were challenged with an antigenically distant
H7N2 virus (108 EID,,/bird), and the tracheal shedding of the virus was determined using quantitative RT-PCR at
3 and 5 DPC. Viral titers are expressed as log,, EID,, equivalent per milliliter of the tracheal swab elutes (1 ml/swab).
Dots represent values for individual chickens. Bars indicate mean = SEM of chicken groups. ****, P < 0.0001; ***,
P < 0.001; **, P<0.01; *, P < 0.05 (one-way ANOVA with Tukey's post hoc test).

statistically indistinguishable. Overall, the protective efficacies of the Hll clones and PC4
were similar under the experimental conditions used in this experiment.

HIl phenotypes are determined by a deletion in NS1 or a substitution in PB2.
To establish the genetic basis of enhanced IFN induction, we deep sequenced plaque
clones with high (n = 4) and parental (n = 5) IFN-inducing phenotypes along with PC4.
Table 1 presents the mutations found in the consensus genomes of sequenced plaque
clones in comparison with PC4. Plaque clones with the parental IFN-inducing pheno-
type were either identical to PC4 or possessed single amino acid substitutions in
hemagglutinin (HA) or neuraminidase (NA) proteins (Table 1). Accordingly, the consen-
sus genomes of all of the 96 clones displaying the parental phenotype are likely to be
highly similar. Apart from a few mutations observed in HA and/or NA proteins, 3 of the
HIl clones (HII-C2, HII-C3, and HII-C4) had a deletion of 11 amino acids at positions 76
to 86 (NS1A76-86) within the flexible linker region of the NS1 protein (amino acids 73
to 85) (Fig. 4A) (39). The NS1A76-86 deletion is unlikely to be an artifact of the plaque
purification process because it was present at an average frequency of ~3% in two
sequencing replicates of the parental PC4. The remaining HIl clone (HI-C1) had a
substitution of asparagine (N) for aspartic acid (D) at position 309 of the PB2 protein
(PB2-D309N), which is located within the PB2 midlink domain (residues 251 to 315 [mid]
and 490 to 536 [link]) and in proximity to the cap-binding domain of the viral
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H7 1103 9 4 4 3 0 0 0 0 1123

H9 1430 10 1 10 0 0 1 0 0 1452

all others 5548 26 43 20 0 0 1 1 1 5640

total (all subtypes) 10316 73 71 64 3 2 2 1 1 10533
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FIG 4 Sequence and structural analysis of the NS1 (A76-86) and PB2 (D309N) mutations found in the HIl clones (HII-C1, HII-C2, HII-C3, and HII-C4). (A) Deletion
of amino acids 76 to 86 severely disrupts the linker region of NS1 protein. NS1 proteins were aligned using the ClustalW algorithm in BioEdit (version 7.2.5).
The gray box at the top indicates the RNA-binding and effector domains (residues 1 to 73 and 88 to #, respectively) of the NS1 protein, separated by a short
linker region. Red dashed lines indicate the deletion of residues 76 to 86 of indicated viruses. For comparison, the wild-type NS1 protein of the A/turkey/OR/71
strain is 230 amino acids long. (B) The mutated amino acid 309 of PB2 protein (309N) is located within the PB2 midlink domain and in proximity to the
cap-binding domain of the viral polymerase complex. PB2-309N residue was mapped onto the crystal structure of IAV polymerase complex (PDB accession
number 6TOV) in PyMOL molecular graphics system (version 2.3.2). The space-filling molecule (marked with m?’G-capped RNA) represents the proximal part of
the capped primer bound to the cap-binding domain in the early elongation stage. (C) PB2-309N amino acid is rarely found in avian influenza viruses in nature.
The frequency of mutations at position 309 of PB2 protein of the previously isolated avian influenza viruses was determined based on the number of strains
containing the mutation/total number of strains available in Influenza Research Database.

polymerase complex (Fig. 4B) (40, 41). We were unable to detect the PB2-D309N
substitution in deep sequences obtained from the parental PC4, which is likely due to
the low sequencing read depth at nucleotide 952 (an average of 584 reads), where the
nonsynonymous mutation occurs. The PB2-D309N substitution was previously shown
to increase the activity of viral polymerase complex, which can be beneficial to the virus
(40). However, when we assessed the frequency of the PB2-D309N mutation in avian
influenza viruses in the Influenza Research Database (42), we found it to be extremely
rare, suggesting that this mutation may not be evolutionarily beneficial for the virus
(Fig. 4C). Furthermore, none of the viruses in the database possessed the NS1A76-86
mutation. Of note, a smaller deletion at position 80 to 84 of the NS1 is commonly found
in H5 avian influenza viruses (43). We also analyzed the deep sequences of the parental
PC4 and plaque clones to determine the frequencies of minor single-nucleotide vari-
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ants with nonsynonymous (missense) point mutations. The minor variants were gen-
erally detected at low frequencies (<10%) in virtually all genes, with no distinguishing
patterns between the parental PC4 and plaque clones or between clones with HIl and
parental IFN-inducing phenotypes (Fig. 5). Overall, these results indicate that the rare
NS1A76-86 and PB2-D309N mutations are responsible for the HIl phenotypes of the
respective plaque clones. Our finding also suggests a potential role for the 309D residue
of the PB2 protein, which is present in >97% of avian influenza viruses, in suppression
of IFN responses in avian hosts.

NS1A76-86 and PB2-D309N mutations play nonredundant roles in induction of
biologically active IFN. To confirm the role of the newly discovered NS1 and PB2
mutations in IFN enhancement, we engineered them into reverse genetics plasmids for
PC4 (24) and rescued new mutants with single (NS1A76-86 or PB2-D309N) or double
(PB2-D309N/NS1A76-86) mutations (Fig. 6A). We then infected aged CEF cells with the
newly generated mutants (MOl = 0.3) and quantified the antiviral activity of the
acid-stable type | IFN released into the cell culture supernatants at 24 hpi. As shown in
Fig. 6B, both PB2-D309N and NS1A76-86 mutants induced significantly higher levels of
IFN compared to those of PC4, which reproduced the findings with the plaque clones
possessing the PB2 (HII-C1) and NS1 (HII-C2, HII-C3, HII-C4) mutations, respectively (Fig.
1D). Strikingly, the PB2-D309N/NS1A76-86 double mutant induced significantly higher
levels of IFN compared to those of the viruses with single mutations (Fig. 6B). The
amount of IFN induced by the double mutant was roughly equal to the combined
amount induced by both single mutants. The newly generated PB2-D309N and
NS1A76-86 single mutants closely reproduced the plaque size profile differences
observed between the plaque clones possessing the PB2 (HII-C1) and NS1 (HII-C2,
HII-C3) mutations, respectively (Fig. 6C). Notably, the plaque diameters of the PB2-
D309N/NS1A76-86 double mutant were significantly smaller than those of the single
mutants or PC4. Altogether, these lines of evidence clearly demonstrate that the
NS1A76-86 and PB2-D309N mutations play nonredundant roles in the enhancement of
IFN response in infected avian cells and are directly linked to the plaque size pheno-
types of the HIl clones.

NS1A76-86 and PB2-D309N mutations synergistically induce IFN-f3 expression.
To confirm the effects of the NST and PB2 mutations on type | IFN response at the
mRNA level, we infected QT-35 cell monolayers with the newly generated mutants
(MOI = 0.3) and determined the expression of IFN-B8 mRNA at 8 hpi. At this time point,
significant expression of IFN-B was evident in cells infected with PC4 or the newly
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FIG 6 De novo generation of recombinant viruses with enhanced IFN-inducing capacities in PC4 virus backbone.
(A) Schematic diagram of the recombinant mutants generated in this study. The blue rectangles represent the
genes of PC4, while yellow and red rectangles represent genes containing the NS1A76-86 and PB2-D309N
mutations, respectively. (B) Enhanced IFN-inducing capacities of the newly engineered mutants in cell cultures
relative to the parental PC4. IFN induction (MOI = 0.3) and bioassay were performed as described in Fig. 1A. (C)
Formation of plaques with distinct diameters by the recombinant viruses with enhanced IFN-inducing phenotypes.
Chicken embryo kidney cell monolayers were infected with the indicated viruses (10 to 20 PFU/monolayer). At 72
hpi, the cell monolayers were fixed, and the plaque diameters were determined as described in Fig. 1E. Dots
represent values for individual biological replicates. Bars indicate mean * SEM of biological replicates. ****,
P < 0.0001 (one-way ANOVA with Tukey’s post hoc test)

generated mutants compared to the mock (Fig. 7A). The mRNA levels generally
confirmed the levels of biologically active type | IFNs induced in aged CEF cells, except
for the NS1A76-86 mutant (Fig. 6B and 7A). Furthermore, there was a synergistic effect
of the NS1 and PB2 mutations on IFN-B mRNA upregulation since the level of expres-
sion in the double mutant was severalfold higher than the sum of expression values for
the NS1A76-86 and PB2-D309N mutants (Fig. 7A).

Amino acids 76 to 86 of NS1 are essential for the suppression of biologically
active IFN synthesis. Despite being able to induce significantly higher amounts of
biologically active IFNs in aged CEF cells (Fig. 6B), the NS1A76-86 mutant induced
similar levels of IFN-B mRNA compared to those of PC4 in QT-35 cells at 8 hpi (Fig. 7A).
We hypothesized that a substantial amount of the IFN-B mRNAs induced by PC4 are not
translated into biologically active IFN. To test this hypothesis, we focused on the QT-35
cells to eliminate any possible cell type- and host-specific differences in IFN response
from our analysis. We infected QT-35 cell monolayers with the NS1A76-86 mutant and
PC4 (MOI = 0.3) and examined the cells and supernatant medium for the levels of IFN-3
mRNA and biologically active IFN, respectively. For this experiment, we chose the
24-hpi time point because it represents the peak of biologically active IFN production
in our single-cycle replication assay (35). As observed earlier in aged CEF cells (Fig. 6B),
the levels of biologically active IFN induced by the NS1A76-86 mutant in QT-35 cells
were significantly higher than those of PC4 (Fig. 7B). However, IFN-B mRNA levels were
statistically indistinguishable between the two tested viruses (Fig. 7C). These results
indicate that the amino acid residues at positions 76 to 86 of the NS1 protein encoded
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FIG 7 Dynamics of type | IFN responses in infected cell monolayers. QT-35 cells were infected with the indicated
viruses at an MOI of 0.3 and relative mRNA expression of IFN-B gene in cell monolayers (A, C, D, E) or biological
activity of acid-stable type | IFNs released into the cell supernatants (B, F) were determined at the indicated time
points. IFN-B mRNA levels were determined using quantitative RT-PCR. IFN induction and bioassay were performed
in QT-35 cells following the protocol described in Fig. 1A. (A) synergistic effects of the NS1A76-86 and PB2-D309N
mutations on IFN-B mRNA expression at 8 hpi. Elevated levels of biologically active IFNs (B) but not IFN-B8 mRNA
(C) are induced by the NS1A76-86 mutant at 24 hpi. (D) Early induction of IFN-8 mRNA by the mutants encoding
the PB2-D309N mutation at 3 hpi. (E) Elevated levels of IFN-3 mRNA expression are induced by the PB2-D309N
mutant in cell monolayers treated with cycloheximide (+CHX) or left untreated (—CHX) at 3 hpi. (F) Cycloheximide-
mediated block of protein synthesis was confirmed by the absence of functional IFN proteins in the supernatants
of treated cells at 24 hpi. Relative antiviral activity of cell supernatants was calculated by dividing the IFN units
induced in each sample by the average amounts induced by the virus in untreated cells. Dots represent values for
each biological replicate. Bars indicate mean * SEM of biological replicates. ****, P < 0.0001; **, P <0.01; *,
P < 0.05; ns, nonsignificant (one-way ANOVA with Tukey’s post hoc test).

by PC4 constitute a domain that is required to suppress the translation of IFN mRNA
into biologically active protein in avian cells.

PB2-D309N mutation enhances the early induction of IFN mRNA synthesis.
Although the PB2-D309N mutation was previously shown to enhance viral polymerase
activity in mammalian cells (40), its role in enhancement of IFN responses is not likely
due to increased virus replication given the discordance between IFN responses and
viral plaque diameters (Fig. 6B and C and Fig. 7A to C). For that reason, we hypothesized
that the PB2-D309N mutation disables the ability of PB2 protein to suppress IFN mRNA
transcription rather than increasing the number of IFN-inducing moieties (viral RNAs).
To test that hypothesis, we infected QT-35 cells (MOl = 0.3) and assessed the expres-
sion of IFN-B mRNA at 3 hpi, a time point at which new viral proteins are yet to be
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produced (44, 45). Significant upregulation of IFN-8 mRNA was only evident in the cells
infected with the single or double mutants with the PB2-D309N mutation compared to
that of the mock-infected cells or those infected with the NS1A76-86 mutant or PC4
(Fig. 7D). To rule out the possibility that some new viral proteins might still be
synthesized at this early time point, we treated virus-infected cells with cycloheximide,
which inhibits translation elongation (46). Cycloheximide did not block the accumula-
tion of IFN-B mRNA in the cells infected with the PB2-D309N mutant (Fig. 7E), but it was
able to prevent the synthesis of biologically active type | IFNs (Fig. 7F). Collectively,
these results show that the PB2-D309N mutation destabilizes the early suppression of
IFN mRNA synthesis, resulting in rapid IFN induction by the mutant virus.

PB2-D309N/NS1A76-86 double mutant stimulates higher levels of innate im-
mune responses in chickens. To determine the immunogenicity of the newly engi-
neered mutants in chickens, we vaccinated 2-week-old chickens with the PB2-D309N
or NS1A76-86 single mutants, the PB2-D309N/NS1A76-86 double mutant, or PC4 as
described earlier. Accordingly, the mock and IV groups were also included in this
experiment. The newly engineered mutants closely reproduced the innate immune
responses induced by the HIl clones in chicken tracheas at 24 hpi (Fig. 2 and 8).
Compared to the mock group, there was induction of significant upregulation of IFN-_3,
OASL, and MAVS mRNA levels by single and double mutants, MX1 by the NS1A76-86
and double mutants, and IFN-A; only by the double mutant (Fig. 8A and C to F). Neither
PC4 nor IIV stimulated significant upregulation of any of the tested genes at 24 hpi (Fig.
8). Overall, the double mutant with a combination of the NS1A76-86 and PB2-D309N
mutations proved to be superior to PC4 regarding innate immune stimulation in
chickens.

Next, we evaluated the vaccine candidates for their ability to induce early humoral
(serum) and mucosal (tear) antibody responses and protection in terms of reduction in
tracheal virus shedding. At 6 DPV (1 day prior to challenge), several birds in the groups
vaccinated with live virus (PB2-D309N/NS1A76-86, PB2-D309N, NS1A76-86, and PC4
groups) were positive for serum HI antibodies against the homologous virus antigen
and tear IgA antibodies, but the overall antibody titers were statistically indistinguish-
able from those of the mock group (Fig. 9A and C). Interestingly, the PB2-D309N/
NS1A76-86, PB2-D309N, and PC4 live vaccine groups started to show significant
reduction in tracheal shedding of the heterologous H7N2 challenge virus as early as 3
DPC when compared to that of the mock group (Fig. 9D). Moreover, only the groups
vaccinated with live vaccines shed significantly less virus at 5 DPC relative to the mock
group (Fig. 9D) even in the absence of significant levels of humoral and mucosal
antibodies (Fig. 9A to C). Among the vaccinated groups, the PB2-D309N/NS1A76-86
and PB2-D309N groups shed significantly less virus than the IIV group at 5 DPC
(Fig. 9D), suggesting an improvement in early protective immunity provided by these
new LAIV candidates compared to that of IIV. We continued to monitor the develop-
ment of serum and tear antibodies in another subset of chickens (n = 8/group) up to
3 WPV. Among the groups vaccinated with live vaccines, serum HI antibody titers were
significantly higher in the chickens vaccinated with PB2-D309N than those vaccinated
with the NS1A76-86 and the double mutant at 2 and/or 3 WPV (Fig. 10A). Conversely,
tear IgA antibody levels were significantly higher in the PB2-D309N and PC4 groups
than in the mock and IIV groups (Fig. 10B). Collectively, these data highlight that
combining the PB2-D309N and NS1A76-86 mutations can stimulate higher levels of
innate immunity in the vaccinated chickens.

DISCUSSION

NS1-truncated LAIVs can efficiently stimulate mucosal immunity that is instrumental
in controlling 1AV infection in vaccinated hosts. Like other IAVs, NS1-truncated LAIVs
can contain genetically and phenotypically heterogeneous subpopulations. Here, we
analyzed a large library of PC4-derived virus subpopulations and found them to greatly
maintain their parental IFN-inducing phenotype, except for a few (4 out of 100) that
exhibited the HIl phenotypes (Fig. 1C). Similar HIl phenotypes were previously reported
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FIG 8 Expression of IFN and IFN-related genes in vaccinated chickens. Two-week-old chickens were vaccinated with
the PB2-D309N or NS1A76-86 single mutants, PB2-D309N/NS1A76-86 double mutant, or PC4 (10° EID/bird) via
the intrachoanal and intraocular routes (1:1 ratio, vol/vol), injected subcutaneously with oil-adjuvanted inactivated
PC4 vaccine (IIV), or left unvaccinated (mock). At 24 h postvaccination, chicken tracheas (n = 4/group) were
collected, and the relative mRNA expression of IFN-$ (A), IFN-y (B), IFN-A; (C), MX1 (D), OASL (E), and MAVS (F)
genes in the tracheal tissue were determined using quantitative RT-PCR. Dots represent values for each individual
chicken. Bars indicate mean = SEM of chicken groups. **, P < 0.01; *, P < 0.05 (Kruskal-Wallis test).

in plaque-purified vesicular stomatitis virus (VSV) subpopulations by Marcus et al. (47),
suggesting that minority HIl subpopulations are commonly present in RNA viruses.
Although these minority HIl subpopulations are present in the parental populations,
they are phenotypically outcompeted by the other subpopulations existing at higher
thresholds. The HIl phenotypes of PC4 clones were linked to the following two key
mutations: PB2-D309N and NS1A76-86 (Table 1; Fig. 6). We combined these mutations
to engineer a LAIV candidate with an exceptionally high ability to induce IFNs (Fig. 6
and 8) and stimulate a protective immunity in chickens (Fig. 9D). These results suggest
that viral subpopulation-based screening in combination with deep sequencing can be
instrumental in identifying rare immune-enhancing mutations for engineering novel
LAIV candidates.

The PB2-D309N and NS1A76-86 mutations have additive effects on the enhance-
ment of IFN responses (Fig. 6 and 7), which is in agreement with the nonredundant
roles played by the NS1 and PB2 proteins in counteracting the activation of IFN
production and signaling pathways (35, 44, 48). The NS1 protein employs a plethora of
strategies to block or suppress multiple stages of the IFN pathway through direct
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FIG 9 Induction of humoral (A and B) and mucosal (C) antibodies and protective immunity (D) in vaccinated
chickens. Two-week-old chickens were vaccinated as described in Fig. 8. (A) Homologous HI antibody titers in
serum samples of vaccinated chickens at 6 days postvaccination (DPV; 1 day prior to challenge). (B) Heterologous
HI antibody titers against the challenge virus antigen in serum samples of vaccinated chickens at 6 DPV. (C)
Influenza virus-specific IgA antibody titers in chicken tears at 6 DPV as determined by a commercial IDEXX ELISA
kit. IgA titers are shown as sample ODys, minus the mean OD of mock. (D) Protective efficacies against the
heterologous H7N2 challenge virus. At 7 DPV, chickens were challenged with an antigenically distant H7N2 virus
(10° EID4y/bird), and the tracheal shedding of the virus was determined using quantitative RT-PCR at 3 and 5 DPC.
Viral titers are expressed as log,, EIDs, equivalent per milliliters of the tracheal swab elutes (1 ml/swab). Dots
represent values for individual chickens. Bars indicate mean * SEM of chicken groups. ****, P < 0.0001;

P <0.001; **, P<0.01; *, P < 0.05 (one-way ANOVA with Tukey's post hoc test).

interaction with many cellular or viral factors, including different classes of RNAs
(double-stranded RNA [dsRNA], mRNA, and snRNA) and host proteins (reviewed in
references 15, 49). One such host protein is the eukaryotic translation initiation factor
4Gl (elF4GI), which interacts directly with amino acid residues 81 to 113 of the NS1 (50).
The putative elF4Gl-binding domain of the NS1 encoded by PC4 is severely truncated
(Fig. 4A) (24) and should, therefore, be incapable of blocking the translation of IFN
mRNAs into biologically active proteins. Surprisingly, while the NS1A76-86 mutant
induced similar amounts of IFN-B mRNA as PC4 (Fig. 7A and C), its ability to block the
synthesis of biologically active IFN was significantly abrogated (Fig. 7B). Based on the
observation that the elF4Gl-binding activity in NS1 spans amino acid residues 81 to 113
(50) and the fact that the NS1A76-86 mutant is unable to block IFN mRNA translation
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FIG 10 Further progression of humoral (A) and mucosal (B) antibodies in vaccinated chickens. Chickens
were vaccinated as described in Fig. 8. (A) Homologous HI antibody titers in serum samples of vaccinated
chickens at 2 and 3 WPV. (B) Influenza virus-specific IgA antibody titers in chicken tears at 3 WPV as
determined by a commercial IDEXX ELISA kit. IgA titers are shown as sample ODg, minus the mean OD
of mock. Dots represent values for individual chickens. Bars indicate mean + SEM of chicken groups. ****,
P < 0.0001; ***, P<0.001; **, P < 0.01; *, P < 0.05 (one-way ANOVA with Tukey’s post hoc test).

(this study), we propose that amino acids at positions 81 to 86 are indispensable for
elF4GI binding and suppression of IFN responses in avian cells.

The NS1 protein is scarcely present in virions, and new NS1 protein must be
produced in infected cells to achieve sufficient antagonism of IFN responses (51). Here,
we have demonstrated a novel role of the 309D residue of the PB2 protein in
antagonism of IFN responses during the early stages of infection, before the production
of new viral proteins begins. The PB2-309 residue is found in the midlink domain of the
tripartite polymerase complex, in close proximity to the cap-binding domain (Fig. 4B)
(52, 53), and is highly conserved among all avian influenza virus subtypes (Fig. 4C).
Mechanistically, the PB2-309D residue is required to suppress the transcription of
mRNAs given that the PB2-D309N substitution resulted in significant increase in IFN-
mRNA transcription compared to that of PC4 (Fig. 7A and D to E). Furthermore, by
blocking protein synthesis with cycloheximide, we showed that the PB2-309D proteins
prepackaged in the incoming virions are sufficient to suppress IFN-B transcription.
Therefore, the PB2 protein plays a crucial role in suppressing IFN induction during the
early stages of infection, potentially via a mechanism(s) requiring interaction of the
PB2-309D residue with viral RNPs or cellular factors, such as m’G caps.

Previously, the PB2-D309N mutation was reported to emerge during serial passage
of A/Puerto Rico/8/1934 (H1NT1) viruses with mutated PB2 proteins (627V and 627A) at
a temperature of 39°C in canine kidney epithelial MDCK cells but not in chicken embryo
fibroblast DF-1 cells (40). The mutation was also demonstrated to enhance the activity
of viral polymerase in human lung epithelial A549 cells but not the virus growth kinetics
in human embryonic kidney HEK293T cells (40). Another study showed a G-to-D
mutation at this position (PB2-G309D) to improve the replication of an avian H5N1
virus in A549 cells (54). While the apparent role of the PB2-309 residue in adaptation of
IAVs in avian and mammalian hosts remains to be clarified, to our knowledge, our study
is the first to link the PB2-D309N substitution with enhancement of innate immune
responses in avian hosts.

We assessed whether the enhancement of innate immune responses by the PB2-
D309N and NS1A76-86 mutations can translate to early protective immunity in chickens
by challenging vaccinated birds at 1 WPV (Fig. 9D). One of the main concerns in
development of IFN-inducing LAIV candidates is to achieve the right balance between
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safety and immunogenicity (16). In general, NS1-truncated mutants with higher IFN-
inducing abilities are more attenuated in vivo, resulting in poor induction of systemic
serum antibodies (17, 19). Similarly, in our study, viruses with the NS1A76-86 mutation
(PB2-D309N/NS1A76-86, NS1A76-86, HII-C2, and HII-C3 viruses) were characterized by
smaller plaque sizes (Fig. 1E and 6C) and inefficiency in induction of serum HI antibod-
ies relative to PC4 (Fig. 3A to C and Fig. 10). We speculate that this is due to reduced
expression of viral proteins/antigens in infected cells because of a decrease in mRNA
translation (see elF4GI discussion above).

Interestingly, the PB2-D309N/NS1A76-86 double mutant was more protective than
IIV during the peak of virus replication at 5 DPC (Fig. 9D) despite its poor serum Hl
antibody induction (Fig. 10). A discrepancy between serum antibody responses and the
protective efficacy of LAIV has been reported in mice and humans (55, 56). Mucosal and
systemic innate and cell-mediated responses are likely to be involved in the observed
protection (57-62). The mechanism of protection by the double mutant virus may
involve the accelerated production of types | and Il IFNs (B and A, respectively) at the
respiratory sites (Fig. 8A and C). Type | IFN was recently shown to enhance systemic
antibody-mediated natural killer cell functions (63), while type Il IFN (IFN-A) was
demonstrated to potentiate adaptive immune responses that initiate at mucosal sur-
faces (64). Furthermore, the LAIV-induced IFN could also neutralize the challenge virus
by stimulating the development of an antiviral state.

Exaggerated induction of proinflammatory cytokines, commonly referred to as a
“cytokine storm,” is suggested to play a role in the immunopathology of highly
pathogenic influenza viruses in chickens (65). This is linked to the ability of highly
pathogenic influenza viruses to spread systemically to multiple body organs and infect
multiple cell types, including epithelial, endothelial, and immune-related cells (66, 67).
In sharp contrast, our NS1-truncated LAIVs localize and replicate to very low levels at
the upper respiratory tract (24, 25). Even though these NS1-truncated LAIVs can
potentially acquire a polybasic HA cleavage site like highly pathogenic influenza
viruses, they are likely to be attenuated in chickens (68). We anticipate that the early
induction of IFN responses by such NS1-truncated viruses can greatly inhibit virus
replication at early stages of infection and, therefore, limit the associated immunopa-
thology (65, 68).

In conclusion, our results showcase that subpopulation screening approaches can
be used for simultaneous identification of rare mutations with potential immune-
enhancing properties. However, the screening of plaque-purified subpopulations is
labor-intensive, time-consuming, and may only reveal a limited number of mutations.
Future studies may overcome these limitations by incorporating in vitro mutagenesis
(69, 70) and high-throughput single-cell sorting (71-73) techniques to identify a larger
pool of immune-enhancing mutations. Such mutations can then be combined to
generate safer and more immunogenic live vaccine candidates as demonstrated in this
study.

MATERIALS AND METHODS

Embryonated chicken eggs, cells, and viruses. Embryonated chicken eggs (ECEs) were obtained
from our on-site specific-pathogen-free flock of white leghorn chickens (Food Animal Health Research
Program, The Ohio State University, Wooster, OH).

Primary CEF and chicken embryo kidney cells were freshly prepared from 10- and 18-day-old ECEs,
respectively, as previously described (74). Freshly prepared primary cells were cultivated at 39°C and
5% CO, in RPMI 1640 medium (Gibco; catalog no. 11875135) supplemented with 10% fetal bovine serum
(FBS) (Gibco; catalog no. 16000044), 10 wg/ml gentamicin (Gibco; catalog no. 15710072), and 0.25 ug/ml
ampbhotericin B (Gibco; catalog no. 15290018). Developmentally aged CEF cells were prepared by
allowing the freshly prepared CEF cells to grow for 10 days at 39°C and 5% CO, in RPMI medium
containing 5% FBS, 10 ng/ml gentamicin, and 0.25 wg/ml amphotericin B as previously described (30, 33,
34, 75). QT-35 cells (ECACC; catalog no. 93120832) were maintained at 37°C and 5% CO, in minimum
essential medium (MEM) (Gibco; catalog no. 11095080) containing 10% FBS and 10 wg/ml gentamicin.
Human embryonic kidney 293T (HEK293T) (ATCC; catalog no. CRL-3216) cells were maintained at 37°C
and 5% CO, in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; catalog no. 12430062) supple-
mented with 10% FBS and 10 wg/ml gentamicin.
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The A/turkey/OR/71 (H7N3) virus strains encoding full-size (wild type) or truncated (PC4) NS1 proteins
were generated by using reverse genetics (24) and propagated in 10-day-old ECEs. The A/chicken/NJ/
150383-7/02 (H7N2) virus, which was used as the heterologous challenge virus in chicken experiments,
was obtained from the repository of the Food Animal Health Research Program (Wooster, OH).

Virus plaque purification and titration. Clonal virus populations were plaque purified in CEF cells
and grown in 10-day-old ECEs. Briefly, freshly prepared CEF cells were seeded in 6-well plates at a density
of 2 X 106 cells/well and allowed to grow to confluence overnight. Confluent monolayers were washed
twice with RPMI medium (prewarmed to 37°C) before being infected with 200 ul of inoculums containing
~1 to 5 PFU of a given virus per well. Virus attachment was done at 37°C for 60 min in the CO, incubator,
with rocking of the plates every 15 min. At the end of the virus attachment, the plates were washed one
more time with RPMI medium and overlaid with a medium containing MEM plus 0.6% agarose and
0.4 pg/ml tosylsulfonyl phenylalanyl chloromethyl ketone, L-1-tosylamide-2-phenylmethyl chloromethyl
ketone (TPCK)-treated trypsin. To visualize the plaques, 1 ml of a second overlay medium containing
MEM, 0.6% agarose, and 50 pg/ml of neutral red dye was added to each well at 48 hpi, and the plates
were incubated at 37°C in the CO, incubator overnight for live cells to absorb the neutral red dye.
Individual plaques were picked using sterile pipette tips, eluted in 1 ml of sterile phosphate-buffered
saline (PBS) (Gibco; catalog no. 70011069) supplemented with 10 wg/ml gentamicin and propagated by
inoculating five 10-day-old ECEs (0.2 ml/egg) per each plaque via allantoic cavity route. ECEs were then
incubated for 72 to 96 h at 37°C with daily monitoring of embryo viability. Allantoic fluid from each ECE
was harvested and tested for hemagglutination activity to determine the presence of virus. Infectious
allantoic fluids with positive hemagglutination results were pooled, clarified by centrifugation at
5,000 X g for 20 min, aliquoted into 2-ml tubes, and stored at —70°C until being used for experiments.

Virus titration was performed through plaque assay of serial 10-fold virus dilutions in chicken embryo
kidney cells, in triplicate for each virus dilution. The infected cell monolayers were incubated at 37°C for
60 h, fixed with 10% formalin, and stained with 0.1% crystal violet for 3 to 5 min to visualize the plaques.
Plaque images were captured using the FluorChem Q imaging system (Alpha Innotech; catalog no.
92-14095-00) and plaque diameters measured using Imagel software (National Institutes of Health;
http://imagej.nih.gov/ij).

Induction and purification of acid-stable type | IFN. Induction of biologically active IFN was
performed in developmentally aged CEF cell monolayers as previously described (30, 33, 34, 75). Briefly,
freshly prepared CEF cells were seeded in 6-well plates at a density of 1 X 106 cells/well and allowed to
grow in RPMI medium supplemented with 5% FBS for 10 days. On average, each developmentally aged
CEF cell monolayer contained 5 X 106 cells/well at the time of infection. The cell monolayers were
infected in triplicate with the designated viruses at an MOI of 0.3 PFU per cell, which was shown to
induce the peak IFN response (Fig. 1B). Following virus attachment for 1 h, 1T ml of fresh RPMI medium
(without trypsin) was added to each well. Cell culture supernatants were harvested at 24 hpi and kept
on ice until being used in the next step.

Acid-stable type | IFNs in the cell supernatants were partially purified through precipitation of
acid-labile proteins with perchloric acid (HCIO,; final concentration of 0.15 M) at 4°C overnight. Precip-
itated proteins were removed by centrifugation at 2,000 X g for 10 min. The clarified supernatants were
neutralized with KOH and placed on ice for 1 h to allow the KCIO, salts to precipitate. The supernatants
containing type | IFNs were then gently decanted into final tubes and preserved at —20°C until being
tested.

Quantification of antiviral activity of IFN. QT-35 cells were seeded in black-wall 96-well plates at
a density of 2 X 10* cells/well in MEM supplemented with 10% FBS and allowed to grow to confluence
for 48 h at 37°Cin a CO, incubator. Confluent cell monolayers were treated by increasing amounts of the
purified IFNs in MEM plus 1% FBS for 18 to 20 h at 37°C. The supernatant medium was then replaced with
MEM containing vesicular stomatitis virus that expresses green fluorescent protein (GFP) (VSV-GFP)
(kindly provided by Jianrong Li, The Ohio State University, Columbus, OH) (76) at an MOI of 1 PFU per
cell. The intensity of fluorescence light emitted from each well of the 96-well plate was measured by the
GloMax-Multi detection system (Promega; catalog no. E7081) using blue fluorophore (excitation, 490 nm;
emission, 510 to 570 nm) at 24 hpi. After subtracting the average background intensity from all wells,
percent inhibitory activities were determined by comparing the signal intensities from IFN-treated wells
with the average intensities recorded for mock-treated infected controls. The antiviral activities were
extrapolated as IFN units per milliliter using recombinant chicken IFN-« (Bio-Rad Antibodies; catalog no.
PAP004) as a standard. In this assay, one unit of IFN consistently provided a 50% inhibitory activity
against VSV-GFP. Relative antiviral activities were calculated by dividing the IFN units induced by the
tested samples by the average IFN units induced by PC4 controls in the same experiment. To perform
the IFN bioassay on samples derived from cells treated with cycloheximide (Sigma; catalog no. C7698),
the cell supernatants were prediluted 1,000-fold to prevent the inhibitory activity of cycloheximide
on the assay.

Deep sequencing and sequence analysis. Viral RNA was extracted from 100 ul of allantoic fluids
(virus stocks) using the QlAamp viral RNA minikit (Qiagen; catalog no. 52906) following the manufac-
turer’s instructions. Amplification of IAV genome, including cDNA synthesis and PCR, was performed as
previously described (77). Briefly, cDNA synthesis was performed on 3 ul of viral RNA for each sample
using SuperScript IV reverse transcriptase (Invitrogen; catalog no. 18090050) with MBTuni-12 primer
(5'-ACGCGTGATCAGCAAAAGCAGG-3'). PCR amplification was performed on 5 ul of prediluted cDNA,
containing 4 X 10° genome copies (estimated based on influenza matrix gene copies), using high-fidelity
Phusion polymerase (NEB; catalog no. M0530S) with MBTuni-13 (5'-ACGCGTGATCAGTAGAAACAAGG-3')
and MBTuni-12 (5'-ACGCGTGATCAGCAAAAGCAGG-3’) primers. The PCR conditions used were 98°C for
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30 s followed by 25 cycles of 98°C for 10 s, 57°C for 30 s, and 72°C for 90 s; a terminal extension of 72°C
for 5 min; and a final 10°C hold. PCR products were purified using the PureLink PCR purification kit
(Invitrogen; catalog no. K310001) with the lower cutoff option (buffer B2) and eluted in 30 ul distilled
water (dH20). Purified PCR products were used for library preparation using Kapa HyperPrep kit (Roche)
and deep sequenced on the lllumina MiSeq platform (paired-end 2 X 250 bp chemistry) at the University
of Minnesota Genomics Center (Minneapolis, MN). Analysis of consensus sequences and minor single-
nucleotide variants within each virus population was performed using the web-based INSaFLU suite of
bioinformatics tools (78). Consensus sequences were confirmed using the FLU module of the CDC's
Iterative Refinement Meta-Assembler (IRMA; version 0.9.2) pipeline (79) using the high-performance
computing resources provided by the Ohio Supercomputer Center (Columbus, OH). Mean depth of
coverage for all segments of influenza genome across all sequenced samples was equal to 5,664 with
minimum average coverage being >1,000 for all segments. To confirm the deletions in NS1 protein, NS
genes were PCR amplified using MBTuni-13 and MBTuni-12 primers and visualized on 1.5% agarose gel.
PCR products were then extracted from the agarose gel using QIAquick gel extraction kit (Qiagen; catalog
no. 28706), cloned into pCR2.1-TOPO vector (Invitrogen; catalog no. K450040), and amplified in Stellar
competent cells (TaKaRa Bio; catalog no. 636763) as previously described (80). Amplified plasmid DNA
was extracted using the QlAprep spin miniprep kit (Qiagen; catalog no. 27106) and Sanger sequenced at
the Molecular and Cellular Imaging Center (MCIC), The Ohio State University (Wooster, OH). The
PB2-309N residue was plotted on the influenza virus polymerase complex crystal structure (PDB
accession number 6TOV) by using the PyMOL molecular graphics system (version 2.3.2; Schrédinger, LLC).
The number of avian influenza virus strains possessing different amino acids at position 309 of PB2
protein or deletion at position 76 to 86 of NS1 protein was determined using the “Analyze Sequence
Variation (SNP)” tool in the National Institute of Allergy and Infectious Diseases (NIAID) Influenza Research
Database (accessed 16 April 2020) (42).

Construction of plasmids encoding the mutated NS and PB2 gene segments. The mutant NS
gene was amplified from the HII-C3 plaque clone and cloned into the pHH21 vector between the
promoter and terminator sequences of RNA polymerase | as previously described (80, 81). A pHH21
plasmid encoding a mutated PB2 segment with the D309N mutation was constructed using site-directed
mutagenesis. The PB2-D309N mutation was generated using overlap extension PCR with Phusion
polymerase (NEB; catalog no. M0530S) (82) and the following mismatched primers: PB2-G952A-F,
5'-GAGGAACAAGCCGTGAATATATGCAAGGCAGCAATGGGCTTGAGGATTAGC-3'; PB2-G952A-R, 5'-GCTGCC
TTGCATATATTCACGGCTTGTTCCTCTGTTGGATTCTGCCTAAGG-3'. Briefly, 1 ng of the original pHH21 plas-
mid was used as template DNA to perform a standard 50-ul PCR using Phusion polymerase according
to the following thermal program: initial denaturation of 98°C for 30 s; then 20 cycles of 98°C for 10 s,
60°C for 30 s, and 72°C for 6 min; and final extension at 72°C for 5 min. After PCR, 1 wl of Dpnl restriction
enzyme was directly added to the reaction tube and incubated at 37°C for 2 h to digest the original
unmutated plasmids. The Dpnl-digested PCR product was purified using QIAquick gel extraction kit.
Finally, 2.5 ul of the purified PCR product was used to transform 25 ul of Stellar competent cells (TaKaRa
Bio; catalog no. 636763). Extraction of plasmid DNA from positive bacterial clones was performed using
the QlAprep spin miniprep kit (Qiagen; catalog no. 27106).

Rescue of recombinant viruses. Recombinant viruses were rescued using a 12-plasmid-based
reverse genetics system as previously described (80, 81). Briefly, HEK293T cells were transfected with
0.4 ug of each of the 8 transcription plasmids and 0.6 ug of four expression plasmids (PB2, PB1, PA, and
NP from A/WSN/33 [kindly provided by Yoshihiro Kawaoka, University of Wisconsin, WI]) with the use of
Lipofectamine 3000 reagent (Invitrogen; catalog no. L3000008). The transcription plasmids (pHH21)
encoding all segments of the A/turkey/OR/71 (H7N3) strain were described previously (24). Forty-eight
hours after transfection, the supernatant medium was collected and inoculated into five 10-day-old ECEs
(0.2 ml/egg) per transfected cell monolayer. ECEs were then incubated for 72 to 96 h at 37°C with daily
monitoring of embryo viability. Allantoic fluid from each ECE was harvested and tested for hemagglu-
tination activity to determine the presence of virus. Infectious allantoic fluids containing the recombinant
viruses were harvested, centrifuged at 5,000 X g for 20 min to remove the egg-derived debris, decanted
in new tube, and stored at —70°C until use. Mutations in the modified virus segments were confirmed
by Sanger sequencing. Briefly, viral RNA was extracted from 100 ul of virus stocks using QlAamp viral RNA
minikit. Then, 5 ul of 1:50 diluted viral RNAs was reverse transcribed and amplified using a OneStep
reverse transcriptase PCR (RT-PCR) kit (Qiagen; catalog no. 210212) with segment-specific primer sets.
Amplified DNA products were extracted from the agarose gel using QIAquick gel extraction kit and
Sanger sequenced at the MCIC, The Ohio State University (Wooster, OH).

Chicken experiments. Two-week-old white leghorn chickens were obtained from our on-site
specific-pathogen-free flock (Food Animal Health Research Program, The Ohio State University, Wooster,
OH). The chickens were housed in a biosafety level 2 (BSL2) facility with HEPA-filtered forced air
ventilation. The birds were kept inside polyethylene molded isolators (Federal Designs Inc.; model no.
934-1) for the duration of the experiment. The care, management, and euthanasia of chickens were
performed as previously reported in detail (26, 27).

At 2 weeks of age, the birds were vaccinated with candidate LAIVs or IIV. Vaccination with the
parental PC4 or other HIl viruses was done via intraocular and intrachoanal routes (1:1 ratio, vol/vol) at
a dose of 10° 50% egg infective dose (EID,,) per bird (in 0.2 ml total volume). IIV was delivered via the
subcutaneous route with 0.5 ml of B-propiolactone-inactivated PC4 virus preparation mixed with Mon-
tanide ISA 70 VG adjuvant (Seppic, Paris, France; virus/adjuvant, 3:7 vol/vol ratio, ~1,152 hemaggluti-
nating units/dose). Mock groups remained unvaccinated and uninfected prior to challenge. At 1 or 3
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TABLE 2 Primers used for transcriptional analysis of innate immune responses

Primer name Sequence (5'—3') Reference
IFN-3 for ACAACTTCCTACAGCACAACAACTA 85
IFN- rev GCCTGGAGGCGGACATG

IFN-vy for CAAGTCAAAGCCGCACATC 86
IFN-y rev CGCTGGATTCTCAAGTCGTT

IFN-A; for GGAGGATGAAGGAGCAGTTTG 87
IFN-A5 rev ACGGTGATGGTGAGGTCC

MX1 for ATCCATGGTCCAACTTCAGC 88
MX1 rev GCCTCTTGGACACTTTCTGC

OASL for CACGGCCTCTTCTACGACA 89
OASL rev TGGGCCATACGGTGTAGACT

MAVS for CACCCACGAGGTCCATGTG 90
MAVS rev TGCTTCATCTGGGACATCATTG

GAPDH for CCCCAATGTCTCTGTTGTTGAC 85
GAPDH rev CAGCCTTCACTACCCTCTTGAT

WPV, the birds were challenged intrachoanally with heterologous A/chicken/NJ/150383-7/02 (H7N2)
virus (106 EID,, per bird in 0.2 ml total volume) depending on the experiment.

Blood and tear samples were collected as previously described in detail (26, 27). Serum HI antibody
titers were determined using 2-fold serially diluted serum samples, 8 hemagglutinating units of live PC4
virus antigens, and 1% turkey erythrocyte suspension (26, 27). Tear IgA titers were measured using
commercial avian influenza virus IDEXX Al Ab test enzyme-linked immunosorbent assay (ELISA) kit
(IDEXX; catalog no. 99-09269) using 1:10,000 dilution of horseradish peroxidase (HRP)-labeled alpha-
chain-specific goat-anti-chicken IgA conjugates (Gallus Immunotech Inc,; catalog no. 60220) as the
secondary antibody (26, 27).

Tracheal shedding of the challenge virus was determined through quantification of viral RNA in
tracheal swabs collected at 3 and 5 DPC as previously described (26, 27, 83). Tracheal swabs (Puritan;
catalog no. 25-3316-U) were eluted into 1 ml of PBS supplemented with gentamicin (10 wg/ml). Viral RNA
was extracted from 100 wl of the supernatant using QIAamp viral RNA minikit. Quantification of viral RNA
was done through quantitative RT-PCR using primers and probes specifically designed for influenza
A virus matrix gene (83). Tracheal virus shedding titers were calculated as EIDs, equivalents per
milliliter of swab elutes based on the cycle threshold values in quantitative RT-PCR as previously
described (26, 27, 83).

Transcriptional analysis of innate immune responses. To evaluate the relative expression of IFN-38
mRNA in infected cells, QT-35 cell monolayers were seeded in 6-well plates at a density of 1 X 106
cells/well and allowed to grow overnight. Cell monolayers were infected with the virus at an MOI of 0.3
PFU per cell. Following virus attachment for 1 h, 2 ml of fresh MEM (without trypsin) was added to each
well. The supernatant medium was then replaced with 500 ul of TRIzol reagent (Invitrogen; catalog no.
15596018) per each well of a 6-well plate at the indicated time points after infection. The cell lysates were
collected into sterile 2-ml tubes and preserved at —70°C until RNA extraction. When required, cyclohex-
imide was added into the cell medium 30 min before infection and throughout the infection period at
50 wg/ml (44).

For transcriptional analysis in vaccinated chickens, a small (~0.5 cm long) section of upper trachea
was collected in 1 ml of TRIzol reagent at 24 hpi. Samples were stored at —70°C until further processing.
Tracheal tissues were then homogenized in ZR BashingBead lysis tubes (Zymo Research; catalog no.
S6012-50) using TissuelLyser Il (Qiagen; catalog no. 85300). To remove the bulk of genomic DNA in
homogenized tissues, 200 ul of chloroform was added to each tube, the tubes were then centrifuged at
16,000 X g for 20 min, and the transparent layer of the supernatant was used for RNA extraction.

Total RNA was extracted using Direct-zol RNA miniprep plus kit (Zymo Research; catalog no. R2071)
following the manufacturer’s instructions. mRNA was reverse transcribed into cDNA using GoScript
reverse transcriptase (Promega; catalog no. A5001) with oligo(dT), primer. Briefly, 10 ul of RNA (80 ng/
wul) was mixed with 2 ul of 1:3 diluted oligo(dT),s primer (500 ng/ul), incubated at 72°C for 5 min, and
immediately placed on ice. Then, 8 ul of master mix containing 4 ul of 5X buffer, 2 ul of MgCl,, 1 ul of
deoxynucleoside triphosphate (dNTP) mix, and 1 ul of reverse transcriptase enzyme was added to each
tube and cDNA synthesis was allowed to take place at 42°C for 1 h. Quantitative PCR was performed
using PerfeCTa SYBR green fastmix (QuantaBio; catalog no. 95074-012) in a 7500 real-time PCR system
(Applied Biosystems; catalog no. 4351105). Briefly, 5 ul of the 1:5 diluted cDNA was mixed with 15 ul of
master mix containing 10 ul of the SYBR green mix and 2.5 ul of each primer (20 uM) in a 0.2-ml tube.
The cycle conditions of quantitative PCR were 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 1 min. Afterward, melting curve analysis was performed from 60°C to 90°C. The primer
sequences used for transcriptional analysis are listed in Table 2. Differential gene expressions were
normalized using chicken glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene as the internal
control. Relative mRNA expression levels were calculated as fold changes over the mock group using the
2704CT method (84).

Statistical analysis and data visualization. Statistical analysis and data visualization were per-
formed using GraphPad Prism version 8 (GraphPad Software, San Diego, CA). Statistically significant
differences of gene expressions in chicken tracheas were assessed by using the Kruskal-Wallis test.
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Statistical analyses in all other experiments were performed through two-tailed unpaired t test (for two
groups) and one-way analysis of variance (ANOVA) followed by Tukey's post hoc test (for more than two
groups). A P value of <0.05 was considered significantly different.
Ethics statement. All experimental animals were handled according to protocol no. 2009AG0002
approved by The Ohio State University Institutional Animal Care and Use Committee (IACUC). This
protocol follows the U.S. Animal Welfare Act, Guide for Care and Use of Laboratory Animals, and Public
Health Service Policy on Humane Care and Use of Laboratory Animals. The Ohio State University is
accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care Interna-
tional (AAALAQ).
Data availability. Sequence data have been deposited in the NCBI GenBank and Sequence Read
Archive (SRA) databases. The consensus sequences of the plaque clones and PC4 are available in GenBank
under accession numbers MW080971 to MWO081050. The raw deep-sequence reads are available under
BioProject number PRINA668426 and Sequence Read Archive (SRA) numbers SRX9274256 to SRX9274266,

respectively. All data from this study are fully available without any restrictions.
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