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Abstract

New strategies are urgently needed for developing vaccines and/or anti-viral drugs against
influenza viruses, because antigenic shift and drift inevitably occurs in circulating strains each
year, and new strains resistant to anti-viral drugs have recently emerged. In our study, we designed
and incorporated artificial microRNAs (amiRNAs) into the NA segment of rescued influenza
viruses to separately target two host genes, Cdc2-like kinase 1 (CLKZ) and SON DNA binding
protein (SON), which were found to play an essential role in virus replication. Mouse epithelial
fibroblast (MEF) or human lung carcinoma A549 cells infected with engineered influenza PR8
viruses expressing amiR-30CLK1 (PR8-amiR-30CLK1) or amiR-93SON (PR8-amiR-93SON)
had reduced expression of host proteins CLK1 and SON, respectively. All engineered influenza
viruses functioned as attenuated vaccines, induced significantly higher antibody responses, and
provided greater protective efficacy. In addition, they were found to be safe, based on the mouse
weight changes and clinical signs observed. In contrast to the engineered viruses targeting SON,
mice treated with engineered viruses targeting CLK1 recovered from weight loss and survived
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lethal infection by 6 h after lethal-dose PR8 infection, suggesting that our PR8-amiR-30CLK1
self-attenuated influenza virus (SAIV) could be used as a new therapeutic influenza vaccine.
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1. Introduction

Influenza is a leading cause of morbidity and mortality around the world, with seasonal
viruses affecting up to 15% of the human population, causing severe illness in 3-5

million people and fatalities of ~500,000 individuals each year [1]. Influenza A viruses
(1AVs) are the most virulent human pathogens among the four influenza types and are
negative-sense, single-stranded, segmented RNA viruses. Currently, vaccines and antivirals
are used in prophylactic and therapeutic strategies, respectively, to treat influenza viruses.
There are two major classes of vaccines used for prevention of 1AV infection: inactivated
influenza vaccines (11Vs) and live attenuated influenza vaccines (LAIVS), each with
potential shortcomings. For 11Vs, boosters are required for enhancing efficacy and protection
in both humans and animals [2]. A major shortcoming of LAIVs is the potential for
reversion to virulence through point mutations, recombination, or reassortment [3-6]. In
order to improve protection, influenza vaccines must be reformulated annually to match the
circulating strains, although there are always strains unaccounted for. For antivirals, several
drugs are available, including the M2 ion channel inhibitors, amantadine and rimantadine,
and the neuraminidase inhibitors, zanamivir and oseltamivir [7, 8]. Drug-resistant viruses [9,
10] have suddenly emerged since the introduction of antiviral drugs, and the use of antiviral
drugs may also have effects on population vulnerability due to lack of seroconversion [11].
Given that an influenza pandemic has been widely predicted as a result of these trends, there
is an urgent need to develop new vaccines and antiviral drugs through novel strategies that
provide higher protection and efficacy.
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Recent research progress in molecular biology technologies, such as RNA interference
(RNAI) and CRISPR/Cas9 knockout screening [12-15], has significantly accelerated
research and development into new influenza vaccines and antiviral drugs. For example,
many host genes that are critical for influenza replication and involved in almost every stage
of influenza replication have been identified [16—20]. In our current study, two candidate
host genes, Cdc2-like kinase 1 (CLK1) and SON DNA binding protein (SON), were chosen,
since both were found to play an essential role in replication of influenza viruses [18]. CLK1
was demonstrated to be responsible for alternative splicing of the M2 gene of influenza
viruses during influenza replication [18, 19, 21], and SON was found to be involved in
influenza virus infection [18, 19] by regulating the trafficking of influenza virions to late
endosomes. MicroRNAs (miRNAs), utilizing one type of RNAI, are conserved in eukaryotes
to post-transcriptionally suppress target gene expression by mRNA cleavage or translational
inhibition [22] and are mediated via the interaction between the miRNA seed site (nt 2-8 on
the guide miRNA strand) and the 3° UTR of the target gene [23-25]. Although miRNAs are
evolutionarily conserved, a small number are species specific, such as miRNA-93, which is
not present in avian cells [26]. With the advances of influenza reverse genetics and miRNA
molecular research, influenza viruses have become feasible as vectors to deliver miRNAs

in vivo [27]. In our current study, artificial miRNAs (amiRNAs) were designed to target

two host genes (CLK1 and SON) by replacing the guide miRNA strands in the miRNA-3
and miRNA-93 backbones and inserting them into the NA segment of influenza virus.
Viruses containing amiRNAS were rescued using an eight-plasmid-based reverse genetics
system for influenza viruses. The self-attenuated influenza viruses (SAIVs) were expected to
express functional mammalian species-specific amiRNAs that inhibit host factors critical for
influenza replication and to be used as attenuated vaccines and anti-viral drugs.

Material and Methods

Eggs and cell culture

Embryonated chicken eggs were purchased from Charles River Laboratories (Willimantic,
CT) and then incubated at 37.5 °C for up to 9 days for use in the propagation of engineered
influenza viruses. MDCK cells (ATCC, cat. no. CCL-34) were cultured in Eagle’s minimum
essential medium (EMEM; ATCC, cat. no. 30-2003) supplemented with 10% FBS (Gibco,
NY). 293T cells (ATCC, cat. no. CRL-11268), MEF cells (ATCC, cat. no. CRL-2214), and
Ab549 cells (ATCC, cat. no. CCL-185) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, NY) supplemented with 10% FBS, 1% penicillin, and 1 pg/ml
streptomycin (Gibco, NY). Cells were cultured at 37°C in 5% CO».

2.2. Artificial microRNA design and expression

Mouse CLK1 (NM_001042634.2) and SON (NM_178880) were demonstrated to

play an essential role in influenza virus replication [18] and were targeted by our

designed artificial microRNAs (amiRNAs) through an online amiRNA designer (http://
rnaidesigner.invitrogen.com/rnaiexpress/). Human miR-93 and miR-30 cassettes (Fig. 1A,
D) were used as the backbones for the amiRNAs in targeting CLK1 (amiR-30CLK1, Fig.
1B) and SON (amiR-93SON, Fig. 1E), respectively. The original miR-93 and miR-30 were
included as negative controls to exclude their functions in virus replication. All miRNAs
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and amiRNAs were engineered to encode cleavage sites for two endonucleases (Hpa |

and Xho 1), one at each end; synthesized by GenScript (Piscataway, NJ); and cloned

into the microRNA-expressing plasmid pll3.7 to yield pll13.7-miR-30, pll3.7-amiR-30CLK1,
pl13.7-miR-93, and plI3.7-amiR-93SON. For transfection, 1 x 10° 293T cells per well were
seeded into 6-well plates. The next day, the cells were transfected with 1 ug of pll3.7,
pll3.7-miR-30, pll3.7-amiR-30CLK1, plI3.7-miR-93, plI3.7-amiR-93SON, or no plasmid
using the transfection reagent TransIT-LT1 (Mirus). Forty-eight hours after transfection, total
RNA was extracted with TRIzol® reagent (Thermofisher, cat. no. 15596026) for further
processing.

2.3. Virus design, rescue, and titration

The eight-plasmid-based system [28] was used to rescue engineered influenza viruses

based on the strain A/Puerto Rico/8-KV20/1934 (H1N1) (PR8). Two endonuclease cleavage
sites (Hpal and Xhol) were introduced into pHW186-NA [28] between the NA coding
sequence and the 5 NCR for cloning miRNAs or amiRNAs. Rescued engineered

viruses were denoted as wild-type PR8 (PR8-wt), PR8 with miR-30 (PR8-miR-30),

PR8 with amiR-30CLK1 (PR8-amiR-30CLK1), PR8 with miR-93 (PR8-miR-93), or PR8
with amiR-93SON (PR8-amiR-93SON). Each type of rescued virus was propagated in
embryonated chicken eggs and titrated as plaque-forming units (PFU) in MDCK cells using
the plaque assay.

2.4. Mammalian cell infection

2.5.

Cells were seeded in 6-well plates 1 day prior to infection. For the infection, cells were
washed twice with Dulbecco’s phosphate-buffered saline (DPBS). Cells in one well were
detached and quantified and the virus was diluted in serum-free culture medium based on the
cell number. The cells in other wells were then infected with virus at an MOI of 0.1. One
hour after incubation, the viruses were removed, and the cells were maintained in serum-free
culture medium supplemented with TPCK-treated trypsin (Sigma-Aldrich). Forty-eight h
after infection, the cells were harvested for extracting cellular RNA and proteins with the
TRIzol® reagent (Thermofisher, cat. no. 15596026). RNA was then reverse-transcribed
using SuperScript 111 reverse transcriptase (Invitrogen, Carlsbad, CA) and an oligo (dT)qg
primer.

Extraction of viral RNA and amplification of specific gene segments

Viral RNA was extracted using the QlAamp Viral RNA kit (Qiagen, Valencia, CA) and
then reverse-transcribed to cDNA using SuperScript 111 reverse transcriptase (Invitrogen,
Carlsbad, CA) with the U12 primer. One microgram of extracted viral RNA was separated
on a 4% polyacrylamide gel with urea in TBE buffer for silver staining. The cDNA for
viruses or cells was amplified using the Ready PCR Mix (Amresco, Solon, OH) with
specific primers as listed in Table 1. Densitometry was performed using Image J analysis
software (National Institutes of Health, USA).
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2.6. Western blotting

The concentration of protein in the samples was determined using Bradford’s method
(Kruger, 1994). The samples were loaded on sodium dodecyl sulfate-polyacrylamide gels
and then transferred to polyvinylidene fluoride (PVDF) membranes, which were blocked
and incubated with the primary antibody, polyclonal rabbit anti-CLK1 (ARP52021_P050)
at 4°C overnight. After washing, the membranes were incubated with alkaline phosphatase
(AP)-linked goat anti-rabbit IgG (Cell Signaling) at RT for 1 h. The membranes were then
washed and developed with chemiluminescent AP substrate before imaging. Densitometry
was performed using Image J analysis software (National Institutes of Health, USA).

2.7. Virulence test in vivo

BALB/c mice (6-8 weeks old) were purchased from the Jackson Laboratory and randomly
divided into groups, with five male mice in each group. For determination of the half
mouse-lethal dose (MLDsg), PR8 viruses were serially diluted in DPBS, and 50 pl were
intranasally inoculated into mice anesthetized by injection with ketamine and xylazine. The
MLDs5q was calculated according to the method of Reed and Muench [29]. After infection,
the mice were monitored daily for clinical symptoms, weight loss, and death. Weight loss
and survival rates of the remaining mice were observed daily for 21 days. Mice undergoing
a weight loss in excess of 30% were euthanized and considered to be at the end of survival.
All animal experiments were approved by the Institutional Animal Care and Use Committee
at Texas Tech University Health Sciences Center El Paso.

2.8. Invivo study for examining the prophylactic effects of engineered viruses

BALB/c mice (6-8 weeks old) were purchased from the Jackson Laboratory and randomly
divided into groups. Each group contained 5 female and 5 male mice, which were
intranasally inoculated with 3x10° PFU of engineered viruses diluted in 50 pl PBS. Mice
were inoculated with a sub-lethal dose (25 PFU) of wild-type PR8 as the positive control
and with PBS as the negative control. Blood was collected on days 0, 7, 14, and 21 post
inoculation. On day 21 post inoculation, the mice were challenged with 50xMLDsgq viruses
and monitored daily for clinical symptoms, weight loss, and death for 21 days. Mice in
excess of 30% weight loss were euthanized in consideration of animal welfare. All animal
experiments were approved by the Institutional Animal Care and Use Committee at Texas
Tech University Health Sciences Center El Paso.

2.9. Antibody responses induced by engineered viruses

Antibody titers in sera were determined by ELISA. Four AP-conjugated goat anti-mouse
antibodies were used to detect IgA (Bethyl, cat. no. A90-103AP), IgG (cat. no. A90—
131AP), IgG1 (cat. no. A90-105AP) and 1gG2a (cat. no. A90-107AP). Briefly, 96-well
plates were coated with 1 pg/ml PR8 virus hemagglutinin (HA) diluted in 100 pl/well of 50
mM sodium bicarbonate buffer (pH 9.6) overnight at 4°C and then blocked with 300 pl/well
of PBS containing 1% BSA for 30 min at RT. The 50-fold-diluted sera in 100 pl/well PBS
containing 1% BSA were then added to plates and incubated overnight at 4°C. Commercial
mouse sera (Bethyl, cat. no. rs10101) were used as the reference to draw a standard curve for
quantifying antibody concentration in sera. After washing, diluted AP-conjugated antibodies
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were added to each well (100 pl/well) and incubated for 1 h at RT. The plates were then
washed and developed for 20 min with diethanolamine substrate (100 pl/well; KPL, cat. no.
508000). The reaction was then stopped with EDTA stop solution (100 pl/well; KPL), the
plates read at 405 nm using the PowerWaveXS2 (Biotek), and the antibody concentrations
calculated.

In vivo study for examining the therapeutic effects of engineered viruses

Randomly selected mice (5 female and 5 male in each group) were intranasally infected with
20x MLDsg PR8. Six hours later, they were intranasally administered with 3x10° PFU of
engineered viruses. Mice were then monitored daily for clinical symptoms, weight loss, and
death for 21 days. Mice in excess of 30% weight loss were euthanized and considered to

be at the end of survival. All animal experiments were approved by the Institutional Animal
Care and Use Committee at Texas Tech University Health Sciences Center El Paso.

2.11. Statistical analysis

Comparisons of antibody concentrations between groups were performed by using
nonparametric one-way ANOVA with the Tukey multiple comparison test. The bars for
antibody concentrations represent the mean + standard error of the mean (SEM). Body
weight changes are expressed as the percentage of baseline values. Similarly, results are
expressed as the mean + SEM. The t-test was used to compare body weight changes.

The log-rank test was performed to establish significant differences in survival curves.
The analyses were performed using GraphPad Prism version 7.0 for Windows (GraphPad
Software). P values < 0.05 were considered to indicate a significant difference.

3. Results

3.1

Downregulation of CLK1 and SON transcription by transfecting 293T cells with plI3.7-

amiRNA plasmids

The sequences and structures of human miR-30 and miR-93 are shown in Fig. 1A and

Fig. 1D, respectively. The mature sequences of miR-30 and miR-93 were replaced with
sequences targeting CLK1 and SON transcription (Fig. 1B, E in bold), and the resulting
miRNAs were denoted as artificial miR-30CLK1 (amiR-30CLK1) and artificial miR-93SON
(amiR-93SON). All miRNAs and amiRNAs were synthesized and cloned into the
microRNA-expressing plasmid pll3.7 to yield pll3.7-miR-30, pll3.7-amiR-30CLK1, pll3.7-
miR-93, and pll3.7-amiR-93SON. The production of functional miRNAs and amiRNAs was
verified in several mammalian cell types (Madin-Darby canine kidney [MDCK], mouse
epithelial fibroblast [MEF], A549, and 293T cells) in our previous study [30]. In the

current study involving the transfection of 293T cells with miRNAs or amiRNAs, the

CLKZ1 and SON transcripts were reduced by 45% and 31%, respectively, at 48 h post
transfection compared with no plasmid transfection (Fig. 1C, F). However, the CLK1 and
SON transcripts were reduced by less than 10% for transfection with pll3.7, pll3.7-miR-30,
and pll3.7-miR-93 compared with no plasmid transfection (Fig. 1C, F).
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3.2. The feasibility of incorporating amiRNAs into the NA segment of rescued influenza

viruses

As shown in Fig. 2A, miRNAs or amiRNAs were inserted between the NA coding sequence
and the terminal noncoding region (NCR) at the 5° end. Influenza viruses with or without
engineered NA segments were rescued through the eight-plasmid-based system [28] and
propagated in embryonated chicken eggs. The rescued influenza viruses were denoted

as wild-type PR8 (PR8-wt), PR8 with miR-30 (PR8-miR-30), PR8 with amiR-30CLK1
(PR8-amiR-30CLK1), PR8 with miR-93 (PR8-miR-93), and PR8 with amiR-93SON (PR8-
amiR-93SON). Viruses were then concentrated by ultracentrifugation, and the viral genomes
were extracted and detected by silver staining. As shown in Fig. 2B, the wild-type NA
segment migrated at 1413 bp, while the engineered NA segments migrated at 1536 bp (based
on the miR-30 backbone) or 1534 bp (based on the miR-93 backbone), which are close to
the migration of the NP segment (1565 bp). The M and NA segments were also amplified
by RT-PCR and separated by electrophoresis. As was detected by silver staining, the wild-
type and engineered NA segments had different sizes based on the agarose electrophoresis
pattern, whereas the M segments in all rescued viruses had similar sizes (Fig. 2C), which
demonstrates the feasibility of incorporating miRNAs and amiRNAs into the NA segments
of rescued influenza viruses. It is interesting to note that the quantities of amplified NA
segments were lower in engineered viruses than in wild-type viruses, probably due to the
hindering effects of the secondary structure of the miRNAs on amplification efficiency.

3.3. Downregulation of CLK1 and SON expression by infection with viruses incorporated
with amiRNAs in the NA segment

In order to evaluate the effects of viruses engineered to express amiRNAs downregulating
CLK1 and SON expression, MEF and A549 cells were infected with wild-type or
engineered viruses at a multiplicity of infection of 1 (MOI=1). Total RNA and protein

were extracted for examining CLK1 and SON expression. CLKZ1 transcripts were reduced
by 49% and 61% in MEF and A549 cells, respectively, at 48 h post PR8-amiR-30CLK1
infection compared with no infection (Fig. 3A). Similarly, SON transcripts were reduced by
48% and 66% in MEF and A549 cells, respectively, at 48 h post PR8-amiR-93SON infection
compared with no infection (Fig. 3B). However, cells infected with PR8-wt, PR8-miR-30,
or PR8-miR-93 only slightly altered CLK1 or SON transcription, with lower levels (<30%)
than those with PR8-amiR-30CLK1 or PR8-amiR-93SON infection. Western blot analysis
also demonstrated that CLK1 expression was reduced by ~69% in MEF cells and ~45 % in
Ab549 cells infected with PR8-amiR-30CLK1 compared with no infection (Fig. 3C). There
was only a small difference in CLK1 expression after infection with PR8-wt, PR8-amiR-30,
or negative control in both MEF and A549 cells. No commercial SON antibody to detect
SON expression was available prior to manuscript preparation.

3.4 High antibody responses induced by all engineered influenza viruses

Mice inoculated with all engineered viruses (3x10° PFU for each) and low-dose PR8 (25
PFU) had significantly higher concentrations of IgA, IgG, 1gG1, and IgG2a on days 14 and
21 than the PBS control (Fig. 4), similar to the observed trend of prophylactic effects on
weight loss and survival rates. Inoculation with low-dose PR8 induced the highest antibody
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responses on days 7, 14, and 21 among all groups, suggesting that the engineered NA might
reduce virus replication (as observed in the in vitro study in Fig. 2C) and then induce lower
antibody responses. Low-lose PR8 also elicited significantly higher antibody responses on
days 7 and 14 and significantly higher 1gG1 responses on day 21 than other groups (Fig.

4). In addition, low-dose PR3 elicited significantly higher IgA responses on day 21 than did
PR8-miR-93 or PR8-miR-93SON (Fig. 4). All engineered viruses induced similar antibody
responses, except that PR8-amiR-30CLK1 induced significantly higher IgA responses on
day 21 than did PR8-miR-93 or PR8-amiR-93SON, and PR8-miR-93 induced significantly
lower 1gG1 responses than did the other three groups (Fig. 4).

3.5 High prophylactic efficacy for all engineered influenza viruses used as vaccines

To examine the prophylactic effects of engineered influenza viruses against viral challenge
with lethal titers, mice were intranasally inoculated with 3x10° PFU of engineered viruses
or low titers (25 PFU) of PR8-wt virus 21 days before challenge with 50x MLDs of PR8.
Blood was collected on days 0, 7, 14, and 21 post inoculation for examination of antibody
responses. Mice inoculated with all engineered viruses or low titers of PR8-wt virus were
completely protected against lethal challenge with PR8, with no morbidity, as measured
by weight loss (Fig. 5A), or mortality observed in these mice (Fig. 5B). By contrast, mice
inoculated with PBS exhibited rapid weight loss (Fig. 5A), and all died (Fig. 5B) by day 7
post challenge.

3.6. PR8-amiR-30CLK1: therapeutic effects against PR8 infection

To examine the therapeutic effects of engineered viruses against infection with a lethal dose
of PR8, mice were infected with 20x MLDs; of PR8 6 h before treatment with engineered
viruses. Mice treated with PR8-amiR-30CLK1 lost weight until day 7, lost ~25% of their
weight by day 7, and then completely recovered from an infection that would have been
lethal with PR8 (Fig. 6A). All mice treated with PR8-amiR-30CLK1 survived (Fig. 6B). By
contrast, mice treated with PR8-miR-30, PR8-miR-93, PR8-amiR-93SON, or no treatment
exhibited rapid weight loss (Fig. 6A), and all died (Fig. 6B). Antibody responses weren’t
measured in this experiment since the immune responses induced by the PR8 infection
would compound the following antibody responses by our engineered viruses.

4. Discussion

Although there are seasonal influenza vaccines and two classes of anti-influenza virus drugs
available for public use, influenza remains a significant public health problem worldwide,
due to the rapid antigenic shift and drift of the virus as well as the emergence of drug
resistance [31]. This rapid evolution persistently compromises the effectiveness of vaccines
and therapeutics, and a further understanding of the complex host cell pathways coopted

by influenza viruses for replication may provide new targets and strategies for vaccination
and antiviral therapy. amiRNA-expressing vectors provide unique benefits, as they are less
toxic than regular shRNA vectors [32-34]. Owing to the specificity and efficiency of gene
silencing, there has been increasing interest in whether amiRNASs targeted to the viral
genome can control viral replication in infected cells. So far, the amiRNA-mediated antiviral
approach has been found useful in treating many viruses, including adenoviruses, rabies
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virus, dengue virus, chikungunya, and porcine reproductive and respiratory virus. In all
cases, it has been shown to be an efficient inhibitor of virus replication, with minimal or no
cytotoxicity [35-38].

In our study, we constructed influenza viruses by incorporating miRNAs or amiRNAs
within the NA segment. We found that all engineered viruses could function as attenuated
vaccines and provided greater protective efficacies and greater antibody responses. Two
engineered viruses incorporating amiRNAs, PR8-amiR-30CLK1 and PR8-amiR-93SON,
were demonstrated to inhibit CLK1 and SON expression, respectively, both critical for
virus replication, and thereby reduce reproduction of the virus. Interestingly, two viruses
engineered to express miRNAs, PR8-miR-30 and PR8-miR-93, were also found to function
as attenuated vaccines with a high safety profile, probably because the insertion of miRNAs
in the genome interfered with virus replication to attenuate their virulence. For our
engineered viruses, there may be a critical concern about their long-term genetic stability
after multiple rounds of production in chicken eggs. To enhance genetic stability, other gene
segments, such as NS or M, could also be chosen for insertion of miRNAs, since the NS and
M segments need to be spliced for virus replication [30, 39].

CLK1 plays a role in the alternative splicing of M2 and SON, which regulate the trafficking
of virions to the late endosome [18, 19, 21], and both are involved in influenza virus
infection. The engineered viruses targeting them were previously hypothesized to inhibit
virus infection and proposed as anti-viral drugs. This proposal received mixed support from
our finding that, while an engineered virus targeting CLK1 could be used as a new influenza
therapeutic, mice treated with an engineered virus targeting SON could not survive lethal-
dose influenza infection. The main reason for this difference in outcome is probably that

the roles of CLK1 and SON in influenza pathogenesis are different, and these roles might
be differentially complemented by other host proteins. More research is needed about their
effects and that of other host genes that are exclusively involved in influenza replication.

For example, host genes important for influenza infection and replication that have been
identified by RNAI-based studies include those for virus entry [18-20, 40], fusion of the
endosomal and viral membrane [17-19, 40], transport of the viral components to the nucleus
[18, 19], as well as late events, including export of the vVRNP complex and RNA into the
cytoplasm [16-20].

In our study, we used human miR-30 and miR-93 as backbones for designing artificial
miRNAs. There is no homology within the miR-30 and miR-93 sequences between human
and chicken but high homology between human and mice, suggesting that engineered
influenza viruses with miRNAs or amiRNAs could be propagated in chicken eggs at
reasonable titers and attenuated in mammalian cells. Instead of a single miRNA, two
different miRNAs were investigated in our current study to potentially incorporate two or
more miRNAs in the future.

5. Conclusions

Two host factors, CLK1 and SON DNA binding protein (SON), were found to play
essential roles in replication of influenza viruses and were chosen to be targeted by artificial
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microRNAs (amiRNAs), which were incorporated into the NA segment of rescued influenza
viruses. Mouse epithelial fibroblast (MEF) and human lung carcinoma A549 cells infected
with those engineered PR8 viruses containing amiR-30CLK1 (PR8-amiR-30CLK1) or
amiR-93SON (PR8-amiR-93SON) had reduced expression of host proteins CLK1 and SON,
respectively. All engineered influenza viruses, including PR8-miR-30, PR8-amiR-30CLK1,
PR8-miR-93 and PR8-amiR-93SON could function as attenuated vaccines by inducing
significantly higher antibody responses and providing greater protective efficacy. In contrast
to PR8-amiR-93SON, mice treated with PR8-amiR-30CLK1 recovered from weight loss
and survived lethal infection by 6 h after lethal-dose PR8 infection, suggesting that the
engineered influenza virus PR8-amiR-30CLK1 could be used as a new therapeutic influenza
vaccine.
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Figure 1. Design of artificial miRNAs (amiRs) based on human miR-30 and miR-93 backbones
and detection of CLK1 and SON transcripts.

(A) Sequence and secondary structure of human miR-30. (B) Sequence and secondary
structure of amiR-30CLKZ1. (C) 293T cells were transfected with plI3.7, pll3.7-miR-30,

or pll3.7-amiR-30CLK1. Forty-eight hours later, total RNA was extracted and reverse-
transcribed, the CLK1 cDNA amplified by PCR, and the products separated by
electrophoresis on an agarose gel, with GAPDH used as the control. (D) Sequence

and secondary structure of human miR-93. (E) Sequence and secondary structure of
amiR-93SON. (F) 293T cells were transfected with pll3.7, pll3.7-miR-93, or pll3.7-
amiR-93SON. Forty-eight hours later, total RNA was extracted and reverse-transcribed, the
SON cDNA amplified by PCR, and the products separated by electrophoresis on an agarose
gel, with GAPDH used as control.

Int J Pharm. Author manuscript; available in PMC 2023 January 25.

GAPDH



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wen et al.

Page 15

A I'NCR CR for NA 5"NCR
NA
%_[3“.-- milNA or amaRNA
¥ NCR CR for NA I sner

Modified NA - o - s

1.5kh—+
1.0 kh—

_ NP 5 g Ronr BRaNr

N, i LT Y
i 15kh —w
.
L |

Figure 2. Engineering of the NA segment and verification of rescued influenza viruses.
(A) Diagrams of the original and engineered NA segments. Blue bars represent 3’ and

5’ noncoding regions (NCRs), and red bars represent the NA coding sequence. (Top)
Organization of the original NA segment. (Bottom) Organization of the engineered NA
segment with the miRNA- or amiRNA-expressing cassette. (B) Viral RNAs were isolated
from PR8-wt, PR8-miR-30, PR8-amiR-30CLK1, PR8-miR-93, or PR8-amiR-93SON, and 1
ng of RNA was separated on a 4% acrylamide gel in TBE with urea for silver staining to
detect influenza gene segments. (C) Viral RNAs were reverse-transcribed and then amplified
and separated by electrophoresis on an agarose gel.
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Figure 3. CLK1 and SON expression in MEF or A549 cells infected with wild-type or engineered

PR8 viruses.

MEF (top) or A549 cells (bottom) were infected with wild-type or engineered PR8 viruses.
Forty-eight hours later, the cells were collected, total RNA extracted and reverse-transcribed,
and the proteins extracted to examine CLK1 expression. (A) CLK1 segments were amplified
by PCR and separated on an agarose gel. (B) SON segments were amplified by PCR and
separated on an agarose gel. (C) CLK1 proteins were detected by western blotting.
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Figure 4. Antibody responses induced by wild-type or engineered PR8 viruses in mouse blood.
BALB/c mice (6-8 weeks old) in each group (n=10) were intranasally inoculated with 3x10°

PFU engineered viruses, 25 PFU wild-type PR8 (as positive control), or PBS (as negative
control). Blood was collected on days 0, 7, 14, and 21 post inoculation. Concentrations

of IgA, 19G, 1gG1, and IgG2a antibodies were measured by ELISA. Comparisons among
groups were performed by using a nonparametric one-way ANOVA with the Tukey multiple
comparison test. The bars represent the mean = standard error of the mean (SEM). P values
<0.05 were considered to indicate a significant difference. As described, letter combinations
above the bars indicate significant differences between groups, whereas shared letters
indicate no significant difference [41].
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Figure 5. Protection induced by engineered or low-titer (25 PFU) wild-type PR8 viruses against
wild-type PR8 challenge in mice.

See Fig. 4 legend for group and inoculation description. On day 21 post inoculation, mice
were challenged with 50xMLDsgq and were then monitored daily for clinical symptoms,
weight loss, and death for 21 days. Mice undergoing a weight loss in excess of 30% were
euthanized for reasons of animal welfare. Body weight changes (A) were expressed as a
percentage of baseline values. The black lines indicate mean values, and error bars represent
the SEM. The t-test was used to compare body weight changes. The log-rank test was
performed to establish significant differences between survival curves (B). P values < 0.05
were considered to indicate a significant difference. *significant difference in survival rates
between groups.
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Figure 6. Therapeutic effects of engineered PR8 viruses.
BALB/c mice (6-8 weeks old) in each group (n=10) were infected with 20 x MLDsg (10*

PFU) wild-type PR8. Six hours later, mice were intranasally dosed with 3x10° PFU of
engineered PR8 viruses. Mouse weight changes (A) and survival rates (B) were recorded for
21 days. See Fig. 5 legend for data description and statistical analysis.
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Table 1.

Primers for amplifying gene segments.

Gene segments  Species Sequences Sizes (bp)

M PR8 Forward: 5’-TATTCGTCTCAGGGAGCAAAAGCAGGTAG-3 1027
Reverse: 5’-ATATCGTCTCGTATTAGTAGAAACAAGGTAGTTTTT-3’

NA PR8 Forward: 5’-TATTGGTCTCAGGGAGCAAAAGCAGGAGT-3’ 1413
Reverse: 5’-ATATGGTCTCGTATTAGTAGAAACAAGGAGTTTTTT-3’

CLK1 Homo sapiens  Forward: 5’-ATAGCAGTGCCCAGGAGAAC-3 598
Reverse: 5’-TGATGCTCAAACCATTCCAA-3’

CLK1 Mus musculus  Forward: 5’-AGTGGTTTGAGCATCGAGGT-3’ 596
Reverse: 5’-TCTGCCAGCAGAACTGTGTT-3’

SON Homo sapiens  Forward: 5’-TCCTGTGCCAGTTGTTTCTG-3’ 501
Reverse: 5’-GTCTCACTGGTGGGCAAAAT-3

SON Mus musculus  Forward: 5’-GTGGGTTCCAGTCGAGAAAA-3’ 504
Reverse: 5-GCAGAGAAGTTCCCAGAACG-3’

GAPDH Homo sapiens  Forward: 5’-GCACCGTCAAGGCTGAGAAC-3’ 129
Reverse: 5’-TGGTGAAGACGCCAGTGGA-3’

GAPDH Mus musculus  Forward: 5’-TGAAGGTCGGTGTGAACGGATTTGGC-3’ 240

Reverse: 5’-TAGTGGGGTCTCGCTCCTGGAAGATG-3’
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