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Abstract

Influenza A viruses (IAV) have long been a threat to humans, occasionally
causing high morbidity and mortality. The initial immune response is
triggered by infected epithelial cells, alveolar macrophages and dendritic cells,
followed by infiltration of innate immune cells that limit viral replication and
spread before the emergence of adaptive immunity. However, an exaggerated
innate immune response could lead to severe lung injury and even host
mortality; in particular, the major pathology observed in the lungs of hosts
succumbing to severe influenza is the massive influx of neutrophils and
monocytes. In this study, experiments were carried out to find modalities to
control lung immunopathology following severe influenza infection. First,
when CB17.SCID and NOD.SCID mice were infected with PR8 IAV,
NOD.SCID mice, which are defective in monocyte/macrophage development
and NK cell function, showed significantly attenuated weight loss and
decreased mortality compared to CB17.SCID mice. Flow cytometry analysis
revealed that attenuated infiltration of neutrophils and inflammatory
monocytes was associated with increased survival of NOD.SCID mice. In
addition, transcript levels of many inflammatory cytokine and chemokine
genes were significantly lower in the infected lungs of NOD.SCID mice than
in the CB17.SCID control. However, Cxcl14 gene transcripts were more

abundant in NOD.SCID lungs. Based on this, an adeno-associated virus



(AAV9) vector was used as a gene delivery system to investigate whether
overexpression of the Cxcl14 gene in the lungs of mice is able to protect the
host against lethal influenza infection. Interestingly, inoculation of both
AAV9-EGFP control and AAV9-EGFP-mCXCL14 vectors into the airways
of mice prior to IAV challenge significantly reduced mouse mortality
compared to naive controls that did not receive AAV vectors. Flow
cytometric analysis revealed that attenuated neutrophil and trans-macrophage
infiltration was associated with better prognosis, while there was no
difference in viral gene transcript levels between mice of the three groups.
Considering that a previous report suggested that the unique genomic
structure of AAV vectors could lead to the generation of double-stranded
RNA from the viral genome in the cytoplasm of AAV-transduced cells,
resulting in the production of interferon-p in an MDAS-dependent manner,

these results invoke the immunoregulatory potential of AAV vectors.
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INTRODUCTION

Influenza A viruses (IAVs) are negative-sense, single-stranded RNA
enveloped virus with eight segmented genes, subdivided on the basis of
haemagglutinin (HA) and neuraminidase (NA) surface glycoproteins, which
are the major targets of neutralizing antibodies [1, 2]. These viruses are among
the fastest evolving viruses [3]. Point mutations in viral proteins, called
‘antigenic drift', allow them to escape immunity acquired through previous
infection or vaccination and cause annual outbreaks [2]. IAVs are also capable
of swapping segmented genomes between genotypically different viruses, and
this genetic reassortment between human and animal viruses is known to have
led to the emergence of the 1918 H1IN1, 1957 H2N2 and 1968 H3N2 viruses
that caused major pandemics in the 20th century [3].

The main causes of severe morbidity and mortality associated with
pandemic IAVs are lung injury associated with severe immunopathology and
secondary bacterial infection [4]. The main pathology observed in the lungs
of hosts with severe influenza is the massive influx of neutrophils and
monocytes [5]. The initial immune response to IAV infection is the secretion
of interferons by infected epithelial cells, alveolar macrophages and dendritic
cells, followed by the recruitment of inflammatory cells such as neutrophils,
monocytes/macrophages and natural killer cells, and finally the activation of
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adaptive immune cells, which contribute to virus clearance and host recovery
[6].

Neutrophils could play both beneficial and deleterious roles during
influenza infection [7]. It has been reported that when neutrophils were
depleted prior to sublethal infection with 1AV, viral growth was not controlled
and mortality was increased in mice, and these findings were further supported
by subsequent studies [7-9]. Neutrophils could exert a protective effect by
producing the antimicrobial peptide mMCRAMP and promoting the release of
IL-1B in alveolar macrophages [8]. Neutrophils also direct the migration of
influenza-specific CD8 T cells to the site of infection and maintain CD8 T cell
effector responses [9, 10]. However, another study demonstrated that a
transcriptional signature of neutrophil accumulation in influenza-infected
lungs could predict lethal from sublethal infections, and that attenuation rather
than complete depletion of neutrophils reduced mortality in mice, suggesting
that dampening exaggerated neutrophilic inflammation is required to protect
hosts from lethal influenza infection [11].

Upon exposure to 1AVs, alveolar macrophages promote the recruitment
of CCR2" Ly6CM9" inflammatory monocytes, from which inflammatory
monocyte-derived macrophages and inflammatory dendritic cells are
differentiated and promote the recruitment of protective NK cells [6, 12].
However, prolonged recruitment of inflammatory monocytes has been

reported to contribute to the lethality of severe influenza infection, and



depletion of these cells attenuated lung injury [13, 14]. In contrast to
neutrophils and inflammatory monocytes, alveolar macrophages are derived
from precursors in the yolk sac and are long-lived in the alveolar space of the
lung after birth [15]. These cells exert antiviral activity through recognition of
viral RNA and secretion of type | interferon (IFN), and eliminate virus-
infected cells by phagocytosis [16]. Alveolar macrophages have been
reported to protect alveolar epithelial cells from 1AV infection, and depletion
of alveolar macrophages caused severe lung injury due to exaggerated
neutrophilic infiltration and increased viral load [17-19].

Adeno-associated virus (AAV) is a non-enveloped single-stranded DNA
parvovirus with a genome of approximately 4.8 kb, and its non-pathogenic and
low immunogenic properties and broad tropism have allowed this virus to be
a useful delivery system for long-term expression of therapeutic genes in both
animals and humans [20, 21]. In particular, since the successful clinical trials
in hemophilia patients more than 10 years ago, many clinical trials with AAV
vectors targeting various genetic diseases have been conducted [22]. The AAV
genome consists of replication (rep) and capsid (cap) genes, and the ends of
the genomic DNA are flanked by two inverted terminal repeats (ITRs) [22,
23]. AAV vectors are constructed by replacing most of the viral genome with
expression cassettes consisting of a promoter, a gene of interest and a poly A
tail [24]. After AAV vectors are integrated into host cells, the 3'-ITR acts as a

primer for the host DNA polymerase and a self-complementary intermediate



containing both plus and minus DNA strands is generated [22, 23].
Interestingly, a previous report suggested that both plus and minus strand
RNAs could be copied from the self-complementary intermediate DNA in the
cytoplasm of AAV-transduced cells due to the inherent promoter activity of
5'- and 3-ITRs, resulting in the formation of double-stranded RNA (dsRNA)
and thereby triggering a cytoplasmic dsRNA sensor, MDAS5 in host cells [25].
In this situation, the sensing of dsRNA led to the production of IFN-, which
subsequently suppressed transgene expression. However, it has not been
investigated whether in vivo gene transduction with AAV vectors itself could
also influence the other immune response, for example in response to 1AV
infection.

Here, CB17.SCID and NOD.SCID mice were first used to explore the
strategy for controlling lung immunopathology after severe influenza infection,
and it was found that attenuated infiltration of neutrophils and inflammatory
monocytes was associated with reduced morbidity and mortality in
NOD.SCID mice compared to CB17.SCID. In addition, Cxcl14 chemokine
gene expression levels were higher in NOD.SCID lungs than in the
CB17.SCID control after IAV infection. AAV9 was then used to test whether
overexpression of CXCL14 in BALB/c lungs could protect the host against
lethal influenza infection. Interestingly, mortality after 1AV challenge was
significantly reduced in mice receiving AAV9 vector, regardless of the type

of gene delivered (Cxcl14 vs. control genes), compared to mice not receiving



AAV9 vector. Further analysis revealed that the increased survival was
associated with reduced neutrophil and trans-macrophage infiltration in the

infected lungs. These results demonstrated the immunoregulatory potential of

AAYV vectors.



MATERIALS AND METHODS

1. Subjects

BALB/c, NOD.SCID and CB17.SCID mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). All mice were obtained
from the laboratory animal facility of the Biomedical Center for Animal
Resource Development at Seoul National University. Mice were
housed in sterilized cages and provided with sterilized food and water.
The wild-type and immunodeficient mice were used at the age of 6
weeks and the mean body weight was 18 g. This study was approved
by the Institutional Animal Care and Use Committee (IACUC) of the
Seoul National University Institute of Laboratory Animal Resource
(IACUC number: 220221-3-2). All experiments were performed in

accordance with international and institutional guidelines.

2. Experimental group and monitoring

To compare the severity of IAV infection in SCID, CB17.SCID and
NOD.SCID mice were infected intranasally with IAV. For the AAV9
vector experiment, BALB/c mice were divided into two or three groups
as follows: The naive group was untreated, group 2 was inoculated with
AAV9-EGFP only and group 3 was inoculated with AAV9-EGFP-

mCXCL14 containing the murine Cxcl14 gene. These mice] Wert_a_the;n__



infected with 1AV 2 or 4 weeks later. All mice were weighed daily after
IAV infection. Some mice were sacrificed 1-5 days after IAV infection
for analysis of inflammatory cell infiltration and gene expression in the

infected lungs.

3. Virus preparation, AAV production, infection, and tissues harvest

Influenza A virus (IAV) strain A/PR/8/34 (PR8, HIN1) was used in
this study. Viral stocks were obtained by transfection of MDCK cells
as provided by the laboratory of Pr. YK Choi's laboratory (Chungbuk
National University, Chungbuk, Korea). The virus was harvested 24 h
after transfection and frozen at -80°C until use. During infection, mice
were anaesthetized with isoflurane and O,. Mice were infected
intranasally with 50 pl of PBS containing PR8 virus at a dose of 3.5 x
10° PFU/mI. This approach ensures that the virus is deposited in the
lower respiratory tract. AAV9-EGFP and AAV9-EGFP-mCXCL14
vectors were purchased from Vector Builder (Chicago, Illinois, USA)
in 2x10" stock and administered oropharyngeally to mice under
anesthesia. A pipette was used to give a bolus inoculation of 50 pl of
1012 GC (genome copies) per milliliter of AAV-GFP. Infection was
performed in a biosafety level 2 laboratory according to the animal

facility guidelines of the Biomedical Research Institute of Seoul
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National University Hospital (Seoul, Korea). Lung tissues were
harvested with PBS and cut with a razor, and dissociation medium was
prepared by adding 50 ul ul of collagenase type IV (0.1 g/ml,
Worthington Biochemical Corporation, NJ, USA) and 50 pl ul of
DNase I solution (1 mg/ml, Sigma, St. Louis, Missouri, USA) to 50 ml
of RPMI 1640 medium and incubated at 37°C for 2 hours on a shaking

platform.

4. Preprocessing and analysis of Bulk RNA-Seq data and gene

enrichment

Infected lungs from euthanized mice were homogenized with DMEM,
and lung tissue was used for RNA isolation using an RNA isolation kit
(B10-52072, Meridian Bioscience, Memphis, TN, USA). Next-
generation sequencing (NGS) was performed using Illumina NovaSeq
at Macrogen (Seoul, South Korea). Clean reads were mapped to the
genome. Transcripts were assembled and merged in StringTie v2.1.3b
according to the annotation corresponding to the genome we used. The
genes with P value less than 0.05 and fold change greater than 2 were
selected for gene set enrichment analysis in Enrichr

(https://maayanlab.cloud/ Enrichr/).



5. Flow cytometry analysis

Mononuclear cells were isolated from the lungs of infected or uninfected mice.
The samples were stained with the following monoclonal antibodies: Ly6G
(1A8), CD11b (M1/70), CD1lc (N418), CD49b (DX5), F4/80 (BMS),
CD45.2 (104), CD64 (X54-5/7.1), Siglec F (E50-2440), Ly6C (HKL1.4).
These antibodies were obtained from BD Bioscience (San Jose, CA, USA),
eBioscience (San Diego, CA, USA) and BioLegend (San Diego, CA, USA).
For surface staining, prepared cells were resuspended in staining buffer (PBS,
0.5% BSA and 0.5mM EDTA) and single cell suspensions were labelled with
antibodies for 30 min at 4°C. Phenotypes were determined by flow cytometry
on an LSRFortessa X-20 (BD Bioscience, CA, USA). All data were analyzed

using FlowJo software v10 (TreeStar, San Carlos, USA.

6. Quantitative Real-Time PCR

Lung tissue was processed for total RNA extraction using Total RNA
Isolation Kit (BIO-52072, Meridian Bioscience) according to the
manufacturer's instructions. cDNA was synthesized from the extracted RNA
using AccuPower Cycle Script RT PreMix (Bioneer). The expression levels
of the 1AV gene (NS, M), CCL2, CCL20, CXCL1, CXCL2, CXCL5,
CXCL11, CXCL14 and glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) genes in control and infected mice were assessed by gPCR analysis.

7|



The primer sequences used for gPCR are listed in Table 1. The real-time PCR
reaction contains 1 pl of cDNA (0.5 pg/ul), 1 pl of each primer and 5 pl of
PowerUp SYBR Green Master Mix (A25742, Applied Biosystems,
Framingham, MA, USA). A CFX Connect real-time PCR (Applied
Biosystems) was used for g°PCR. The PCR program consisted of incubation
at 95°C for 10 m, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C, and
95°C for 15 s, 60°C for 60 s, 95°C for 15 s. Gene expression levels were
quantified using SYBR-Green and the relative expression of RNA was

normalized to its internal control, GAPDH.

Statistics

Statistical analysis was performed using GraphPad Prism, version 8.0
(GraphPad Software Inc., San Diego, CA, USA). Data are presented as mean
of experimental measurements and standard deviation (SD). All analytical data
were tested for statistical significance using t-test. Differences between groups

were considered statistically significant when p values were less than 0.05.
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Table 1. Sequences of primers (mouse) used for gPCR

Primer Forward (5°-3) Reverse (5°-3°)

M CGCTCAGACATGAGAACAGAATGG TAACTAGCCTGACTAGCAACCTC
NS CAGGACATACTGATGAGGATG GTTTCAGAGACTCGAACTGTG
CCL2 CCGGCTGGAGCATCCACGTGT TGGGGTCAGCACAGACCTCTCTCT
CCL20 CGACTGTTGCCTCTCGTACA GAGGAGGTTCACAGCCCTTT
CXCL1 CACAGGGGCGC CTATCGCCAA CAAGGCAAGCCTCGCGACCAT
CXCL2 ACCCCACTGCGCCCAGACAGAA AGCAGCCCAGGC TCCTCCTTTCC
CXCL5 GCATTTCTGTTGCTGTTCACGCTG CCTCCTTCTGGTTTTTCAGTTTAGC
CXCL11 GGCTTCCT TATGTTCAAACAGGG GCCGTTACTCGGGTAAATTACA
CXCL14 CCAAGATTCGCTATAGCGAC CCTGCGCTTCTCGTTCCAGG
GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA




RESULTS

Reduced lung inflammation in NOD.SCID compared to CB17.SCID

To assess the role of innate and adaptive immunity in influenza-associated
lung injury, BALB/c, CB17.SCID and NOD.SCID mice were used in this
study. SCID mice (Prkdcs®) lack both T and B cells due to a mutation in an
enzyme critical for T cell receptor (TCR) and immunoglobulin gene
rearrangement and double-strand break repair [26]. In addition, NOD.SCID
mice have some defects in innate immunity, such as altered macrophage
development and impaired NK cell function [27, 28]. These three groups of
mice were intranasally infected with a sublethal dose of PR8 HIN1 IAV and
then monitored for changes in body weight and mortality. Body weight
decreased progressively in all these mice after influenza challenge, and no
difference in weight loss was found between BABL/c and CB17.SCID mice
during the first 6 days (Fig. 1A). During the subsequent period, all BALB/c
mice recovered body weight and eventually survived, whereas all
CB17.SCID mice failed to recover, resulting in 100% mortality as expected
(Fig. 1B). However, NOD.SCID mice showed significantly slower weight
loss and longer survival than CB17.SCID mice (Fig. 1 A and B). This raised
two possibilities: reduced viral replication or attenuated lung inflammation
in NOD.SCID mice compared to the other mice. To assess the first possibility,
virus titer was measured by plaque assay using homogenized lung tissue at

7|
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day 5 post-infection. As shown in Figure 1C, no difference was found in the

viral titer of these three groups of mice.

Next, the inflammatory response in infected lungs at day 1 and 5 post-
infection was evaluated by flow cytometric analysis (Fig. 2A), and an
attenuated infiltration of inflammatory cells was observed in NOD.SCID
lungs compared to CB17.SCID lungs (Fig. 2B). However, granulocytes and
inflammatory monocytes showed different Kkinetics. The number of
neutrophils and eosinophils was significantly lower in NOD.SCID mice than
in CB17.SCID controls on day 1 post-infection, and the difference between
the two groups was progressively reduced during the course of lung
inflammation. On the contrary, similar numbers of CCR2* inflammatory
monocytes initially infiltrated the lungs of both groups, but the number of
infiltrating cells decreased more rapidly in the NOD.SCID lung compared to
the CB17.SCID control. Inflammatory monocytes and neutrophils are known
to cause lethal lung injury in influenza and SARS-CoV infection [13, 29]. It
has also been reported that CCR2 blockade reduces lung pathology
associated with influenza infection, and partial suppression of the neutrophil
response could also increase survival of mice exposed to lethal IAVs[11, 19].
Taken together, attenuated inflammatory monocyte and neutrophil

infiltration in NOD.SCID may contribute to prolonged survival in mice.

Unlike granulocytes and inflammatory monocytes, alveolar

13



macrophages, which are long-lived in the lung alveolar space after birth, are
usually depleted after influenza infection and replaced by bone marrow-
derived trans-macrophages [14, 15]. Consistent with this, the number of
alveolar macrophages progressively decreased in the infected lungs of both
groups, although NOD.SCID mice have a lower number of cells in the early
days of infection than CB17.SCID (Fig. 2C). Alveolar macrophages
normally play a protective role in influenza infection and have been reported
to protect alveolar epithelial cells from IAVs infection [18, 30]. Thus,
alveolar macrophages may not be the major player causing early lethality in

CB17.SCID mice.
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Figure 1. Better prognosis in NOD.SCID mice than CB17.SCID mice
after IAV infection. (A-B) BALB/c, CB17.SCID and NOD.SCID mice were
infected with PR8 virus and body weight (A) and mortality (B) were
monitored. Cumulative results of three independent experiments (n=15 per
group) show attenuated weight loss and prolonged survival in NOD.SCID
mice compared to the CB17.SCID control. Statistically significant difference
in survival rates was obtained using Log-rank (Mantel-Cox) test. (C) Lungs
were harvested from PR8 infected mice on day 5 post-infection and virus
titer was measured by plaque assay. Pooled results from three groups of mice

(n=5 per group) show no difference in virus titer between groups.
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Figure 2. Comparative evaluation of innate immune cells in PR8-infected
lungs of CB17.SCID and NOD.SCID mice by flow cytometry. (A) Gating
strategy for flow cytometric analysis. (B) Cells were harvested from the
lungs of CB17.SCID and NOD.SCID mice on day 1, 3 and 5 post-infection
and the absolute number of each immune cells was calculated based on the
results of flow cytometric analysis. Pooled results from two groups of mice

(n=5 per group) show a statistically significant difference in the number of
qgtetw
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immune cells between two groups. Statistical analysis was performed using

unpaired t-test. *, p < 0.05; **, p <0.04; ***, p <0.001.

17



Higher Cxcl14 gene expression in the lungs from influenza-infected
NOD.SCID mice compared to CB17.SCID mice

To find a molecular signature associated with attenuated lung inflammation
in influenza-infected NOD.SCID mice, mRNAs were extracted from the
lungs of NOD.SCID and CB17.SCID mice one day after PR8 virus challenge
and bulk RNA sequencing analysis was performed. Out of a total of 20,623
genes, 1,703 differentially expressed genes (DEGs) were filtered by p-value
<0.05 and fold change >2 was obtained. 827 genes (49%) were significantly
downregulated and 876 genes (51%) were significantly upregulated in
NOD.SCID mice compared to CB17.SCID (Fig. 3A). To explore the major
pathways associated with these DEGs, pathway analysis using Bioplanet
2019 (p-value ranking) in Enrichr (https://maayanlab.cloud/ Enrichr/) was
performed, providing the top 10 up-regulated (Fig. 3B and Table 1) and
down-regulated (Fig. 3C and Table 2) signaling pathways in NOD.SCID mice.
In particular, cytokine-cytokine receptor interaction was the most dominantly
downregulated pathway in NOD.SCID mice (Fig. 3D & E). IFN type I (ifna4,
ifnbl) and type HI (ifnl2, ifnl3) are the early response cytokines secreted by
pulmonary epithelial cells, alveolar macrophages and plasmacytoid dendritic
cells in response to recognition of 1AVs. Notably, the production of IFN-A
(ifnl2, ifnl3) is restricted in epithelial cells [6], suggesting that the pulmonary
epithelial response to IAVs infection is reduced in NOD.SCID mice

compared to CB17.SCID mice. IL-1 (ll1a, 1l11b), IL-6 (116) and TNF-a (Tnf)

18



are early inflammatory cytokines. CCL2 (Ccl2) is the ligand for CCR2, which
recruits CCR2" inflammatory monocytes [13]. CXCL1 (Cxcll), CXCL2
(Cxcl2) and CXCL5 (Cxcl5) are the ligands of CXCR2, which induces
neutrophil infiltration in influenza-infected lungs [31-33]. CXCL11 (Cxcl11),
the ligand of CXCR3, is also involved in neutrophil recruitment [34]. CCL20
promotes the migration of immune cells such as monocytes, eosinophils and
NK cells [35]. The downregulated expression of these chemokine genes in
the lungs of NOD.SCID mice was further confirmed by quantitative real-time

PCR (Fig. 4A).
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Figure 3. Comparison of gene expression profile in the PR8-infected

lungs of CB17.SCID and NOD.SCID mice. Total mMRNA was extracted

from lungs on day 1 post-infection and bulk RNA sequencing analysis was

performed. (A) Heat map of differentially expressed genes between

CB17.SCID and NOD.SCID mice (n=2 per group) (B-C) Gene sets enriched

in NOD.SCID (B) and CB17.SCID (C) mice were analyzed using Bioplanet

2019 (p-value ranking) in Enrichr, showing the top 10 dominant pathways in

each mouse group. (D-E) Volcano plots showing differentially expressed

cytokine (D) and chemokine (E) genes between two groups.
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Table 2. Top 10 upregulated pathways in NOD.SCID versus CB17.SCID mouse lungs

Adjusted

Odds

Combined

Index Name P-value . Gene list
p-value  Ratio score
Dilated MYBPC3, RYR2, LAMA1, TNNC1, PLN,
1 cardiomvonath 0.0002788  0.04352 3.46 28.28 ACTCL, SGCA, TNNT2, MYL3, TNNI3, SGCG,
yopathy MYH6, CACNG4
Cardiac muscle MYL4, RYR2, ACTC1, TNNC1, TNNT2, MYL3,
2 contraction 0.0003987  0.04352 3.53 27.61 CASQ2, HRC, TNNI3, MYH6, CACNG4,TRDN
Hypertrophic MYBPC3,RYR2,ACTC1,SGCA,LAMAL, TNNC1
3 cardiomyopathy 0.000563  0.04352 3.39 25.48 ,TNNT2,MYL3,TNNI3,SGCG,MYH6,CACNG4
ECM-receptor GP9, GP1BB, LAMAL1, CHAD, COL4AAG, TNR,
4 interaction 0.005078 0.3034 2.82 14.9 GP1BA, HMMR, GP6, FREM2
Adreneraic sianalin RYR2,TNNC1,CALML4,MYL4,PLN,ACTC1,PP
5 . Tgicsig g 0.01474 0.7045 2.09 8.8 P2R2C,TNNT2,MYL3,TNNI3,SCN5A MYH6,C
in cardiomyocytes
ACNG4
g  Mucintype O-glycan 794 1 274 7.23 GALNT6, GALNT13, STEGALNAC3, B3GNT3
biosynthesis
Arrhythmogenic right
7 ventricular 0.121 1 1.85 3.91 RYR2, SGCA, ACTN2, LAMAL, SGCG,
. CACNG4
cardiomyopathy
Dopaminergic MAPK10, KCNJ5, PPP2R2C, KIF5C, GNGS,
8 synapse 0.1256 1 16 3.33 CALML4, GRIN2B, SLC18A2, KCNJ3
9 Circadain 0133 1 17 3.44 RYR2, KCNJ5, GNG8, CALML4, GRIN2B,

entrainment

RYRS, KCNJ3




Protein digestion and 0.1656 1 16 5 87 COL17A1, COL26A1, CPB1, KCNE3, ELN,

10 absorption ' ' COL4AG, COL10A1




Table 3. Top 10 down-regulated pathways in NOD.SCID vs. CB17.SCID mouse lungs

Adjusted

Odds

Combined

Index Name P-value - Gene list
p-value  Ratio score
Cytokine-cytokine CXCL1,2,3,5,9,10,14
1 receptor interaction 4.34591E-10  1.217E-07 311 67.09 CCL2,3,11,20, IL-1a,1PB.6
i\r/]'treiggtri%tﬁ'\?vith CCRL1,4, CXCL1,2,3,5,9,10,14,
2 . 1.31409E-08 1.840E-06 4.85 87.97 CCL2,3,4,7,11,20,22,24, IL-6,
cytokine and CXCR1 2
cytokine receptor ’
IL-17 signaling CXCL1,2,3,5,10, CCL2,7,11,20,
3 pathway 4.45607E-07 4.159E-05 4.38 63.99 MMP3, FOSL1, MAPK10, IL-6,1p
. . MMP3, CXCL1,2,3,5, CCL2,3,20,
4 Rheumatoid arthritis 6.88981E-06  4.381E-04 3.88 46.1 IL-10,1B.6, IFNG.CTSK
TNE sianalin CXCL1,2,3,5,10, CCL2,20,
5 9 g 7.82410E-06 4.381E-04 3.52 41.34 MAPK]1, SOCS3, IL-6,1B, IFNpI,
pathway
MMP3
NOD-like recentor CXCL1,2,3, CCL2, GBP2,3,5,7,
6 signalin athvSa 6.24451E-05 2.914E-03 2.59 25.12 IFNP1, STAT2, IL-6, NLRP12 ,IL-
gnaling painway 1B, MYDSS
IFNA4, CDKN1A, RSAD2,IFNf1,
7 Hepatitis C 3.65516E-04 1.409E-02 2.49 19.74 STAT2, IFIT1, SOCS3, CLDNA4,6,
OAS2,3
Chemokine signaling i i CXCL10, IFNAA4, IFNB1, STATZ, IFITL,
8 oathway 4.03433E-04 1.409E-02  2.31 1805 S0Cs3 CLDNAS, IAS23
9 Dilated 4.74630E-04  1409E-02 298 2284 MYBPC3 RYRZ LAMAL TNNCL,

cardiomyopathy

ADCY4, PLN, ACTC1, SGCA, TNNT2
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MYBPC3, RYR2, LAMAL, TNNCI,
10 Influenza A 5.03161E-04  1.409E-02 2.37 17.99 TNF, IL-6, ACTC1, SGCA, TNNT2,
MYL3
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Fig. 4 Comparative analysis of the expression of selected chemokine
genes between the lungs of CB17.SCID and NOD.SCID mice infected
with PR8. Total mMRNAs were extracted from infected lungs of CB17.SCID
and NOD.SCID mice, and the transcript levels of each gene were measured
by quantitative reverse transcription real-time PCR, and the relative gene
expression level was calculated using Gapdh as a control gene. (A)
Summarized results from two groups of mice (n=7 per group) showed
statistically significantly upregulated chemokine genes in CB17.SCID lungs
compared with those of NOD.SCID mice. (B) Summarized graph obtained
from the same set as A shows higher expression of Cxcl14 chemokine genes

in NOD.SCID lung than CB17.SCID control. *, p < 0.05; ***, p <0.001

26



Protection of mice against lethal influenza infection by inoculation with
AAV9I-EGFP vector

In contrast to many inflammatory cytokines, RNA sequencing analysis
revealed an upregulation of some cytokine and chemokine genes, in
particular the Cxcl14 gene, in NOD.SCID mice compared to the CB17.SCID
control (Fig. 3E). Quantitative real-time PCR analysis confirmed that Cxcl14
gene expression was significantly higher in NOD.SCID than in CB17.SCID
(Fig. 4B). CXCL14 is a 9.4 kDa chemokine produced by a variety of immune
and non-immune cells, including airway epithelial cells, and exerts diverse
functions such as modulation of leukocyte migration and differentiation and
antimicrobial activity [36, 37]. Notably, CXCL14 has been reported to inhibit
M1 macrophage polarization and proinflammatory cytokine production in a
sepsis-associated kidney injury model [38]. This raised the possibility that
overexpression of CXCL14 might also contribute to the suppression of lung
inflammation following influenza infection in NOD.SCID mice. To
investigate this, the Cxcl14 gene was delivered to the lungs of mice using the
AA9-EGFP vector. The non-pathogenicity and very low immunogenicity of
AAV is known to allow long-term expression of therapeutic genes in both
animals and humans [20, 21]. In particular, the AAV9-EGFP vector has
recently been used to transduce the human ACE2 gene into mouse airway
epithelial cells for the development of a SARS-CoV-2 mouse infection model

[39]. Based on this, AAV9-EGFP-mCXCL14 vector was delivered into the

1]
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lungs of BALB/c mice by oropharyngeal inoculation, followed by intranasal
infection with a lethal dose of PR8 I1AVs. Mice receiving or not receiving the
AAV9-EGFP control vector were also challenged with PR8 virus as a
negative control. Increased Cxcll4 gene expression in AAV9-EGFP-
mCXC14 inoculated lungs was confirmed by gPCR prior to 1AV infection
(Fig. 5A). After 1AV infection, survival time and rate were compared
between mice in these three groups. First, mice were infected 2 weeks after
AAV9 inoculation according to a previously reported protocol [39].
However, no difference in survival time and rate was observed between these
three groups (Fig. 5B). Next, the time interval between vector inoculation
and influenza infection was extended to 4 weeks because it had been reported
that the expression of the AAV-transduced gene in the mouse increases
progressively for more than 12 weeks after intravenous injection of the
vectors [40]. Unexpectedly, both mice receiving AAV9-EGFP control or
AAVI9-EGFP-mCXCL14 vectors showed statistically significant survival
rates and times compared to naive control mice infected with 1AVs; 50%
(5/10) and 40% (4/10) of mice receiving AAV9-EGFP or AAV9-EGFP-
MCXCL14 vectors, respectively, were protected from lethal influenza
infection, whereas naive mice showed 100% mortality (Fig. 5C). In addition,
morbidity was also attenuated in these two groups of vector-treated mice in
terms of weight loss compared to the naive control (Fig. 5D).

Next, inflammatory cells in the lungs of AAV9-EGFP vector-treated
] 2 U &l
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mice and naive control mice were analyzed by flow cytometry just before
PR8 infection (day 0) and on days 2 and 4 after infection (Fig. 6A). At day
0, there were higher numbers of monocytes (Ly6C or Ly6C*), NK cells, CD8
T cells and B cells in AAV9 vector administrated group than naive control,
while at day 4 post-infection there was a significant difference in the number
of trans-macrophages and neutrophils between the two groups (Fig. 6B).
Infiltration of trans-macrophages and neutrophils into the infected lungs was
attenuated in AAV9 vector-treated mice compared to natwe mice. The
number of NK cells was still higher in the AAV9 vector group on day 2 post
infection. The number of other immune cells, including alveolar
macrophages, eosinophils and CD4 T cells, did not differ between the two
groups. In addition, gene expression levels of cytokines, including IFN-p,
and chemokines were found to be comparable in the lungs of both groups of
mice (Fig. 7). Finally, to assess whether AAV9 vector inoculation affected
PR8 virus replication or clearance, lung viral titers were measured by g°PCR
and no difference was found between the two groups (Fig. 8). Taken together,
these results suggest that pulmonary AAV9-EGFP vector inoculation may
protect mice against lethal influenza infection by inhibiting neutrophil and/or

trans-macrophage migration into the infected lung.

29



- Maive
- AAVI-EGFP

A B = AAVI-EGFP-mCXCL14

AAVIEGFP-mCXCL14 . { = 1004

- 804
?:;

AAVI-EGFP + T 604
=

5 404
w

Naive - + 204

T T T 1 0 T T 1
0.00 001 0.02 003 0.04 0 5 10 15
Cxcl14/Gapdh Post-infection days
C D
100
_ L =
£ c b=
= =
S 509 $
= >
w o
p=00015 R
0

0 5 10 15
Days post infection Days post infection

Fig 5. Mice protected from lethal influenza infection by airway
inoculation of AAV9 vector. (A) AAV9-EGFP or AAV9-EGFP-mCXCL14
vectors were administered to BALB/c mice and lung Cxcl14 gene expression
was quantified by g°PCR. Naive mice were used as negative controls. (B) Mice
were infected with PR8 1AV 2 weeks after AAV9 vector inoculation. Naive
mice were infected with PR8 virus as a control. Summarized survival graph
of three groups (n=5 per group) showing no difference between groups. (C-
D) Mice were infected with PR8 virus 4 weeks after AAV9 vector
administration. Cumulative follow-up results from two independent
experiments (n=10 per group) showed reduced mortality (B) and attenuated
weight loss (C) in mice receiving AAV9-EGFP or AAV9-EGFP-mCXCL14
vectors compared to infected naive control. Statistical analysis was performed
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using log-rank (Mantel-Cox) test and multiple t-test for comparison of

survival and weight change, respectively. *, p < 0.05
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Figure 6. Reduced neutrophil and trans-macrophage infiltration in
PR8-infected lungs of AAV9-EGFP vector-treated mice. (A) Strategy for
gating immune cells in PR8-infected lungs by flow cytometry. (B) Cells were
isolated from mouse lungs before PR8 infection (DO) or on days 2 (D2) and
4 (D4) post-infection 4 weeks after AAV9-EGFP vector administration and
the absolute numbers of each immune cell were calculated based on the
results of flow cytometry analysis. Naive mice infected without pre-
administered AAV9 vector were used as controls. Cumulative results of two

independent experiments (h= 5 ~10 per group) show lower numbers of
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neutrophils and trans-macrophages at day 4 post-infection in the lungs of

AAV9 vector-treated mice than in the naive control. *, p < 0.05

34



* AAVS-EGFP > PRB

= NAIVE > PR8 01 085
s ns
o 2.0 ns 14 ns * & -
24 o= EE L L T
. ns l =0.65 ©1.84 H =0.82
1 — ]
a7 7 -2 .
a o ° DO o 'i' + - e
Yy -3 . []
T r TR 7o .
5] e
34
-4 S T
Do D2 D4 oo D2 D4
ns ns ns ns
ns ns
"
0y 0.4 - o, O — D 14 = *0.01
; - o
. - ns Yy
-1 :ﬁ 2 ‘ 1 T 1 — R g
R - -~ Sh i " o = T 'y
= o = = o] a= . © ‘e -
2 - * —L
oy T T |' %
L o - 4 -
—ad -3 -
5
-5 T T T -4 T 6 T T
Do Dz D4 po D2 D4 Do D4
B ; .
- o 2065 e x0.8 S0z
. 0 ey
0 ns 0.1 e d
e -;c e ’E * ] & u:. ?
1 0. - '] i
32 . 82 '?_ Ll * aa
8. 3 .
. . G 3
-4 ]
-5 . -4 u
5 : : T
Do D2 D4 co D2 D4
ns
10 ns ns ns —
0 %0.78 o s
. %0.82 056 ns J_ 0.75 1 ns —
L bz 0.8
0.4 $ . -2 %
1 .
- o~ - E wr -
o = ae —1 -3
=< L i o » o i_ - .
>
© | oy H * - = » o o & -4 . ? % l
J -
é; j =54 ee =m -
10
T T T -4 T T T -6
Do D2 [BF:3 Do [med D4 oo oz D4
s ns
0.43 — 51 n.s 04 = L
a ns : <0.68 » %0.33 _— ns x0.63 1.2
X %0.91 %‘ ? ‘ 0.2 x1.2
- | o« 1]
52 T3 g " TR v | . fi ‘f'?
o
Q5| pom ¥ T x | T™
(3] - . a2l ® -
4 =] - -
-
s - mm
s ! T -2 T . T
Do D2 D4 DO D2 Do D2 D4

Figure 7. Chemokine gene expression in AAV9 vector administrated and

naive mouse lungs before and after PR8 infection. Total mRNA was

extracted from mouse lungs before PR8 infection (DO) or on days 2 (D2) and

4 (D4) post-infection 4 weeks after AAV9-EGFP vector administration, and

relative cytokine (A) and chemokine (B) gene expression levels were

quantified by qPCR. The Gapdh gene was used to normalize the gPCR data.
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Naive mice infected without pre-administered AAV9 vector were used as
controls. Cumulative results of two independent experiments (n=5 ~10 per

group) show no significant difference between two groups.
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Figure 8. Comparison of 1AV gene expression levels in mice receiving or
not receiving AAV9 vector prior to PR8 virus infection. Total mMRNAs
were extracted from the lungs of mice infected with PR8 virus in the presence
or absence of pre-administered AAV9 vector. Levels of PR8 virus N gene
transcripts were measured by quantitative PCR. Gapdh was used as a control
gene to calculate relative expression. Cumulative results from two
independent experiments (n=5 ~10 per group) show no difference in PR8

gene expression levels in two groups of mice.
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DISCUSSION

In this study, | aimed to find the modalities to control influenza-associated
lung injury and thereby protect the host from lethal influenza infection.
Firstly, the innate immune response was compared between CB17.SCID and
NOD.SCID mice and it was found that attenuated infiltration of neutrophils
and inflammatory monocytes was associated with reduced morbidity and
mortality in NOD.SCID mice compared to CB17.SCID mice. In addition,
there was an increase in Cxcl14 chemokine gene expression in infected
NOD.SCID lungs. Based on these findings, Cxcl14 gene was delivered to the
lungs of mice using AAV9-EGFP vector to assess whether Cxcl14
overexpression could alleviate inflammatory cell infiltration in IAV-infected
lungs. Unfortunately, mice that received an AAV9 vector containing the
Cxcl14 gene prior to 1AV infection showed similar morbidity in terms of
weight loss and mortality to mice that received a control AAV9 vector.
However, approximately half of the hosts in both groups survived, whereas
all naive mice that did not receive the AAV9 vector died early after IAV
challenge. Further analysis also showed that AAV9 vector inoculation into
the respiratory tract led to a decrease in neutrophil and trans-macrophage
infiltration in the infected lungs.

When BALB/c, CB17.SCID and NOD.SCID mice were infected with
PR8 IAV, only BALB/c mice recovered after initial weight loss, while both

7|
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CB17.SCID and NOD.SCID, which lack adaptive immune cells, failed to
survive due to failure of virus control, as expected. Furthermore, there was no
difference in weight loss between BALB/c and CB17.SCID mice for the first
5 days, during which time adaptive immunity may not be fully activated to
participate in virus control [6]. However, NOD.SCID mice showed a slower
decrease in body weight and longer survival time than CB17.SCID mice,
while virus titre was similar in all three groups. Flow cytometric analysis
revealed that exaggerated infiltration of neutrophils and inflammatory
monocytes was associated with severe morbidity and shortened survival in
CB17.SCID mice. These findings support previous reports that attenuation of
neutrophil and monocyte infiltration in influenza-infected lungs has
beneficial effects on host morbidity and mortality [11, 13, 14].

One of the notable findings in the initial experiments of this study was
an inverse correlation between the expression level of the Cxcl14 gene and
the degree of inflammatory cell influx in infected lungs. CXCL14 has
previously been suggested to have an anti-inflammatory effect [38, 41].
However, TNF-a could downregulate Cxcl14 expression and CXCL14
deficiency was reported not to affect the severity of 1AV infection [42, 43].
In the current study, TNF-a levels were much higher in severely inflamed
CB17.SCID lungs compared to NOD.SCID lungs, and Cxcl14 gene delivery
using AAV9 vectors into the mouse airway failed to show beneficial effects

of CXCL14 chemokine on the survival of IAV-infected hosts. These results
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suggest that the high level of Cxcl14 expression in the infected lung of
NOD.SCID may result from low levels of TNF-a. rather than reflect the anti-
inflammatory effect of this chemokine.

Here, administration of AAV9 vectors containing only EGFP, which are
usually used as control vectors in gene transfer experiments with AAV9
vectors, showed a prophylactic effect against lethal influenza infection. More
interestingly, this effect was observed when the AAV9 vector was inoculated
only 4 weeks but not 2 weeks before PR8 IAV infection. According to a
previous report, intranasal instillation of replication-deficient adenovirus (E1
& E3 gene-deleted Ad5 empty, AdE) particles without transgene also
protected BALB/c mice against lethal PR8 infection [44]. However, AdE
particles were administered 2 days prior to PR8 challenge and their effect
was thought to be due to rapid induction of inflammatory
cytokines/chemokines and antiviral response, although the actual action
mechanisms were not well understood. In contrast to adenovirus particles,
AAV vectors are known not to induce acute inflammation [21]. Moreover,
the main feature observed in AAV9-treated mice of the current study was an
attenuated infiltration of neutrophils and trans-macrophages in PR8-infected
lungs, suggesting that the prophylactic mechanisms of AAV9 and AdE may
be different.

Although AAV vectors are usually poorly immunogenic, their

immunogenicity is dose-dependent and adaptive immune responses against
2] © 11 &)
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the transgene product and viral cap protein could limit their long-term
efficacy [21, 45]. Innate immunity could also be triggered by the double-
stranded DNA (dsDNA) vector genome [45]. In addition, a previous
interesting study showed that dsRNA transcribed from viral dsDNA could
promote IFN-B production in host cells [25]. According to this report, IFN-B
could suppress AAV transgene expression in vivo and in vitro, and IFN-B
production in host cells was dependent on the MDA5 dsRNA sensor,
suggesting that dsSRNA could trigger IFN-B production. This possibility was
further confirmed by demonstrating the presence of transgene-derived minus
strand transcripts, which are essential for dsSRNA formation. Notably, the
level of IFN-B induction in humanized mice was higher 8 weeks than 4 weeks
after injection of the AAV vector carrying the human Factor IX gene.
Considering that transgene expression levels increase progressively after
gene delivery using AAV vectors, especially for more than 12 weeks in mice
[40], it was suggested that IFN-B induction levels correlate with transgene
expression levels. Taken together, this could explain why the prophylactic
effect of the AAV9 vector was found 4 weeks rather than 2 weeks after vector
administration in the current study.

This study has certain limitations in terms of understanding the
prophylactic mechanism of the AAV9 vector. The current study did not
thoroughly document the specific mechanisms involved. While the increased

infiltration of monocytes, NK cells and CD8 T cells in the lungs of AAV9-

]
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inoculated mice may contribute to early viral control, no significant
difference in viral gene expression levels was observed between the AAV9
and control groups. Alternative explanations could include IFN-B production
triggered by dsRNA generated from the transgene, which may induce
antiviral genes in the alveolar epithelium, the primary host cell of the AAV9
vector. Another possibility is that long-term exposure to low levels of IFN-
may lead to desensitization of innate immune cells. However, no significant

increase in IFN-B gene expression was observed in AAV9 vector-treated

mice compared to naive control mice.

Nevertheless, this study represents the first report demonstrating the

protective effect of the AAV vector in a severe influenza model.
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