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Preface

Influenza A viruses belong to the genus Influenzavirus A of the family
Orthomyxoviridae. Influenza A viruses are further divided into 18 hemagglutinin (HA)
and 11 neuraminidase (NA) subtypes based on the phylogenetic analysis of their two gene
segments [73]. Influenza A viruses are zoonotic pathogens that are widely distributed
among mammalian or avian hosts, such as humans, pigs, chickens, and ducks, then wild
migratory waterfowls are considered to be natural reservoirs for influenza A viruses [13].
These subtypes (HI-H16 HA and N1-N9 NA) of influenza A viruses have been isolated
from waterfowls [40]. Waterfowls are infected with influenza viruses by water-borne
transmission at their nesting lakes during their breeding season in summer [35]. Due to a
lack of selective pressure in natural hosts, the antigenicity of influenza A viruses is highly
conserved in waterfowls [36].

Pigs can become infected with both human and avian influenza viruses, because
avian-type a2,3- and human-type 02,6-linked sialylated glycans are expressed in the
respiratory epithelium of pigs [13]. This can cause a reassortment between the two
different influenza viruses [13]. Influenza viruses that infect pigs are of great interest
because the virus is a zoonotic pathogen with the potential to become a new pandemic
strain with an antigenic shift for humans. An influenza pandemic is derived from
influenza viruses circulating among pigs, actually swine-to-human transmission of swine
influenza viruses have been recently confirmed. For example, the Eurasian avian-like
HINI swine influenza virus was recently isolated and it has an ability to infect humans
[62]. Moreover, human H3N2v infection was recently confirmed, and it is supposed to be
derived from swine influenza strain [41]. Development of influenza vaccines is
mandatory after occurring of a pandemic, but it takes time to develop a new vaccine to
select the ideal vaccine strain by antigenicity and to ensure its safety [21]. On the other
hands, unlike specific preventive measure requiring the antigenicity matching between
the prevalent and vaccine strains, developing nonspecific preventive measures, such as
dietary supplements that boost immunity, against a future influenza pandemic is also
important.

Since antigenicity of influenza viruses is conserved in waterfowl, monitoring viral
circulation in waterfowl is necessary for preparedness against an influenza pandemic in
humans via pigs. In previous studies, intensive surveillance of avian influenza was
conducted in wild waterfowl in Eurasia, including Hokkaido, Japan, to monitor viruses

that are maintained in the nesting lakes of northern territories, and their antigenicity and
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proliferation have been evaluated since 1977; thereafter, isolates have been stored in the
Hokkaido University Influenza Virus Database System (http.//virusdb.czc.hokudai.ac.jp).

In emerging of pandemic influenza, pigs play an important role in the transmission
of influenza viruses to human hosts [13]. Therefore, it is vital to develop an effective
vaccine to prepare for the possible outbreak by an influenza virus infection in humans,
considering that it has a different antigenicity from that of the seasonal human influenza
viruses. Major influenza vaccine for humans is an ethel-split vaccine, but it has no effect
on innate immune induction [27]. A whole-virus particle vaccine is also developed, it can
enhance innate immunity [27]. Previous studies revealed that whole-virus particle
vaccines prepared from the library induced effective immunity against infections with H1,
H2, HS5, H6, H7, H9, and H10 influenza viruses in mouse models and cynomolgus
macaque models [48, 64, 59, 49, 12, 51, 63].

As nonspecific preventive measures, immunomodulatory effects of lactoferrin and
vitamin D were revealed against influenza [55, 44]. Vitamin D, which is one of
nonspecific preventive measure against influenza, is a fat-soluble vitamin that can be
ingested and absorbed in the small intestine [5]. It is metabolized in the liver and becomes
the highly stable 25-hydroxyvitamin D [25(OH)D], which circulates in the blood [39].
The association between blood revels of 25(OH)D and clinical signs of several viral
infection is already clarified [ 15]. Reduction of the serum vitamin D metabolite 25(OH)D
during the endogenous vitamin D synthesis, and poor intake of dietary vitamin D can also
weaken the immune system. Influenza virus infection causes severe seasonal epidemics,
especially in the elderly and in young children, partly due to a poor immune function [8].
Vitamin D has also been suggested to have immunomodulatory effects against respiratory
syncytial virus [4], poliovirus [30], human immunodeficiency virus 1 [18], and influenza
virus infection.

The present thesis consists of two chapters. In Chapter I, a prophylactic effect of
25(OH)Ds3 in oral supplementation against influenza virus infection was evaluated in a
mouse model. After the administration of 25(OH)Ds, anti-inflammatory effects were
measured. In Chapter II, analyses of genetic and antigenic properties of H4 influenza
viruses isolated from wild birds in Eurasia and North America are discussed. In addition,
as an effective countermeasure for a future pandemic caused by H4 influenza viruses, the
efficacy of an inactivated whole-virus particle vaccine prepared from avian H4 influenza
viruses acquired from the Hokkaido University Influenza Virus Database was evaluated

against a challenge with the swine H4N6 influenza virus in a mouse model.



Chapter I

Oral supplementation of the vitamin D metabolite 25(OH)D3
against influenza virus infection in mice



Introduction

Vitamin D, primally contained in oily fishes, is a fat-soluble vitamin that promotes
bone formation and calcium absorption [26]. In addition to being synthesized from
cholesterol by reacting with ultraviolet rays in the epidermis, vitamin D can be ingested
and is absorbed in the small intestine. It is metabolized in the liver to become highly stable
25-hydroxyvitamin D [25(OH)D], which circulates in the blood. The kidney metabolizes
25(0OH)D into 1,25-dihydroxyvitamin D [1,25(OH).D], which binds to the vitamin D
receptor (VDR) expressed in various types of cells [39]. The metabolite 1,25(OH).D
promotes the regeneration of respiratory epithelial cells [37] and has also been implicated
in the regulation of inflammation by binding to the VDR on immune cells such as
dendritic cells, macrophages, and T cells [15]. The binding of the VDR with 1,25(0OH).D
suppresses the production of inflammatory cytokines such as tumor necrosis factor
(TNF)-a and interleukin (IL)-5 by regulating target genes of T cells and macrophages,
and reduces inflammation [7]. It also directly interacts with B cells and T cells [44].
Furthermore, 1,25(0OH)2D reduces inflammatory cytokines in challenge studies with the
pertussis toxin [10], Mycobacterium tuberculosis [14], and poliovirus [30].

The influenza A virus is an enveloped, single-stranded, segmented, negative-sense
RNA virus that infects the upper respiratory tract in humans, causing influenza [45].
Influenza A virus infection causes severe seasonal epidemics especially in the elderly and
in young children, partly because of poor immune function. Reduction of the serum
vitamin D metabolite 25(OH)D, decreases in endogenous vitamin D synthesis, and poor
dietary intake of vitamin D can also weaken the immune system [8]. Furthermore, vitamin
D has been suggested as having immunomodulatory effects against influenza [18]. A
major form of 25(0OH)D, 25-hydroxyvitamin D3 [25(OH)Dzs], is absorbed efficiently in
the small intestine [5] and has a relatively long half-life of 15 days [57]. Therefore,
25(0OH)Ds is supposed to become a suitable supplementation for the preparedness against
influenza. In the present study, a mouse model of influenza virus infection and direct oral
ingestion of 25(OH)Ds was used to evaluate the effect of this metabolite on the clinical
manifestations of influenza virus infection, virus replication, and cytokine levels.



Materials and Methods

Virus and cells

Influenza virus A/Puerto Rico/8/1934 (PR8) (H1N1) was propagated in 10-day-old
embryonated chicken eggs at 35 °C for 48 h, and the collected allantoic fluid was stored
at —80 °C until use. Madin—Darby canine kidney (MDCK) cells were maintained in
minimum essential medium (MEM) (Nissui Pharmaceutical, Tokyo, Japan)
supplemented with 10% nonimmobilized fetal calf serum (FCS; SAFC Biosciences,
Lenexa, KS, USA), 0.3 mg/mL L-glutamine (Wako Chemicals, Tokyo, Japan), 100 U/mL
penicillin G (Meiji Seika Pharma, Tokyo, Japan), 0.1 mg/mL streptomycin (Meiji Seika
Pharma, Tokyo, Japan), and 8 pg/mL gentamicin (Takata Pharmaceutical, Saitama,
Japan) in an incubator at 37 °C with 5% CO..

Animals and diet

Seven-week-old female BALB/c mice (Japan SLC, Shizuoka, Japan) used in the
present study were acclimatized for one week, divided into two groups (n = 18
mice/group), and fed different diets, i.e., AIN-93G standard diet (vitamin D3 0.25 mg/100
g) or AIN-93G with 25(0OH)Ds [125 mg/kg (125 ppm)] (Oriental Yeast, Tokyo, Japan).
Body weights and clinical signs were observed for 7 weeks after beginning the different
diets.

Measurement of 25(OH)Ds and 24,25(0OH)2D3

Plasma concentrations of 25(OH)D3 and 24-hydroxyvitamin Ds [24,25(OH)2Ds],
metabolite of 25(OH)Dz were measured using a modified method of liquid
chromatography—atmospheric pressure chemical ionization—mass spectrometry (LC—
APCI-MS)/MS [66]. This method included the use of deuterated 25(OH)Ds (ds-
25[0OH]Ds) as an internal standard compound and the selection of a precursor and a
product ion with an MS/MS multiple reaction monitoring (MRM) method. Measuring
was conducted as previously described [50]. An API3000 LC/MS/MS System (Applied
Biosystems, Foster City, CA, USA) was used. The high-performance liquid
chromatography column used was a CAPCELL PAK C18 UG120, 5 um [4.6 1.D. x 250
mm] (Shiseido, Tokyo, Japan). All MS data were collected in positive-ion mode, and
guantitative analysis was carried out using MS/MS—MRM of the precursor/product ion.

Virus challenge in mice



Virus challenge in mice was conducted as previously described [47]. After 7 weeks
of feeding the mice a standard or 25(OH)Ds-supplemented diet, PR8 (H1IN1) was
inoculated intranasally using 10 times the 50% mouse lethal dose (MLDso) in 30 pL per
mouse under anesthesia. The infectivity titer [10 MLDso = 10*® 50% egg infective dose
(EIDso)] of the inoculum was adjusted by dilution with phosphate-buffered saline (PBS).
For 14 days following inoculation, mice were observed daily for body weight, clinical
signs, and survival.

Preparation of lung homogenates

At pre-inoculation and 3 or 5 days post-inoculation (dpi), mouse lungs were collected
after euthanasia (n = 6). Lungs were homogenized with 2 mL of transport medium: MEM
containing 10,000 U/mL penicillin G, 10 mg/mL streptomycin, 0.3 mg/mL gentamicin,
250 U/mL Nystatin (Sigma-Aldrich, St. Louis, MO, USA), and 0.5% bovine serum
albumin fraction V (Roche, Basel, Switzerland). The homogenized lung tissue was
centrifuged for 5 min at 4 °C and 8000 rpm. The supernatant was collected, and all

samples were stored at —80 °C until quantification of virus titers and cytokines.

Virus titration in mouse lungs

Plaque assays were performed as previously described [25]. Briefly, tenfold dilutions
of virus samples or mouse lung homogenates in MEM without FCS were inoculated onto
confluent monolayers of MDCK cells and incubated at 35 °C in a 5% CO2 incubator for
1 h. Unbound virus was removed in the supernatant, and the cells were washed with PBS.
The cells were then overlaid with MEM containing 5 pg/mL acetylated trypsin (Sigma-
Aldrich) and 1% Bacto Agar (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). After incubation for 48 h at 35 °C, the cells were stained with 0.005% neutral red.
After incubation for another 24 h at 35 °C, the number of plaques was counted. The
number of plaque-forming units (PFU) was calculated as the product of the reciprocal
value of the highest virus dilution and the number of plaques in the dilution.

Bio-Plex assay for the measurement of anti-inflammatory and proinflammatory
cytokines

The Bio-Plex Pro mouse cytokine Th1/Th2 assay (Bio-Rad, Hercules, CA, USA) was
used to quantify cytokines including IL-2, IL-4, IL-5, IL-10, IL-12p70, TNF-q, interferon
(IFN)-y, and granulocyte-macrophage colony-stimulating factor (GM-CSF). Lung
homogenate samples were diluted 1:2 with the Bio-Plex sample diluent. Standard dilution
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was performed using the transport medium. Beads were dispensed into wells of a 96-well
plate, and the samples, standards, and blanks were added and vortexed for 30 min. After
washing with Wash Buffer, a secondary antibody was added to the wells, and the plate
was vortexed for 30 min. The wells were washed again, phycoerythrin-conjugated
streptavidin was added, and the plate was vortexed for 10 min. After washing again,
Assay Buffer was added, and measurement were carried out by Luminex 200 (Merck,
Kenilworth, NJ, USA). The concentrations of cytokines (pg/mL) were determined using
the Bio-Plex Manager Software (Bio-Rad).

Statistical analysis

Student’s t-test was used to analyze differences in the concentration of vitamin D
metabolites, body weights of mice, virus recovery, and cytokines between the two groups.
One-way analysis of variance was used to analyze the difference among multiple groups
[2]. Animal survival data were analyzed using a log rank (Mantel-Cox) test. All statistical
analyses were performed by R version 3.6.3 (R Core Team, 2020).

Ethics statement

All experiments using a virus were approved by Hokkaido University Safety
Management Regulations. Animal experiments were approved by the Institutional
Animal Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido
University (17-0060), and all experiments were carried out per the guidelines of this
committee. All applicable international, national, and/or institutional guidelines for the
care and use of animals were followed. The Faculty of Veterinary Medicine, Hokkaido
University, has been accredited by the Association for Assessment and Accreditation of

Laboratory Animal Care International since 2007.



Results

Monitoring of adverse effects in mice

First, the adverse effects of 25(OH)D3 supplementation were evaluated. The groups
of mice were fed standard or 25(OH)Ds-supplemented diet for 7 weeks, and no significant
difference in body weight and clinical signs was observed between the two groups (Figure
1); no significant difference in the intake of diet was found (p > 0.05). Additionally, no
histopathological difference in the kidneys and hearts were detected after 7 weeks (Figure

2), indicating no adverse effects of 125 ppm 25(OH)D3 supplementation in mice.

Blood concentrations of 25(OH)D3 and 24,25(OH)2D3 in mice

The level of 25(OH)D; was significantly higher in the plasma of 25(OH)D3-fed mice
than in that of standard-fed mice after 4 and 7 weeks (Figure 3). Furthermore, the level
of 25(OH)Ds after 7 weeks was 40—50 ng/mL, significantly higher than that after 4 weeks
in 25(OH)Ds-fed mice.

The compound 24,25(OH);D3 is a metabolite of 25(OH)D3, and in mice, its
concentration increases in proportion to the uptake of 25(OH)D3 into the body [50]. As
shown in Figure 2, the level of 24,25(OH).D3 was significantly higher in the plasma of
25(OH)Ds-fed mice than in that of standard-fed mice after 4 and 7 weeks. Additionally,
the levels of 24,25(OH),Ds in the blood were higher than those of 25(OH)D3 after 4 and
7 weeks of dietary supplementation in the 25(OH)Ds-fed mice.
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Figure 1. Changes in mouse body weight during dietary supplementation with 25(OH)Ds
for 7 weeks. Mice were divided into two groups and fed with a standard diet or a 125 ppm
25(OH)D3-containing diet (n = 18 mice/group). The relative body weight of each mouse

was measured for 7 weeks and compared with the primary body weight at day 0.



Figure 2. Histopathological assessment of mouse kidneys and hearts. Mice were fed for
7 weeks, and kidneys and hearts were sectioned and stained with hematoxylin and eosin.
The kidneys of a standard-fed mouse(a) and a 25(OH)Ds-fed mouse (b). The hearts of a
standard-fed mouse (¢) and a 25(OH)D3-fed mouse (d).
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Figure 3. Plasma levels of 25(OH)D3 and 24,25(OH)2D3 in mice. Mice were fed with a
standard or a 125 ppm 25(OH)Ds-supplemented diet for 7 weeks. The levels of 25(OH)Ds
and 24,25(0OH);D; were measured in each group (6 mice/group) at weeks 0, 4, and 7.
Blood concentrations of 25(OH)D3; and 24,25(0OH);D; in the 25(OH)Ds-fed group at
week 0 were not tested (NT). *, significant difference (p < 0.05).
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Immunomodulant test for 25(OH)D3 against influenza virus infection

The antiviral effect of the 25(OH)Ds-supplemented diet (125 ppm) against influenza
virus PR8 (HIN1) infection was assessed in mice. After 7 weeks of this specialized diet,
mice were challenged with PR8 (HINT1) intranasally, and clinical signs were observed
until 14 dpi. Humane endpoint criterion was <70% of initial body weight. All mice in the
standard diet group died by 9 dpi, and only one mouse in the 25(OH)Ds-fed group
survived after 9 dpi (Figure 4a). The survival rates of the two groups were compared with
the rate determined in a log rank (Mantel-Cox) test, which revealed no significant
difference (p > 0.05). The body weight of mice in the 25(OH)Ds-fed group were
significantly higher than those of mice in the standard diet group at 5 dpi (Figure 4b).

To investigate whether 25(OH)D3 supplementation inhibits viral replication in mice
at two different acute phases, the viral titer in the mouse lungs was measured by the plaque
assay at 3 or 5 dpi. The viral titers in 25(OH)Ds-fed mice at 3 dpi were significantly lower
than those in the standard-fed group, but no significant difference was observed between

the two groups at 5 dpi (Figure 5).

Production of anti-inflammatory and proinflammatory cytokines after viral
challenge in mice with 25(OH)D3 supplementation

The amounts of anti-inflammatory and proinflammatory cytokines in each group were
quantified. The levels of the anti-inflammatory cytokine IL-10 and of the
proinflammatory cytokines IL-5, TNF-a, IFN-y, and GM-CSF increased after viral
infection in both groups, regardless of 25(OH)D3 intake. In addition, the proinflammatory
cytokines IL-2 and IL-12p70 decreased after infection in both groups (Figure 6a, b). The
levels of anti-inflammatory IL-4 and IL-10 were not significantly different in the lungs
of 25(OH)Ds-fed mice and standard-fed mice (Figure 6a). The levels of IFN-y and IL-5,
however, significantly decreased in the 25(OH)Ds-fed group after viral challenge at 3 and
5 dpi, respectively (Figure 6b). By contrast, TNF-a production increased significantly in
the 25(OH)Ds-fed group at 5 dpi. In addition to these significant differences, a trend
toward suppression of the levels of the proinflammatory cytokines TNF-a, GM-CSF, and
IL-12p70 in the 25(OH)Ds-fed group was observed at 3 dpi, and IL-2 production tended
to be higher in the 25(OH)Ds-fed group than in the standard-fed group at 3 dpi (0.05 <p
<0.1).
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Figure 5. Virus recovery from the lungs of mice challenged with PR8 (HIN1) at 3 or 5
dpi. Mice were fed with a standard diet or a diet supplemented with 125 ppm 25(OH)Ds
for 7 weeks and then challenged with PR8 (HIN1) intranasally. The viral titers in the lung
homogenates at 3 or 5 dpi were measured (PFU/g) for each group (n = 6 mice/group). *,
significant difference (p < 0.05).
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Figure 6. Levels of anti-inflammatory and proinflammatory cytokines before and after
viral challenge (n = 6 mice/group). Mice were fed a standard diet or a diet supplemented
with 125 ppm 25(OH)D; for 7 weeks and then challenged with PR8 (HIN1) intranasally.
(a) Concentrations of anti-inflammatory cytokines IL-4 and IL-10. (b) Concentrations of
proinflammatory cytokines IL-2, IL-5, TNF-a, IFN-y, GM-CSF, and IL-12p70. *,
significant difference (p < 0.05).

15



Discussion

Previous studies have suggested the use of dietary supplements with nonspecific
immunomodulatory effects as a countermeasure against influenza virus infection [46].
Influenza is common in winter months, when the levels of 25(OH)D in the blood
generally decrease [22]. A correlation between influenza virus infection and deficiency of
vitamin D has been previously observed [6]. The immunomodulatory effect of orally
administered vitamin D in influenza patients has been clinically tested in humans,
especially in infants, and a rapid abatement of fever and influenza A virus titers has been
confirmed during the administration of high doses of vitamin D [72]; however, vitamin
D consumption was not effective in elderly patients [ 18]. Hence, animal studies that allow
investigation at the time of influenza virus infection are required. The compound
25(OH)D is metabolized from vitamin D in the liver and is better absorbed than vitamin
D in the body [5]. After circulating in the blood, 25(OH)D is metabolized to 1,25(OH).D
in the kidney as needed [54]. In a mouse model, suppression of inflammatory cytokines
induced by HIN2 influenza virus infection by the intraperitoneal administration of
1,25(OH)2D after virus inoculation has been confirmed [23]. The half-life of 25(OH)Ds
is relatively long (15 days), but the half-life of 1,25(OH):D is only 15 h [57]. Therefore,
long-term administration of 25(OH)Ds; may mitigate the clinical manifestation of
infectious diseases prophylactically. This study is the first to indicate a prophylactic effect
against influenza virus infection in mice pre-administrated with vitamin D metabolite
25(0OH)Ds (125 ppm for 7 weeks).

The no-observed adverse effect level of vitamin D in humans is 250 pg/day by oral
administration [17], and the adverse effects resulting from excessive consumption of
vitamin D are renal insufficiency, neurologic manifestations, and pathologic calcification
due to hypercalcemia [43]. Levels of 25(OH)Ds corresponding to 800—-1000 ng/mL in
mouse serum also showed adverse effects such as weight loss and hypercalcemia [16]. As
shown in Figure 2, the blood level of 25(OH)Ds after 7 weeks of supplemental diet was
40-50 ng/mL, a concentration recommended as the minimum effective requirement
against viral respiratory infections on the basis of observational studies [67]. Indeed, no
adverse effects (e.g., weight loss, neurologic manifestations, or calcification of the
organs), as described previously for 25(OH)Ds-fed mice [42], were observed in this study
(Figure 6). After 4 and 7 weeks of the supplemented diet, the plasma levels of 25(OH)Ds
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in 25(OH)D;-fed mice were significantly higher compared with those in standard-fed
mice. In particular, the level of 24,25(0OH);D3 in 25(OH)Ds-fed mice was higher than the
level of 25(OH)Ds at 4 and 7 weeks, although the plasma level of 24,25(OH),D3 is usually
nearly equal to that of 25(OH)D3 in mice [16]. This result suggesting that the uptake of
25(0OH)Ds into the body was accelerated, and excessive 24,25(0OH).Ds3, a metabolite of
25(OH)D3, was also detected in the blood [50]. In previous study, blood levels of
25(0OH)D3 in 40—60 ng/mL could reduce the respiratory symptoms in humans [24]. These
results suggested that the dosage (125 ppm) and duration (7 weeks) of 25(OH)D3
administration secured a blood concentration of 25(OH)D3 sufficient to reduce the clinical
manifestation of infectious diseases.

The influenza A virus PR8 (HIN1) strain is lethal in mice, who succumb within 8 dpi
when infected with 10 MLDso of the virus [47]. Influenza onset correlates with
inflammatory cytokine expression, and neuroinflammation due to influenza virus
infection releases inflammatory cytokines and can cause lung tissue damage [9].
Dysregulation of inflammatory cytokines in mice early in viral infection induces the
overexpression of caspases and other proteolytic enzymes and plays a role in lung injury
and lethality [68]. However, appropriate suppression of the expression of inflammatory
cytokines may be able to suppress lethality caused by the influenza virus [11]. Vitamin D
can suppress the proinflammatory cytokines by regulating NF-xB in a mouse model [70].
In a human trial, supplementation of vitamin D reduced the production of IL-5 after
influenza virus infection [22]. The effects of 1,25(OH).D include the repression of the
transcription of T cell mRNA and the suppression of the production of IFN-y [22]. After
infection, the proinflammatory cytokines IFN-y [22] and IL-5 [33] were reduced by the
administration of 25(OH)Ds;. Anti-inflammatory  cytokines  suppress the
immunopathological tissue damage caused by the production of inflammatory cytokines
[31]. Consistent with previous reports, the levels of IL-5 and IFN-y were suppressed in
the 25(OH)Ds-fed group. Notably, our study showed significant suppression of virus titers
in the 25(OH)Ds-fed group after 3 dpi, and this result supports a previous study that the
growth of the H5NI influenza virus in lungs was reduced by the administration of
1,25(OH)2D in mice [29]. These results suggest that long-term administration of
25(OH)D3 prior to virus inoculation suppressed the production of proinflammatory
cytokines, resulting in reduced lung damage caused by virus infection and suppressed
viral replication. In a previous report, the administration of 1,25(OH):D to mice
significantly inhibited the production of TNF-a after influenza virus infection [23].

However, in our study, a trend toward the suppression of TNF-a and a significant increase
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in TNF-a were observed in the 25(OH)D3-fed group after 3 and 5 dpi, respectively. In this
study, IL-6 levels was not measured, but there is a report that the administration of vitamin
D could suppress the production of IL-6, which promotes the differentiation of B cells
[18]. IL-33, which has an antiviral effect, was not measured, but vitamin D could enhance
the production of IL-33 [65]. Therefore, the complex effects of cytokines must be
elucidated in the future.

In conclusion, the present study showed that 25(OH)D3 supplementation adequately
alleviated the clinical manifestations of influenza virus infection by suppressing virus
replication and inflammation in a mouse model. In this result, there was no significant
difference in the mortality rate of influenza virus infection following administration of
25(OH)Ds3, but we could confirm a tendency of reduced mortality rate. In other words, as
a previous research showed [19], it is expected that the administration of vitamin D and
its metabolites will reduce the mortality rate in an influenza pandemic. This evidence
strongly supports the role of vitamin D in reducing the risk of respiratory viral diseases
in humans, not only for influenza but also for the newly emerged coronavirus disease
2019 (COVID-19) pandemic [20]. Notably, however, 25(OH)D3 supplementation had
little effect on mortality against influenza virus infection. In the future, the use of
25(OH)D3 combined with a vaccine [53] may synergistically reduce the mortality of

influenza virus infection.
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Brief summary

Vitamin D is a fat-soluble vitamin that is metabolized by the liver into 25(OH)D and
then by the kidney into 1,25(OH)>D, which activates the vitamin D receptor expressed in
various cells, including immune cells, for an overall immunomodulatory effect. Here, to
investigate whether oral supplementation of 25(OH)Ds, a major form of vitamin D
metabolite 25(OH)D, has a prophylactic effect on influenza A virus infection, mice were
fed a diet containing a high dose of 25(OH)D3; and were challenged with the influenza
virus. In the lungs of 25(OH)Ds-fed mice, the viral titers were significantly lower than in
the lungs of standard-fed mice. Additionally, the proinflammatory cytokines IL-5 and
IFN-y were significantly downregulated after viral infection in 25(OH)Ds-fed mice, while
anti-inflammatory cytokines were not significantly upregulated. These results indicate
that 25(OH)D3 suppresses the production of inflammatory cytokines and reduces virus

replication and clinical manifestations of influenza virus infection in a mouse model.
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Chapter 11

Potency of an inactivated influenza vaccine against a challenge
with A/swine/Missouri/A01727926/2015 (H4N6) in mice for
pandemic preparedness
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Introduction

Influenza A virus is an enveloped virus containing single-stranded, eight-segmented,
negative-sense RNA; it is categorized into 18 HA and 11 NA subtypes [73]. HA binds to
the glycan of the host cells, but the glycan structure differs among animal species. It is
thought that an influenza pandemic may originate from influenza viruses circulating
among pigs. Pigs play the role of a “mixing vessel” by expressing both human- and avian-
type sialylated glycan receptors to influenza viruses in respiratory epithelial cells and
cause a reassortment between two types of influenza viruses [13]. Waterfowl are natural
hosts of influenza viruses, and viral antigenicity is conserved within the natural host [36].
Influenza viruses perpetuated in waterfowl, whose antigenicity is highly conserved, have
been isolated. Therefore, as preparedness against an influenza pandemic, viral
antigenicity and proliferation have been evaluated since 1977; thereafter, the isolates have
been stored (http://virusdb.czc.hokudai.ac.jp). Vaccines against H1, H2, HS, H6, H7, H9,
and H10 from the virus library have been previously prepared, and their preventive
efficacy in mice and cynomolgus monkeys has been evaluated [48, 64, 59,49, 12, 51, 63].

Since their first isolation in Czechoslovakia in 1954, H4 avian influenza viruses have
been sporadically isolated worldwide [60]. H4 virus infection in swine has been recently
reported. A/swine/Ontario/01911-1/1999 (H4N6) [32] in Canada,
A/swine/Hubei/06/2009 (H4N1) [28], A/swine/Guangdong/K4/2011 (H4NS8) [61] in
China, and A/swine/Missouri/A01727926/2015 (H4N6) (MO/15) in 2015 were isolated
[1]. Influenza viruses are classified based on the HA genes. In a previous report, the HA
genes of H4 viruses were systematically divided into North American and Eurasian
lineages [1]. According to the phylogenetic analysis of the nucleotide sequence of the
eight gene segments of the MO/15 virus, all segments were derived from North American
birds [1]. H4 viruses, including MO/15 detected in North America, showed binding to
a2,6-linked sialylated glycan, which is highly expressed in the respiratory epithelium of
swine and humans [11,12]. MO/15 replicated in swine lungs, causing mild lung lesions,
but did not replicate in the upper respiratory tract [1]. This may indicate that H4 influenza
viruses could be sustained in the pig population by continuous virus infection and might
accidentally be transmitted to other species. To date, there have been no human infections
with an H4 virus, although a case of human infection with A/Indiana/08/2011 (H3N2)v
derived from swine influenza strain was confirmed [41], and H4 viruses could pose a risk

of human infection in the future.
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Therefore, the development of a vaccine against the H4 viruses, which has a different
antigenicity from conventional seasonal influenza viruses, is required. No report has
evaluated vaccines against H4 influenza virus infection. Therefore, this study aimed to
select a candidate vaccine strain from the virus library, prepare a vaccine, and evaluate

the vaccine’s potency in a mouse model.
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Materials and Methods

Virus and cells

MO/15 was kindly provided by Dr. Alicia Janas-Martindale (United States
Department of Agriculture, Raleigh, NC, USA). A/duck/Czechoslovakia/1956 (H4N6)
(Dk/Cz), A/budgerigar/Hokkaido/1/1977 (H4N6) (Budge/Hok),
A/duck/Hokkaido/491003/2014 (H4N2) (Dk/Hok/491003), A/duck/Mongolia/769/2015
(H4NO6) (Dk/Mon), A/duck/Hokkaido/138/2007 (H4No) (Dk/Hok/138),
A/swan/Hokkaido/481102/2017 (H4N6) (Swan/Hok), and A/mallard/Alberta/223/1979
(H4N2) (Mal/Alb) were isolated from birds. All viruses used in this study were
propagated in 10-day-old embryonated chicken eggs at 35 °C for 48 h, and the allantoic
fluid was collected and stored at —80 °C until use. MDCK cells were maintained in MEM
(Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% non-immobilized FCS
(Sigma-Aldrich, St. Louis, MO, USA), 0.3 mg/mL L-glutamine (Nacalai Tesque, Kyoto,
Japan), 100 U/mL penicillin G (Meiji Seika Pharma, Tokyo, Japan), 0.1 mg/mL
streptomycin (Meiji Seika Pharma, Tokyo, Japan), and 8 pg/mL gentamicin (Takata

Pharmaceutical, Saitama, Japan) in an incubator at 37 °C with 5% COx.

Sequencing and phylogenetic analysis

Using TRIzol LS reagent (Life Technologies, Carlsbad, CA, USA), viral RNA was
extracted from the allantoic fluid of embryonated chicken eggs and reverse-transcribed
with Unil2 primer (5'-AGCAAA AGCAGG-3") and M-MLV reverse transcriptase (Life
Technologies, Carlsbad, CA, USA). The HA genome was amplified by polymerase chain
reaction using Ex Taq polymerase (Takara Bio, Shiga, Japan) and a gene-specific primer
set. Direct sequencing of HA gene segments was performed using the BigDye Terminator
version 3.1 Cycle Sequencing Kit (Life Technologies, Carlsbad, CA, USA) and 3500
Genetic Analyzer (Life Technologies, Carlsbad, CA, USA). Other nucleotide sequence
data were acquired from GenBank (https.//www.ncbi.nlm.nih.gov/genbank/) and GISAID
(https://www.gisaid.org/). Nucleotide sequence data were processed by Genetyx version
15 (Genetyx Corporation, Tokyo, Japan). Phylogenetic analysis of the HA gene was
performed by neighbor joining with 1000 bootstrap replications in MEGA 7.0 [58]. The
phylogenetic tree of the H4 HA genes was rooted in A/swine/Ontario/01911-1/1999
(H4N6). The genome sequences identified in this study were registered in
GenBank/EMBL/DDBJ: A/duck/Hokkaido/W195/2015 (accession no. LC498517),
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A/duck/Hokkaido/W214/2006 (accession no. LC498518), and
A/duck/Hokkaido/W217/2015 (accession no. LC498519). Forty-eight strains of H4 HA
genes in this study were clustered into Eurasian and North American lineages based on
nucleotide identities. The intragroup homology was between 96% and 99%, whereas the

intergroup homology was between 81% and 92%.

Antigenic analysis

The antigenicity of H4 viruses was evaluated by the hemagglutination-inhibition (HI)
test using chicken polyclonal antiserum [74]. Inactivated antigen (500 pg) was
immunized to chicken twice at a 2-week interval. After confirmation of more than 2560
HI titers in the serum collected 2 weeks later from the second immunization, 500 pg of
antigen was intravenously injected. One week after the last immunization, total blood was
collected from the heart, and antisera were prepared. The viruses were diluted to an 8-
hemagglutination unit in PBS. Then, 25 pL of the diluted virus was added to 25 pL of
each antiserum serially two-fold diluted in PBS and incubated at room temperature for 30
min. Then, 50 pL of 0.5% chicken red blood cells in PBS was added and incubated at
room temperature for another 30 min. The HI titer was expressed as the reciprocal of the
highest serum dilution, showing complete HI.
Based on the HI test results, antigenic cartography was developed using web-based
software (http://www.antigenic-cartography.org/) based on the previous research [14,16].
Briefly, each HI titer N;; was transferred into a table antigenic distance D;; between virus
i and antiserum j by calculating the difference between the titer for the virus HI by each
antiserum j, defined as b;, and the measured titer for each virus N against that antiserum:
Djj =loga(bj)—logz(Ny). To find the map distance, the Euclidean distance dj; between each
virus i and antiserum j was set, and the difference between the map and table distances
was minimized using the error function £ = } je (D, dj). The error of a serum-virus pair
was defined as e(Dy, djj) = (Dj—d;)*. The ellipses of the antigenic groups were visually
determined, covering all the antigens in each group with the smallest sizes. The spacing
between grid lines is equivalent to an antigenic unit distance corresponding to a two-fold
HI difference.

Vaccine preparation
Viruses in allantoic fluid were purified by centrifugation and sedimentation via a
sucrose gradient, as described by Kida et al. [34]. The allantoic fluid was ultracentrifuged,

and the resulting pellet was layered on 10-50% sucrose density gradient and
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ultracentrifuged again. Fractions containing the band of virus particles were collected
based on sucrose concentration, HA titer, and protein concentration. Whole-virus particles
were pelleted from the sucrose fraction by ultracentrifugation and suspended in PBS. The
purified virus was inactivated by incubation in 0.1% formalin at 4 °C for 7 days. The
inactivation of the formalin-treated virus was confirmed by no virus growth in
embryonated chicken eggs after inoculation. The purified inactivated virus was used as a
whole-virus particle vaccine. The total protein concentration was measured using the
BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The amount of
vaccine in the potency test was set to 4, 20, and 100 ug based on previous research [52].
According to the ratio between HA protein (14.7 pg) and whole-particle vaccine (50 pg)
for influenza A virus [51], the amount of HA proteins in each vaccine was estimated as

1.2,5.9, and 29.4 ng, respectively.

Pathogenicity of H4 influenza virus in mice

Eight-week-old female BALB/c mice (Japan SLC, Shizuoka, Japan) were challenged
with the MO/15 virus to evaluate virus pathogenicity in mice. Four mice of four groups
were intranasally inoculated with MO/15 at 30 pL/mouse under anesthesia. The mixtures
of tiletamine hydrochloride (20 mg/kg) (United States Pharmacopeia, Rockville, MA,
USA), zolazepam hydrochloride (20 mg/kg) (United States Pharmacopeia, Rockville,
MA, USA), and xylazine (20 mg/kg) (Bayer Yakuhin, Ltd., Osaka, Japan) were injected
intraperitoneally into mice within 100 pl [51]. The viral titer of the challenge was 10
103, 10*%, or 10*° PFU of MO/15 (30 pL). The viral titer was originally 1074 PFU/mL
(10°° PFU/30 pL), and this virus stock was used for the highest-dose group without
dilution in PBS. Mice were observed daily for changes in body weight and clinical signs
until 9 days post-inoculation (dpi). The humane endpoint was determined as 70% of the
body weight at challenge, and if the body weight of a mouse decreased below the endpoint,

the mouse was euthanized.

Potency test of the vaccine against MO/15 in mice

Swan/Hok and MO/15 vaccines with 4, 20, and 100 pg of protein were
subcutaneously injected into groups of 10 4-week-old female BALB/c mice (Japan SLC,
Shizuoka, Japan). PBS was injected into negative control (NC) and non-vaccinated mice.
After 2 weeks, after collecting blood from the tail vein to obtain serum, the same amount
of vaccines was injected. At 2 weeks after the second immunization, blood samples were
collected from the tail vein, and 10> PFU/30 uL of MO/15 was intranasally inoculated
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to mice under anesthesia. Three days after the challenge, five mice from each group were
euthanized, and the lungs were collected for measuring virus recovery. The mice were
euthanized by intraperitoneal injection of pentobarbital (150 mg/kg) (Kyoritsu Seiyaku
Corporation, Tokyo, Japan). Viral titers in the lung homogenates were measured using a
plaque assay in MDCK cells. The other five mice in each group were observed for 14

days for clinical signs.

Serum neutralization test

Serum-neutralizing antibody titers in mice were measured using methods described
in a previous research [52]. Briefly, mouse serum samples were heat-inactivated at 56 °C
for 30 min and mixed with 100-fold median tissue culture infectious dose (TCIDso) of
MO/15 or Swan/Hok virus and incubated for 1 h at room temperature. The mixture was
inoculated onto confluent monolayers of MDCK cells and incubated at 35 °C for 1 h.
Unbound viruses were removed, and cells were washed with PBS. Cells were incubated
with MEM containing 5 pg/mL acetylated trypsin (Sigma-Aldrich, St. Louis, MO, USA).
Cytopathic effects were observed after 72 h of incubation, and the neutralizing antibody
titers were determined as the reciprocal of the serum dilution yielding 50% inhibition of

the cytopathic effects.

Virus titration in mouse lungs

Plaque assays were performed as previously described for the measurement of viral
titers [52]. Briefly, 10-fold dilutions of virus samples or mouse lung homogenates in
MEM without FCS were inoculated (100 pL/well) onto confluent monolayers of MDCK
cells and incubated at 35 °C in a 5% CO; incubator for 1 h with tilting every 15 min. The
virus solution was removed, and cells were washed with PBS once. Cells were then
overlaid with MEM containing 5 pg/mL acetylated trypsin (Sigma-Aldrich, St. Louis,
MO, USA) and 1% Bacto Agar (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA) heated at 42 °C. After 48 h of incubation at 35 °C, cells were stained with 0.005%
neutral red with MEM and 1% Bacto Agar. After incubation at 35 °C for an additional 24
h, the number of plaques that were fewer than 100 plaques/well was counted. The number
of PFU/g in the original solution was calculated as the product of the reciprocal value of

the dilution and the number of plaques in that dilution.

Statistical analysis
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The Student’s #-test was used to analyze differences in the body weights of mice,
virus recovery, and neutralizing antibody titer between the two groups. One-way analysis
of variance was used to analyze differences among multiple groups [2]. Animal survival

and body weight data were analyzed using the Mantel-Cox test.

Comparison of amino acid substitutions on the 3D structure of HA

Amino acid  sequence data  were acquired  from  GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) and data were processed by Genetyx version 15.
X-ray crystallographic structural data of MO/15 (PDB ID: 6V44) [69] was acquired from
Protein Data Bank (Attps://www.rcsb.org/) and visualized by Discovery Studio Visualizer
(v20.1.0.19295) (https://discover.3ds.com/discovery-studio-visualizer-download)
(Dassault Systemes BIOVIA, San Diego, CA, USA).

Ethics statement

All experiments using viruses were approved by Hokkaido University Safety
Management Regulations. All animal experiments were approved by the Institutional
Animal Care and Use Committee of the Faculty of Veterinary Medicine, Hokkaido
University (18-0035 and 16-0105), and all experiments were conducted per the guidelines
of this committee. All applicable international, national, and/or institutional guidelines
for the care and use of animals were followed. The Faculty of Veterinary Medicine,
Hokkaido University, has been accredited by the Association for Assessment and

Accreditation of Laboratory Animal Care International since 2007.
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Results

Genetic analysis of H4 influenza viruses

The genetic sequence of H4 HA genes was determined and phylogenetically analyzed
along with reference sequences available in the database (Figure 7). H4 viruses were
roughly divided into North American and Eurasian lineages [38]. The viruses classified
into the Eurasian lineage were further classified into Groups 1-4. Groups 1-3 were
determined by previous research [38], and Group 4 was defined in the present research.
Groups were classified based on the sequence homology of HA genes. Group 1 was
composed of isolates from China, Mongolia, and Hokkaido from 2009 to 2014. Isolates
from Mongolia and China from 2011 to 2015 were set as Group 2. Group 3 was composed
of isolates from China, Mongolia, and Hokkaido from 2006 to 2015. Viruses isolated in
Hokkaido in 2017 were set as Group 4 and are systematically close to those isolated in
Mongolia and China between 2015 and 2016 with high homology. In the North American
lineage, viruses were further classified into several groups [71]. They were classified into
North American Groups 1 and 2, which were determined in this study for convenience.
A/swine/Ontario/01911-1/1999 (H4N6) and MO/15 were included in Groups 1 and 2,
respectively. MO/15 was isolated from pigs but genetically close to the viruses isolated

from ducks in North America in 2015.

28



A/swan/Hokkaido/481103/2017 (H4N6)
A/swan/Hokkaido/481107/2017 (HAN6)
A/swan/Hokkaido/481109/2017 (H4N6) G ro u p 4
A/mallard/Beijing/25/2016 (HAN6)
98 A/duck/Mongolia/543/2015 (H4N6)
A/duck/Hubei/S2227/2012 (H4N2)
A/duck/Mongolia/OIE-241/2012 (HAN8)
A/duck/Hunan/8-19/2009 (H4N2)
A/duck/Shanghai/408-1/2009 (HANG) G rou p 1
‘A/duck/Hokkaido/491003/2014 (H4N2)
A/duck/Hubei/S2114/2012 (HANS)
A/duck/Ganzhou/GZ5/2015 (H4N6)
A/duck/Mongolia/769/2015 (H4N6) H
A/duck/Mongolia/262/2011(HaN6) Grou P 2 Eurasian
A/duck/Mongolia/101/2015 (H4N6)
A/duck/Czeckoslovakia/1956 (NAN6)
A/duck/Mongolia/17/2011 (H4N3)
A/budgerigar/Hokkaido/1/1977 (H4N6
A/duck/Shanghai/421-2/2009 (HAN6)
A/duck/Hokkaido/138/2007 (HAN6)
A/duck/Fujian/S1487/2009 (HAN3)
A/duck/Jiangxi/$3261/2009 (HAN2)
99| A/duck/Hokkaido/W215/2006 (HANS) Group 3
99| A/duck/Hokkaido/W214/2006 (H4N9)
A/duck/Hokkaido/W217/2015 (H4AN6)
A/duck/Hokkaido/W195/2015 (H4N6)
73| | A/duck/Mongolia/160/2010 (H4N6)
98' A/duck/Mongolia/1117/2009 (H4N6)
A/pekin_duck/California/P30/2006 (H4N2) -

A/mallard/Alberta/209/1977 (H4N8)
A/mallard/Alberta/2 79(H4N,
104 Aﬂﬁcumem/m/msmmm Group 1
A/swine/Ontario/01911-1/1999 (H4N6)
]QqA/mauard/cmle/cgas/zms (HaN2)
& A/Chilean_teal/Chile/C918/2015 (H4N2)
A/mallard_duck/Ohio/15055358/2015 (HAN6)

& A/mallard/California/57871/2015 (HAN6)
A/mallard/California/UCD841/2015 (HAN8) North
American

92

A/blue-winged_teal/Missouri/15054786/2015 (H4N6)
A/blue-winged_teal/Ohio/15053662/2015 (H4N6) G rou p 2
A/blue-winged teal/Alberta/221/2017 (H4N6)
A/mallard/Alberta/68/2016 (H4N8)
A/blue-winged_teal/Missouri/15054822/2015 (HAN8)
A/mallard_duck/Ohio/15055251/2015 (H4N8)
A/green-winged_teal/Ohio/15055497/2015 (H4N6)
8 A/mallard/Minnesota/UGAI15-4803/2015 (H4AN8)

0.020

Figure 7. Phylogenetic tree of H4 hemagglutinin (HA) genes of influenza viruses. The
nucleotide sequence of the HA gene segment was analyzed by neighbor joining using
MEGA 7.0. The number on each node indicates the confidence level of the bootstrap
analysis with 1000 replications. The Eurasian lineage was classified into Groups 1-4, and
the North American lineage was classified into Groups 1 and 2. The vaccine strain is
highlighted in yellow, and the challenging virus is highlighted in pink. The reference

viruses used in the antigenic analysis are underlined in blue.
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Antigenic analysis of H4 influenza viruses

Eight H4 viruses from the North American and Eurasian lineages were selected to
represent groups based on the phylogenetic tree of the HA gene (Figure 7), and their
antigenicity was compared using the cross-HI test (Table 1). Then, based on the results
from the cross-HI test results, the antigenic cartography required to project the dataset
onto 2D cartography was made (Figure 8). The H4 HA antigenicity was roughly divided
into two groups, and all of the classification by the HA gene was not the same as the
classification by antigenicity. Swan/Hok, which was isolated in Hokkaido in 2017, and
Dk/Cz from the Eurasian lineage or the viruses from the North American lineage were
regarded to establish a major antigenic group. Mal/Alb was also included in the major
antigenic group. Viruses isolated from budgerigar in 1979 and a virus isolated from ducks
in 2007 in Hokkaido were regarded to establish the unique antigenic group. MO/15 was
also antigenically close to the major antigenic group. Among them, MO/15 was
antigenically closest to Swan/Hok. In all strains, the HA titer of the Swan/Hok inoculum
propagated in the allantoic cavity was 512 HA, which indicated that Swan/Hok grew most
in embryonated chicken eggs among the viruses used in this study (Table 2). Therefore,
Swan/Hok was selected as the representative vaccine strain to prepare an inactivated

whole-particle vaccine.
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Table 1. Cross-reactivity of H4 influenza viruses with chicken antisera to strains in the hemagglutination-inhibition (HI) test.

HI Titer of the Antiserum

1€

Group Viruses Budge/  Dk/Hok/ Dk/Hok/ swan/  Mal/
Dk/Cz Dk/Mon MO/15
Hok 491003 138 Hok Alb
Eurasian Alduck/Czeckoslovakia/1956 (HANG) 5120 10,240 2560 10,240 5120 40,960 1280 10,240
Eurasian A/budgerigar/Hokkaido/1/1977 (H4NG6) 20,480 20,480 2560 5120 5120 2560 5120 5120
Eurasian 1 A/duck/Hokkaido/491003/2014 (H4N2) 1280 2560 560 2560 2560 20,480 1280 10,240
Eurasian 2 Alduck/Mongolia/769/2015 (H4ANG) 1280 10,240 320 10,240 1280 40,960 2560 10,240
Eurasian 3 Alduck/Hokkaido/138/2007 (H4NG6) 10,240 20,480 5120 10,240 10,240 20,480 10,240 10,240
Eurasian 4 A/swan/Hokkaido/481102/2017 (H4NG) 2560 10,240 640 1280 2560 40,960 640 20,480
North American 1 A/mallard/Alberta/223/1979 (H4N2) 2560 2560 640 2560 2560 20,480 10,240 5120
North American 2 A/swine/Missouri/A01727926/2015 (HANG) 20,480 5120 640 1280 1280 20,480 2560 20,480

Homologous titers are underlined. Abbreviations: Dk/Cz, A/duck/Czeckoslovakia/1956 (N4N6); Budge/Hok, A/budgerigar/Hokkaido/1/1977 (H4ANG);
Dk/Hok/491003, A/duck/Hokkaido/491003/2014 (H4N2); Dk/Mon, A/duck/Mongolia/769/2015 (H4N6); Dk/Hok/138, A/duck/Hokkaido/138/2007 (H4NG);
Swan/Hok, A/swan/Hokkaido/481102/2017 (H4N6); Mal/Alb, A/mallard/Alberta/223/1979 (H4N2); MO/15, A/swine/Missouri/A01727926/2015 (HANG).
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Figure 8. Antigenic cartography based on the cross-HI test of the viruses and antisera of
different lineages. In antigenic cartography, vertical and horizontal axes show the distance
of the antigen. Dots with round and square shapes indicate antigens and antibodies,
respectively. The distance between two dots on the map represents the antigenic distance.
Blue and red dots indicate the isolates belonging to the Eurasian and North American
lineages, respectively. The antigenic group is shown in yellow or green. The dotted line
represents homologous combination. The spacing between grid lines is equivalent to an

antigenic unit distance corresponding to a two-fold HI difference.
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Table 2. Growth of H4 influenza viruses in embryonated chicken eggs.

Viruses Group HA titer of
allantoic fluid
AJduck/Czeckoslovakia/1956 (N4N6) Eurasian 32
A/budgerigar/Hokkaido/1/1977 (H4ANG) Eurasian 128
AJduck/Hokkaido/491003/2014 (HAN2) Eurasian 1 256
A/duck/Mongolia/769/2015 (H4N6) Eurasian 2 128
AJduck/Hokkaido/138/2007 (HANG) Eurasian 3 128
A/swan/Hokkaido/481102/2017 (HANG) Eurasian 4 512
A/mallard/Alberta/223/1979 (H4AN2) North American 1 256
A/swine/Missouri/A01727926/2015 (HANG) North American 2 256
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Pathogenicity of swine H4 influenza virus in mice

The dose-dependent increase in pathogenicity of MO/15 was evaluated to determine
the titer at which clinical signs of mice can be clearly observed (Figure 9). After the
inoculation of MO/15 from 2 dpi, compared with the NC group, the body weight of mice
in the 10>° and 10>° PFU/30 uL groups was significantly reduced. From 3 dpi, the body
weight of mice in the 10°° and 10*° PFU/30 uL groups was significantly reduced.
Compared with the 10°°, 10*°, and 103° PFU/30 uL groups, the 10> PFU/30 pL group
had more severe weight loss, and unlike the other groups, the average body weight
decreased to approximately 70% of the body weight at the challenge. Based on these
findings, in the potency test of the vaccine, the titer of the challenge virus was decided in

sublethal dose of 10>° PFU/30 pL, making it easy to confirm the effect of clinical signs.
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Figure 9. Changes in the body weight of mice inoculated with various doses of MO/15
influenza virus. The pathogenicity of dose-dependent viral titers was compared. Body
weight was monitored for 9 days after challenge with different doses (10>, 10*°, 109,
or 10°° plaque-forming units (PFU)/30 uL) of MO/15 (n = 4 mice/group). T, euthanasia.
a, significant difference between NC and 10*° PFU/head (p < 0.05); b, significant
difference between negative control (NC) and 10*° PFU/head (p < 0.05); c, significant
difference between NC and 10°° PFU/head (p < 0.05); d, significant difference between
NC and 10°? PFU/head (p < 0.05).
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Potency test of the vaccine against H4 influenza virus in mice

Based on the antigenic analysis, Swan/Hok is close to the MO/15 virus and cross-
reacts with a wide range of H4 influenza viruses. The titer of the neutralizing antibody in
mouse serum vaccinated twice against MO/15 and Swan/Hok was calculated (Table 3).
The neutralizing antibody titer of mice immunized with 100 ug Swan/Hok against the
MO/15 virus was 1:320. Compared to the 20 pg group, the antibody titers of Swan/Hok
were almost 1:160 and slightly higher than the MO/15 group against the MO/15 virus.
Compared to the antibody titer of the 20 ng Swan/Hok group, the titer of the serum was
similar between the MO/15 virus and Swan/Hok. In these results, the Swan/Hok vaccine
showed high immunogenicity and induced the cross-reactive antibody to the MO/15 virus.

Mice vaccinated with each of the two strains were then intranasally inoculated with
10> PFU/30 uL. MO/15. The average viral titer of the lungs in any vaccination group was
significantly lower than in the non-vaccinated groups (Figure 10). The average viral titers
of 4 and 100 pg Swan/Hok-vaccinated mice were not significantly different from those
with a corresponding amount of MO/15. However, the average viral titer in the lungs of
mice vaccinated with 20 pug Swan/Hok was significantly lower than that immunized with
the same amount of homologous vaccine MO/15 at 3 dpi. The significant differences
between 4 and 100 ng MO/15 groups, and 20 ung MO/15 and 100 pg Swan/Hok groups
were revealed, respectively. In the Swan/Hok group, the average viral titer in the lungs
immunized with 20 pg was significantly lower than that with 4 pg at 3 dpi.
Body weight change was observed until 14 dpi (Figure 11). At 3 dpi, a significant
difference between all vaccinated groups and the PBS group was observed. There was no
significant difference in weight loss at each observation for 14 days between the groups
of mice vaccinated with the same amount of MO/15 and Swan/Hok. However, the body
weights of mice in the Swan/Hok group recovered earlier than in the MO/15 group; in
other words, all Swan/Hok-vaccinated mice gained their body weight to a similar level to
those of the NC group, which was earlier than the recovery speed of mice vaccinated with
MO/15. The body weights of mice vaccinated with 4 pg Swan/Hok showed no significant
difference from those of the NC group after 11 dpi (Figure 11a). At 6 dpi, no significant
difference was observed between the body weights of the NC group and those of either
20 or 100 pg Swan/Hok-vaccinated group (Figure 11b, ¢). Two mice in the non-
vaccinated group were euthanized because their body weights reached the humane

endpoint, whereas none of the vaccinated mice reached it.
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Table 3. Serum-neutralizing antibody titers of vaccinated mice.

Neutralizing Antibody Titers Against

) Dose

Vaccine
(Hg) MO/15 GM Swan/Hok GM
MO/15 4 80 80 80 80 80 80 40 80 80 80 80 70
20 80 160 80 160 80 106 40 80 80 80 80 70
100 320 320 320 320 320 320 80 40 80 80 80 70
Swan/Hok 4 80 80 80 80 80 80 80 80 80 80 80 80
20 160 160 160 160 160 160 160 160 320 160 160 184
100 320 320 320 320 320 320 640 160 320 320 320 320
PBS . <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40 <40

<40: Not detected, GM: geometric mean.
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Figure 10. Virus recovery in the lungs of mice subcutaneously vaccinated twice with
various amounts of the MO/15 or Swan/Hok vaccine after a challenge with 10> PFU/30
uL MO/15. Viral titers were measured on day 3 after the MO/15 challenge. * p <0.05.
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Figure 11. Changes in the body weights of mice subcutaneously vaccinated twice with
Swan/Hok and homologous MO/15 after a challenge with MO/15 influenza virus. Body
weights were monitored for 14 days after the MO/15 challenge (n = 5 mice/group). Mice
received two immunizations: 4 ug (a), 20 pg (b), or 100 pg (c) of each vaccine
subcutaneously. f, euthanasia. a, significant difference between NC and MO/15 (p <
0.05); B, significant difference between NC and Swan/Hok (p < 0.05).
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Discussion

Influenza virus infection in pigs is of great interest due to the potential emergence of
a new influenza pandemic strain. For example, the Eurasian avian-like HIN1 swine
influenza virus was recently isolated, and its potential ability to infect humans has become
a significant concern [62]. Although no human infection with the H4 virus has been
confirmed to date, this virus is uniquely positioned to infect humans in the future. In 2015,
the H4 virus was isolated from pigs [1]. An influenza pandemic is derived from influenza
viruses circulating among pigs. Pigs are infected with both human or avian viruses [56],
causing a reassortment between two types of viruses and thereby producing pandemic
candidates with an antigenic shift. Because the antigenicity is conserved in waterfowl,
which are natural hosts of influenza viruses [3], monitoring the viruses circulating in
waterfowl to prepare for an influenza pandemic in humans via pigs is necessary. Therefore,
surveillance of waterfowl-derived influenza viruses and vaccines made from influenza
virus isolated from birds may be effective in preparing for future outbreaks of a human
influenza pandemic. This study is the first report of creating the H4 influenza vaccine and
evaluating its protective potency against the H4 influenza virus.

Based on a phylogenic tree of the HA gene, candidate vaccine strains were screened
for a potential pandemic caused by H4 influenza, which has similar virus characteristics
to MO/15. A trial vaccine strain was selected based on this phylogenetic tree, antigenic
analysis, and proliferation in embryonated chicken eggs. Interestingly, the antigenic
analysis resulted in two groups independent of genetic similarity. One of them was the
major antigen group composed of Eurasian Dk/Cz, Swan/Hok, and North American
Mal/Alb. Although MO/15 was classified in the North American lineage based on the HA
gene phylogenetic tree, antigenic analyses placed this virus close to the major antigenic
group to which the Eurasian lineage belongs. Regardless of the genetic distance from the
North American lineage, the Swan/Hok influenza strain was antigenically closest to
MO/15. Furthermore, Swan/Hok showed higher HA titer than other viruses and produced
a high final protein concentration in chicken eggs (25.9 ng/egg; MO/15, 14.9 pg/egg).
Finally, Swan/Hok was the most proliferative in embryonated chicken eggs among all the
candidate strains and, therefore, was the most suitable vaccine candidate.

The vaccine prepared from Swan/Hok induced sufficient neutralizing antibody
against MO/15 in mice and reduced the viral load in the lungs. In particular, the
neutralizing antibody titer of Swan/Hok-vaccinated mice against a virus challenge was

significantly higher than that of the MO/15-vaccinated group at 20 pg. The neutralizing
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antibody titer of the MO/15-vaccinated group challenged with MO/15 virus was lower in
all vaccine concentrations than that of the Swan/Hok group challenged with Swan/Hok
virus, demonstrating high immunogenicity of the Swan/Hok vaccine in mice.
Furthermore, the neutralizing antibody titer of the Swan/Hok-vaccinated group was
similar against homologous and heterologous viruses, indicating that the Swan/Hok
vaccine induced a cross-reactive antibody. Between MO/15 and Swan/Hok viruses, there
were 20 amino acid differences, and 10 amino acid substitutions were located on the head
domain (Figure 12). Further analysis is essential to clarify high immunogenicity of
Swan/Hok vaccine in mice and cross-reactivity of the induced antibody to MO/15 because
limited information is available regarding the structure and antigenic sites of H4 viruses.

MO/15 infection caused an average weight loss of 29% in mice, and a titer of 10>
PFU/g was measured from the lung homogenate at 3 dpi after a challenge with 10>
PFU/30 pL. The viral load in the lungs of mice vaccinated with 20 pg Swan/Hok was
significantly lower than that of MO/15-vaccinated mice with the same amount. After the
virus challenge, no significant difference was observed between the two immunized
groups, but the body weight of mice immunized with Swan/Hok recovered earlier than

that of the homologously challenged MO/15-vaccinated group. In particular, the body
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Figure 12. Three-D structure of MO/15 HA trimer and the positions of amino acid
substitutions between MO/15 and Swan/Hok. Red: HA 1 head domain, Yellow: Different
residues at the head domain between MO/15 and Swan/Hok, Green: Different residues at

the stalk domain between MO/15 and Swan/Hok.
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weight of mice vaccinated with 20 pg Swan/Hok recovered at 6 dpi, and this quick
recovery was also confirmed in the group receiving 100 pug Swan/Hok. In this study, an
inactivated whole-particle vaccine prepared from the Swan/Hok virus selected from the
virus library was used in mice after two subcutaneous injections. This vaccine induced
sufficient neutralizing antibodies and protected mice from the MO/15 virus challenge.
Therefore, the vaccine prepared from the Eurasian avian influenza virus in this study is
effective against the H4 influenza pandemic that may occur in the future.

The H4 avian influenza virus was confirmed to be antigenically close to the virus
isolated from pigs. The origin of a human influenza pandemic is primarily due to the role
of pig as a mixing vessel; therefore, a virus derived from a wild waterfowl that infects
pigs has a high potential for causing a future pandemic in humans. It was demonstrated
that influenza viruses of both antigenicities are prevalent in waterfowl in Eurasia and
North America. The genotypes of H4 viruses were divided into Eurasian or North
American lineages, and the antigenicity was not determined by the genotype. A vaccine
was prepared, and it produced a significant effect on mice. A virus library of
nonpathogenic influenza viruses with 144 combinations of 16 HA and 9 NA subtypes to
prepare for influenza pandemic (http://virusdb.czc.hokudai.ac.jp) has been established,
and its effectiveness is revealed. Subsequently, an evaluation of a trial vaccine using the

strain stocked in the library will be necessary to prepare for an influenza pandemic.
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Brief summery

H4 influenza viruses have been isolated from birds across the world. In recent years,
an H4 influenza virus infection has been confirmed in pigs. Pigs play an important role
in the transmission of influenza viruses to human hosts. Therefore, it is important to
develop a new vaccine in the case of an H4 influenza virus infection in humans,
considering that this virus has a different antigenicity from seasonal human influenza
viruses. In this study, after selecting vaccine candidate strain based on their antigenic
relation to one of the pig isolates, A/swine/Missouri/A01727926/2015 (H4N6) (MO/15),
an inactivated whole-particle vaccine was prepared from A/swan/Hokkaido/481102/2017
(H4N6). This vaccine showed high immunogenicity in mice, and the antibody induced by
the vaccine showed high cross-reactivity to the MO/15 virus. The viral titers in the lungs
of the mice vaccinated with the candidate vaccine were lower than those of them
vaccinated with MO/15, and the vaccinated mice recovered their body weight more
quickly than MO/15-vaccinated group. This vaccine induced sufficient neutralizing
antibodies and mitigated the effects of an MO/15 infection in a mouse model. This study
is the first to suggest that an inactivated whole-particle vaccine prepared from an
influenza virus isolated from wild birds is an effective countermeasure in the case of a

future influenza pandemic caused by the H4 influenza virus.
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Conclusion

Influenza is caused by influenza A viruses. The natural reservoir of influenza A
viruses is wild migratory waterfowls, and in the avian influenza viruses circulating in
waterfowls, a virus has infectivity in humans through pig. Therefore, the virus which has
a different antigenicity, and has infectivity in human-to-human may cause a pandemic
influenza. For the reason that the antigenicity of the pandemic influenza virus is differing
from seasonal influenza viruses, vaccines for seasonal influenza cannot induce effective
antibodies against the pandemic influenza virus. Therefore, nonspecific or specific
countermeasures are required for the preparedness against pandemic influenza.

In Chapter I, the immunomodulatory effect of vitamin D metabolite 25(OH)D3
against influenza was evaluated. Vitamin D is a fat-soluble vitamin that can be ingested
and absorbed in the small intestine. It is metabolized in the liver and becomes the highly
stable 25(OH)D, which circulates in the blood. The kidney metabolizes 25(OH)D into
1,25(OH)2D, then, 1,25(0OH);D has an anti-inflammatory effect by its binding to the
vitamin D receptor through the half-life of 1,25(OH).D is only 15 hours. A precursor of
1,25(0OH)2D, 25(0OH)D3, is absorbed efficiently in the small intestine and has a relatively
long half-life of 15 days. In the present study, a mouse model of influenza virus infection
and direct oral ingestion of 25(OH)D3 was used to evaluate the effect of this metabolite
on the clinical manifestations of influenza virus infection. Oral administration of
25(0OH)Ds for 7 weeks increased sufficient blood level of 25(OH)D3 and 24,25(0OH)2Ds
[metabolite form of 25(OH)D3], without adverse effects in a mouse model. After the virus
challenge with A/Puerto Rico/8/1934 (HIN1), virus replication was reduced in lungs, and
body weight loss and mortality were mitigated in 25(OH)Ds-supplemented group.
Additionally, the production of proinflammatory cytokines was downregulated in
25(OH)Ds-fed mice. These results showed that continuous direct oral ingestion of
25(0OH)Ds has the potential to mitigate the clinical manifestations of influenza virus
infection.

In Chapter II, a vaccine strain against pandemic H4 influenza virus was selected
and its protective efficacy was evaluated. H4 avian influenza viruses have been
circulating in wild waterfowls which are a natural reservoir of influenza A viruses, and
H4 virus infection in swine has been sporadically reported. Therefore, the emergence of
an H4 influenza pandemic in humans via pigs is concerned. In this study, after selecting
vaccine candidate strain from the virus library based on their genetic and antigenic
relation to one of the pig isolates, A/swine/Missouri/A01727926/2015 (H4N6) (MO/15),
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an inactivated whole-particle vaccine was prepared and its protective efficacy was
evaluated in a mouse model. Among them, the vaccine prepared from
A/swan/Hokkaido/481102/2017 (H4N6) had high immunogenicity in mice, and the
neutralizing antibodies induced by the vaccine had high cross-reactivity to the MO/15
virus. Moreover, after the MO/15 viral challenge, virus replication was reduced in the
lungs of the vaccinated mice, and body weight reduction and mortality were mitigated.
From those results, a whole-particle vaccine selected from the virus library is effective
against H4 virus infection, and it is supposed to be an effective preventive measure against
future pandemic influenza.

In conclusion, specific and nonspecific countermeasure for the future pandemic
influenza was evaluated and confirmed in this study. These findings will be the effective
preventive measure, therefore, further analysis for the preparedness against pandemic

influenza was required.
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Summary in Japanese (FI3CEE)

ABA L TNZ U TANVRT e RO A TN P OJRIR T A L
AD—DThH5bH, TANADEELE® T H —~OFEE R RMEDENNZ LY BD
AVTNTZ U TANVANE hALEBEET L2 8XEEAERY, —F, 7
ST BRI BB X0 ML X —ERBLTEY., B D
WMGFOA TN TANVAEGT D, ZDT2D 2 DOUA IVADERT
HEASENTZTEEN, FTRA L TINLZ o F I A NN ZARHEBT S5 2 L vilEE
DT I I MHEHLNIRS TS, BiTillf oAk b
DA TN P T A N R LTPURER R DD T, kDU 7 F T
1B N2 PEMNFHE I N2, DT, FFROFHA TN T A L AD
MBI 2 72 TIE DRSS E TH D, £ 2T, A TIIE X I D G
WIZ X B PURIERF R 72 EORE ., BELORT 7 F N2 K D PR A 72 5
DFEBIZL DA TN P T D TR E~ 7 2% VTR L7z,

B—E T, X 22 DREEY 25(0H)D; OFiA v 7V T A VAR
REFHME L7z, ©X I DIIREMEE X I 0—ETHY ., /M TlIs T
OB TR S 4, 25(0H)D; & 720 | Blg THEMERLD 1,25(0H)D & 725,
1,25(0H:D IZEH# 2> D L7 ¥ —|ZHEE L, MRIEMIER 2753 553, M
I B PR 1 15 BER & &V, £ 2T 1,25(0H).D DORIEMATH v | iz
BT DFEREMN 15 HEELS, S BI/METRI SRV 25(0H)D; DOfk A G
Z L DA TN U PITHT 2 TR E . ~ 7 R % 7o G F25R TRk
L7c, ZOfEER. 25(0H)Ds D 7 EF DOFFERIZ L 0 | fH 244372 & 25(0OH)D;3
BEOICHED D 24,25(0H),Ds R STz, S HIZ 2B D~ 7 A% A/Puerto
Rico/8/1934 (HIN1) THE L= L Z A, MinbEIEID U A VA& L,
EREPBDOHTEROBIN G RDO b, £72, 2NUH D~ 7 ATV TRIEM Y
A NI A OFEAMFINRD bz, LLEX D 25(0H)Ds ORI 7e R MK
(A TN KT DRI TRAE L 70D 2 DR STz,

BOETIE, HA A NV P OA N AL DR T I v 7 I A D
2D T I FUBROBRER ORI NTZT 7 F o OFHli 21T > 72, H4 #ifA
VINTEUYTANRT AR TN T AL ADHRIE T TH D EAK
BANTHER SN TWDE N, 77 ~ORRELBREICHE SN TS, £DH
H4 WA VTNV P OANVART X2 L CHRA TN T LR L
LCHETDIZENGIREND, £ 2T, 2015 HFITKETT 2ol S T
A/swine/Missouri/A01727926/2015 (H4N6) (MO/15) 1245 U 7 F L ¥k & i+
PUEMEZ S CICHFRBEO A NATA T T U —nhisk%, SR+ RE kY
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JF U ERML, ~UATHM Lz, ZO/RR, V7 F U8k E LTSN
A/swan/Hokkaido/481102/2017 (H4N6) # W CREI I N7=V 7 F i~ AT
R L CTEWRERMEZ R L, 358 S 7= HURIE MO/15 BRIZK L TR a2 22 500
PER LT, B, ZNHDREINIZ~Y T A% MO/NS R CHE LT Z A,
FixBEIN S D 7 A VAR L, (REBDCHE T EHROB GO b7,
PLEXY, OANATA T T =Rl LRGeSkl vV 7 7, H4 i
B ANVADEGZK L THEHATHY, kO T I v I A TN P
DR 72 TR L 725 2 LSRR S T,

PLEDORERNG, B4 22 DRI L 2 PURIER R 72 500 ORI, B X
WU 7 F UL DR R B OFHEIC L o4 7 v kT 5 7B
hREHERTDHZENTE I, TNOOREIT, FkiEEZ 2510 7
NOT Iy ZIRT D PHEOSIICERATH D Z L RSz,
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