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Abstract: Influenza virus is a seasonal respiratory pathogen that produces global pandemics by
genome reassortments. This rapid evolution creates difficulty in producing vaccines. Although
several anti-influenza drugs have been developed, acquisition of rapid drug resistance by viruses is
common. Therefore, it is important to develop novel therapeutic and prophylactic strategies. In this
study, we evaluated the antiviral effects of a microalgae Coccomyxa sp. KJ (IPOD FERM BP-22254)
extract in a BALB/c mouse model of influenza. Oral administration of dry algal powder (5 mg/day
or 20 mg/day) before infection with influenza A virus (IFV) suppressed viral proliferation in the
lungs and bronchoalveolar lavage fluid (BALF). It also exhibited stimulatory effects on systemic and
local production of neutralizing antibodies. These results suggest that this powder is a promising
candidate for the therapeutic and prophylactic management of influenza.
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1. Introduction

Influenza viruses cause contagious acute respiratory disease with seasonal variations.
Although healthy individuals recover within two weeks, immunocompromised individu-
als, such as the elderly, are at higher risk of developing serious complications including
death [1,2]. To date, vaccination is the most effective strategy for preventing influenza,
with a good safety profile and acceptable tolerability. However, vaccines sometimes fail
to provide cross-protection against variant strains and can exhibit unsatisfactory efficacy
in high-risk individuals. Alternatively, the disease may be treated with antiviral agents,
including neuraminidase inhibitors (oseltamivir and zanamivir) [3,4] and cap-dependent
endonuclease inhibitors (baloxavir marboxil) [5]. However, influenza viruses have been
found to evolve rapidly to acquire rapid drug resistance [6,7]. Given the unsatisfactory
efficacy of available vaccines and the emergence of drug-resistant strains, there remains an
unmet need for the management of this pathogen.

Coccomyxa sp. KJ (Pseudochoricystis ellipsoidea) is a green microalga isolated in Japan. It
has been reported to accumulate lipids to concentrations greater than 30% of its dry weight
and is therefore considered to be of industrial importance for biofuel production [8,9].
Recently, we investigated its antiviral component(s) using a bioactivity-guided assay.
Among these components, monogalactosyl diacylglyceride (MGDG) exerted virucidal
effects against herpes simplex virus type 2, severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2), and norovirus [10-12]. In vivo studies of norovirus have shown
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that MGDG suppresses viral replication and induces the production of virus-specific anti-
bodies [10]. However, because MGDG constitutes only 4-5% of microalgal dry weight, it is
expensive to use.

The aim of this study was to evaluate the potential of a more crude and dry Coc-
comyxa sp. K] powder in a mouse model of influenza. Our findings may offer a new
alternative for influenza management.

2. Materials and Methods
2.1. Algal Material

Coccomyxa sp. KJ was isolated from a hot spring in Japan and cultivated in the
inorganic medium of a culture pond, as described elsewhere [8]. Dry algae were pre-
pared by freeze-drying, followed by autoclaving at 121 °C for 20 min, and crushing in
a hammer mill (Fuji Paudal Co., Ltd., Osaka, Japan). MGDG has been obtained from
Coccomyxa sp., and its chemical structure was determined as previously described [12].
The neuraminidase inhibitor oseltamivir phosphate ((-)-ethyl(3R, 4R, 55)-4-acetamide-5-
amino-3-(1-ethylpropoxy)cyclohex-1-ene-1-carboxylate monophosphate) was purchased
from Hoffman-La Roche, Ltd. (Basel, Switzerland) and stored at 4 °C.

2.2. Cell Line and Virus

Madin-Darby canine kidney (MDCK) cells obtained from Denka Seiken Co., Ltd.
(Tokyo, Japan) were grown in Eagle’s minimum essential medium (MEM) supplemented
with 5% fetal bovine serum (FBS) and antibiotics (100 units/mL penicillin and 100 pg/mL
streptomycin; Nacalai Tesque, Inc., Kyoto, Japan). Influenza A virus (A/NWS/33, HIN1
subtype, Denka Seiken Co., Ltd.) (IFV) was propagated in MDCK cells. IFV stocks were
titrated by plaque assays. MDCK cell monolayers in 35-mm dishes were incubated for 1 h at
room temperature with virus that had been 10-fold serially diluted with phosphate-buffered
saline (PBS). Cell monolayers were washed with PBS, overlaid with MEM supplemented
with 0.5% agarose, and incubated at 37 °C for 2 days. After fixation with 10% formaldehyde
solution, the cell monolayers were stained with crystal violet solution and subjected to
plaque counting under a microscope (Olympus Corporation, Tokyo, Japan) [13].

2.3. Mice

Female BALB/c mice (5-6 weeks old) were obtained from Japan SLC (Shizuoka,
Japan). All animal experiments were conducted in accordance with the guidelines of
Chubu University and were approved by its Animal Care Committee (permission number
202110047). Mice were euthanized by anesthesia within 24 h (experimental endpoint) when
their body weight increased by more than 20% per day.

2.4. Murine Influenza Infection

In our initial experiments, we evaluated the effects of dry algal powder on in vivo
viral replication and virus-specific antibody production. BALB/c mice (five per treatment)
were intranasally infected with 2 x 10* PFU of IFV in 50 uL PBS on day 0. Dry algal
powder (5 mg/day or 10 mg/day) suspended and oseltamivir phosphate (0.2 mg/day)
dissolved in sterile water were orally administered twice daily for 14 days (7 days before
and 7 days after infection). Mice in the control group received intranasal vehicle (sterile
water) alone. Lung samples and bronchoalveolar lavage fluids (BALFs) were collected on
day 3, and blood and BALF samples were collected 14 days post infection. Lung samples
were sonicated for 10 s after adding 10 uL PBS per 1 mg of tissue and centrifuged at
10,000 rpm for 30 min to separate the supernatants, which were stored at —80 °C. BALF
was collected after four washes with 0.8 mL ice-cold PBS using a tracheal cannula and
centrifuged at 1500 rpm for 10 min to obtain supernatants that were stored at —80 °C.
Blood samples were centrifuged at 3000 rpm for 10 min, then sera were harvested and
stored at —20 °C. In a second experiment, we determined the effects of dry algal powder
on virus-specific antibody production two and four weeks after infection. Mice (five per
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treatment) were intranasally infected with 2 x 10* PFU in 50 pL PBS. Dry algal powder
(5 mg/day or 20 mg/day) was orally administered twice daily for 14 or 28 days 1 h post
infection, and sterile water was administered to the control group. Blood samples were
collected at 14 and 28 days after infection to obtain sera. To compare the therapeutic effect
of purified MGDG with that of dry algal powder, mice were infected with 2 x 10* PFU as
described above. MGDG (1 mg/day) suspended in sterile water was orally administered
twice a day for 14 days 1 h after infection. BALF samples were collected on days 3 and 14.

2.5. Neutralizing Antibody Assay

Anti-influenza virus titers in sera and BALFs were determined using a 50% plaque
reduction assay. Approximately 200 PFU of virus (0.1 mL) was mixed with 20- to 50,000-fold
serial dilutions (0.1 mL) of sera or 1- to 500-fold serial dilutions (0.1 mL) of BALFs, and
incubated at 37 °C for 1 h. Serum and BALFs were diluted in PBS. MDCK cell monolayers
in 35-mm dishes were incubated with 0.1 mL of each mixture at room temperature for 1 h,
and overlaid with MEM including 0.5% agarose. Dishes were fixed, stained, and quantified
as described above. Titers are expressed as the highest dilution of the serum or BALF
sample that reduced the plaque number by 50% relative to the PBS control.

2.6. Statistics

Comparisons between two groups were performed using Student’s t-test. Statistical
significance was set at p < 0.05.

3. Results
3.1. Algal Powder Attenuates Body Weight Decrease after IFV Infection

No observable side effects, such as diarrhea, were observed during the experimental
period. None of the mice showed a decrease in body weight greater than 20% within a day
throughout the experimental period. In the control group (water only), mice showed an
approximately 30% reduction in weight seven days after infection (Figure 1). Mice treated
with 5 and 10 mg/day showed approximately 30% and 20% reduction in body weight
7 days after infection, respectively. Dry algal powder administration caused no prolonged
weight loss compared to that in control mice, followed by rapid weight recovery. The body
weight of oseltamivir-treated mice did not decrease markedly (by less than 6%) throughout
the 14-day period following infection.
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Figure 1. Dry Coccomyxa sp. K] powder and oseltamivir inhibit weight loss. Influenza A virus (IFV)-
infected mice (1 = 5 per group) received oral water (control), 0.2 mg oseltamivir, or 5 or 10 mg/day
alga for 14 days (7 days before and 7 days after infection). Body weight on the day of infection was
taken as 100%. * p < 0.05 and *** p < 0.001 versus the control group.

3.2. Algal Powder Inhibits Viral Replication

When BALB/c mice were intranasally infected with IFV, virus yields in both lung
and BALF peaked at 3-4 days and then decreased gradually until day 7 post infection
(data not shown). To evaluate the effects of 5 and 10 mg/day dry algal powder on IFV
proliferation, we titered lung tissue and BALF three days after infection. The powder
showed a tendency to reduce titers in the lungs (Figure 2a) and significantly reduced titers
in the BALFs (p < 0.05) (Figure 2b). Titers did not differ significantly between mice treated
with 5 and 10 mg/day of dry algal powder. The positive control oseltamivir significantly
suppressed viral replication (p < 0.01).
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Figure 2. Dry Coccomyxa sp. K] powder inhibits IFV replication. IFV-infected mice (n = 5 per group)
were orally administered water (control), 0.2 mg oseltamivir, or 5 mg/day or 10 mg/day dry algal
powder for 14 days (7 days before and 7 days post infection). Virus yields in the lung (a) and BALF
(b) are shown. Each value represents the mean =+ standard deviation (SD) (n = 5). * p < 0.05 and
**p < 0.01 versus the control group.

3.3. Algal Powder Increases Neutralizing Antibody Responses

Resistance to influenza virus infection is partially mediated by the local and systemic
secretion of neutralizing antibodies [14,15]. Therefore, we titered neutralizing antibody in
sera and BALF samples collected 14 and 28 days post infection. The neutralizing antibody
titers in both serum (Figure 3a) and BALF (Figure 3b) (p < 0.01) samples were significantly
higher in mice treated with (5 mg/day or 10 mg/day) dry algal powder than in control mice.
The antibody titers did not differ significantly between mice treated with 5 or 10 mg/day.
In contrast, antibody titers in both serum and BALF samples were significantly lower in
mice from the oseltamivir-treated group (p < 0.001) than in controls (Figure 3).
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Figure 3. Dry Coccomyxa sp. K] powder increases IFV neutralizing antibody production. IFV-
infected mice (1 = 5 per group) were orally administered water (control), 0.2 mg oseltamivir, and 5
or 10 mg/day dry algal powder for 14 days (7 days before and 7 days post infection). The titers in
the serum (a) and BALF (b) are shown. Each value represents the mean + SD (n = 5). ** p < 0.01 and
*** p < 0.001 versus control.

3.4. Algal Powder Increases Weight and Antibody Production at 20 mg/day

In our second in vivo experiment, the effects of dry algal powder on body weight and
antibody production were compared between groups treated with 5 or 20 mg/day powder
for two or four weeks. Weight loss was attenuated by algal powder for two (Figure 4a)
and four (Figure 4b) weeks. During the recovery period, that is, at 7 days post infection,
we failed to detect virus in the lungs and bronchia and observed a significant increase
in weight (p < 0.05) in the alga-treated group. The time required to return to original
body weight was 24-28, 13-14, and 13-14 days for the control, 5 mg/day, and 20 mg/day
alga-treated groups, respectively. Compared to control mice, treatment with 5 mg/day
or 20 mg/day dry algal powder increased serum neutralizing antibody titers at 14 and
28 days post infection (Figure 5). Antibody titers at 4 weeks post infection were higher than
those at 2 weeks post infection.
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Figure 4. Dry Coccomyxa sp. K] powder attenuates weight loss. IFV-infected mice (1 = 5 per group)
were orally administered water (control), or 5 mg/day or 20 mg/day dry algal powder 1 h post
infection for 14 days (a) or 24 days after infection (b). Body weight on the day of infection was taken
as 100%. * p < 0.05 and ** p < 0.01 versus the control group.
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Figure 5. Effects of dry Coccomyxa sp. KJ powder on the production of serum IFV-neutralizing
antibodies. IFV-infected mice (1 = 5 per group) were orally administered water (control), or 5 mg/day
or 20 mg/day algal powder 1 h post infection for 14 days (a) or 28 days (b) after inoculation. Each
value represents the mean £ SD (1 = 5). * p < 0.05 and *** p < 0.001 versus the control group at 14 days

post infection; # p < 0.05 and ## p < 0.001 versus the control at 28 days post infection.

3.5. MGDG Accounts for Algal Powder’s Therapeutic Effects

To address the likely active component of the powder, MGDG, we treated mice with it
in the same manner. No side effects were observed following MGDG administration. Mice
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treated with 1 mg/day MGDG showed no prolonged weight loss compared to control mice
treated with water (Figure 6a). MGDG significantly suppressed IFV replication (p < 0.01) in
BALFs collected 3 d post infection (Figure 6b). The neutralizing antibody titers in BALF
samples collected 14 days post infection were significantly higher (p < 0.05) in mice treated
with MGDG than in controls (Figure 6c¢).
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Figure 6. Effects of MGDG isolated from Coccomyxa sp. KJ and oseltamivir in IFV-infected mice. The
mice (1 = 5 per group) were orally administered water (control), 0.2 mg oseltamivir, or 1 mg/day
MGDG for 14 days after virus inoculation. Body weight (a) on the day of virus inoculation (day 0) was
taken as 100%. Virus yields in BALF samples (b) were evaluated after three days of IFV inoculation.
Neutralizing antibody titers in BALF samples (c) were evaluated after 14 days of IFV inoculation.
*p <0.05,**p <0.01, and *** p < 0.001 versus the control group.

4. Discussion

Influenza virus infection is initiated in the upper respiratory tract and encounters
pulmonary phagocytic cells, such as alveolar macrophages, which constitute the first line
of defense. Macrophages respond rapidly and create an environment that supports the
induction of the immune response [16]. The production of neutralizing antibodies is an
important host defense mechanism that provides protection against reinfection by primary
or closely related strains [17,18]. However, there have been reports of reinfection with
pandemic strains of HIN1 influenza A virus after successful oseltamivir treatment [19].
In the present study, significantly lower titers of neutralizing antibodies were observed
in oseltamivir-treated mice (Figure 3). This decrease is likely to increase susceptibility to
reinfection. In contrast, administration of Coccomyxa sp. K] powder enhanced the produc-
tion of neutralizing antibodies after primary infection (Figures 3 and 5). Consequently, it is
plausible that this alga could help to prevent reinfection.

We examined viral loads in the lungs and BALFs of mice three days post infection
and observed that viral titers in Coccomyxa sp. KJ KJ-treated mice were lower than those of
controls (Figure 2). These protective effects were confirmed by determining virus-specific
antibody production (Figures 3 and 5). These results suggest that dry algal powder may
stimulate host immune responses. We recently reported that MGDG, a component of
Coccomyxa sp. KJ, exerts virucidal effects against herpes simplex virus type 2, SARS-CoV-
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2, murine norovirus, and feline calicivirus [10-12]. As shown in Figure 6, 1 mg/day of
MGDG exerted therapeutic effects in IFV-infected mice. Because the dry algal powder
used in the other experiments contained approximately 4% MGDG, 20 mg of powder
contains approximately 0.8 mg MGDG. Therefore, it is likely that the decrease in viral
replication by powder can be attributed to a direct interaction between MGDG and virus
particles. Recently, Ohshima et al. reported that a water-soluble extract of Coccomyxa sp. K]
affected T-cell fates and helped ameliorate superantigen-induced T cell hyperactivation
and immune suppression [20]. Alternatively, it is plausible that the therapeutic effects we
observed may have been mediated, at least in part, by other algal components. Suppression
of virus replication and stimulation of virus-specific antibody production by the alga likely
contributed to the more rapid recovery of body weight observed in the alga-treated group
(Figures 4 and 5).

Several types of algae are known to possess sulfated polysaccharides, including fu-
coidan and rhamnan sulfate, which have antiviral effects [21-29]. These components
are transported to Peyer’s patches in the intestinal epithelium by microfold cells (M
cells) [21,30,31]. M cells capture bacteria [32] and deliver them to antigen-presenting
cells. Thus, these sulfated polysaccharides may stimulate the immune response. However,
because the molecular weight of MGDG is low, it is unlikely to be transported to Peyer’s
patches by M cells.

5. Conclusions

Here, we evaluated the therapeutic and prophylactic effects of orally administered
Coccomyxa spp. KJ dry powder in virus-infected mice by measuring the body weight,
virus replication, and virus-specific antibody titers. We report that oseltamivir, a currently
approved anti-influenza drug, prevents a decrease in body weight and suppresses viral
proliferation and antibody production. In contrast, oral dry algal powder attenuated weight
loss, suppressed virus proliferation, and stimulated antibody production. Although MGDG
is thought to be one of the active components in this algal powder, further studies are
needed to characterize its active component(s).
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