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Marine environments are known to be a new source of structurally diverse bioactive molecules. In this paper, we
identified a porphyrin derivative of Pyropheophorbide a (PPa) from the mussel Musculus senhousei (M. senhousei)
that showed broad anti-influenza A virus activity in vitro against a panel of influenza A viral strains. The analysis
of the mechanism of action indicated that PPa functions in the early stage of virus infection by interacting with
the lipid bilayer of the virion, resulting in an alteration of membrane-associated functions, thereby blocking the
entry of enveloped viruses into host cells. In addition, the anti-influenza A virus activity of PPa was further

assessed in mice infected with the influenza A virus. The survival rate and mean survival time of mice were
apparently prolonged compared with the control group which was not treated with the drug. Therefore, PPa and
its derivatives may represent lead compounds for controlling influenza A virus infection.

1. Introduction

Musculus senhousei is a traditional Chinese seafood that is widely
distributed all over the Pacific coast including the USA, Australia,
Japan, and China, among other countries [1]. This mussel is reported to
live in the region ranging from intertidal to shallow subtidal zones at
the depth of approximately 30 m, and it is tolerant of low salinity and
low oxygen levels during its life span of ca. two years (http://www.
exoticsguide.org/musculista_senhousia). The outside shell of M. sen-
housei is smooth and shiny with a yellow-green color and can grow to a
maximum length of 35 mm, while its interior is purplish-gray. Analyses
of the habitat and growth conditions indicate that M. senhousei is a
passive filter-feeding shellfish. Thus, in addition to a small number of
protozoa, the main component of its food is diatoms, which belong to
20 different genera [2].

Marine environments have long been viewed as a major reservoir of
bioactive molecules that have the potential to be developed as ther-
apeutic drugs [3]. In our continuous search for anti-influenza A viral
compounds from natural sources [4-6] using the HS5SN1 pseudo-typed
virus screening approach, we identified the traditional Chinese seafood

* Corresponding author.
E-mail address: jianhe@smu.edu.cn (J. He).

https://doi.org/10.1016/j.bcp.2020.113982

Received 19 December 2019; Accepted 14 April 2020
Available online 17 April 2020

0006-2952/ © 2020 Elsevier Inc. All rights reserved.

M. senhousei as showing a good inhibitory activity toward influenza A
virus (IAV). The preliminary mechanistic study indicated that the an-
tiviral activity of this food resulted from the inhibition of virus entry
during early infection. We then investigated the bioactive components
of this mussel using a bioassay-guided approach, from which a por-
phyrin derivative named pyropheophorbide a (PPa) that showed sig-
nificant anti-IAV activity in vitro was isolated and identified, indicating
a potential application of this molecule in the development of new
antiviral agents.

IAVs are enveloped viruses, and the viral envelopes are derived
from portions of the host cell membranes and function to cover the
capsids to protect the packaged viral genome [7]. In addition to the
lipid bilayer, the viral envelope also contains viral glycoproteins, such
as hemagglutinin (HA), neuraminidase (NA) and the viral M2 protein.
These components, including lipid bilayers and associated proteins,
play important roles in the process of viral infection [8,9]. As a result,
they are viewed as promising tools for the development of new anti-
influenza A drugs [10].

The HA glycoprotein consisting of two subunits, HA1 and HA2, is
located on the surface of the envelope and is responsible for binding to
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Abbreviations

PPa Pyropheophorbide a

1AV Influenza A viruse

NA neuraminidase

HA hemagglutinin

MDCK  Madin Darby Canine Kidney

ICso half maximal inhibitory concentration
CCso half maximal cytoxic concentration

TCIDso, 50% tissue culture infective dose
MTT 3-(4,5-di methyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide

CPE cytopathic effect

ITC isothermal titration calorimetry

TPCK tosyl-phenylalanine-chloromethyl-ketone
FITC fluorescein isothiocyanate

DAPI 4,6-diamino-2-phenylindole

receptor sites on the host membrane (HA1) and mediating the fusion
between viral and host membranes (HA2). Following fusion, the viral
genome is able to enter and subsequently infect the host cells [11].

The lipid bilayer is a major component of the IAV envelope. To date,
a number of molecules targeting virion envelope lipids to interfere with
the fusion of viral-host cellular membranes have been reported [12,13].
These molecules convey their antiviral effects through biophysical
mechanisms, due to the molecular shapes and amphipathicity, thereby
inhibiting the formation of the negative curvature in envelope lipid
bilayers [14]. Consequently, these compounds show broad antiviral
activity toward many unrelated enveloped viruses.

Similarly, in this study, the identified compound PPa displayed anti-
IAV activity in the early stage of virus entry, while further experimental
data indicated that PPa did not mainly act on the HA glycoprotein or its
HA1 and HA2 subunits. Instead, it showed a strong tendency to interact
with envelope lipids, thus suggesting that the fusion of viral and cellular
membranes might be interrupted following the interactions between
PPa and viral envelope lipids. Herein, we report the anti-IAV activity
and the possible mechanisms of action of PPa.

2. Materials and methods
2.1. Chemicals and analytical instruments

NMR spectroscopic data were acquired in CDCl3 solution (Macklin,
China) at 400 MHz for 'H and 100 MHz for '>C respectively with a
Bruker DRX-400 spectrometer. Chemical shifts were referenced to the
corresponding solvent residual signal (7.26/77.23 in CDCl;). Low-re-
solution ESI-MS were recorded using a Waters 3100 single-quadrupole
mass spectrometer. Silica gel (300-400 mesh, Qingdao Marine
Chemical Factory, China), Sephadex LH-20 (Amersham Pharmacia
Biotech) and reverse-phase silica gel C18 (40-63 pum, Merck) were used
for the column chromatography. Positive control of oseltamivir phos-
phate was purchased from Yichang Dongyangguang Pharmaceutical
Co., Ltd.

2.2. Cells and viruses

Madin Darby canine kidney (MDCK) cells were cultured in
Dulbecco’s modified Eagle medium (DMEM, Sigma, USA) supplemented
with 10% fetal bovine serum (FBS, Sigma, USA) and 1% penicillin/
streptomycin. Influenza A subtypes include A/FM-1/1/47 (HIN1)
mouse adjustment strain, A/Puerto Rico/8/34 (HIN1) with NA-H274Y
mutation, and A/Aichi/2/68 (H3N2) were propagated in 9-day-old
chick embryo at 37 °C, and the allantoic fluid containing the above
viruses were stored at —80 °C and quantified in a 50% tissue culture
infectious dose (TCIDs) test until needed.

2.3. Extraction and isolation of pyropheophorbide a

Specimens of Musculus senhousei were collected from the seafood
market in Guangzhou, China, in March 2013. A voucher of specimen
(No. HGZ) was deposited at the Group of peptides and natural products
Research, School of Pharmaceutical Sciences, Southern Medical

University, Guangzhou, P. R. China.

The fresh mussels (40 kg) were grounded, and repeatedly extracted
for at least three times in 95% EtOH (3 x 20 L) at room temperature.
The EtOH extracts were evaporated under reduced pressure to afford a
dark brown semi-solid (250 g), which was then suspended in water and
partitioned sequentially with petroleum ether (30 g), dichloromethane
(18 g), and EtOAc (6.5 g). A portion of the EtOAc fraction (1.06 g) was
subjected to silica gel column chromatography and was eluted with a
gradient of petroleum ether and EtOAc (2:1 to 1:4) to yield three
fractions (Fr. 1-3). The most active fraction was then eluted with a
gradient the mixture of CH,Cl, and MeOH (from 2:1 to 1:2) to afford
another three fractions (Fr. 4-6), of which Fr. 5 was further purified by
reversed-phase silica gel (RP-18) with an eluent of CH3;CN : MeOH: H,O
(4:4:2) to afford PPa (25 mg).

2.3.1. Pyropheophorbide a (PPa)

Dark green solids, H NMR (CDCls, 400 Hz) &: 9.48 (1H, s, H-10),
9.37(1H, s, H-5), 8.54 (1H, s, H-20), 7.99 (1H, m, H-3%), 6.28 (1H, dd,
J = 1.28, 18.24 Hz, H-3 (trans)), 6.16 (1H, dd, J = 1.32, 15.52 Hz, H-
32 (cis)), 5.27 (1H, d, J = 19.88 Hz, H-132), 5.12 (1H, d, J = 19.84 Hz,
H-13%), 4.48 (1H, m, H-18), 4.30 (1H, m, H-17), 3.67 (1H, q,
J = 17.64 Hz, H-81), 3.65 (3H, m, H-12"), 3.40 (3H, s, H-21), 3.23 (3H,
s, H-7Y, 2.70 (1H, m, H-17Y, 2.29 (1H, m, H-17?%), 1.81 (3H, d,
J = 7.28 Hz, H-18'), 1.68 (3H, t, J = 7.64 Hz, H-82). 13C NMR (CDCl,,
100 Hz) &: 196.7 (s, C-13Y), 177.3 (s, C-173), 171.6 (s, C-19), 160.4 (s,
C-16), 155.6 (s, C-6), 151.0 (s, C-14), 149.3 (s, C-9), 145.3 (s, C-8),
141.9 (s, C-1), 138.1 (s, C-11), 136.5 (s, C-4), 136.3 (s, C-7), 136.1 (s, C-
3), 131.9 (s, C-2), 130.6 (s, C-12), 129.4 (d, C-3'), 128.6 (s, C-13),
122.8 (t, C-3%), 106.2 (s, C-15), 104.3 (d, C-10), 97.4 (d, C-5), 93.3 (d,
C-20), 51.2 (d, C-17), 50.2 (d, C-18), 48.2(t, C-13%), 30.8 (t, C-17?),
29.9 (t, C-171), 23.4 (q, C-18Y), 19.7 (t, C-81), 17.6 (q, C-83), 12.3 (q, C-
121, 12.3 (q, C-2"), 11.5 (g, C-7"). m/2 534.0 [M - H] ~. These data are
the same as those reported in the literature [15,16].

2.4. Cytotoxicity assay

The cytotoxicity of PPa on MDCK cells was evaluated by MTT assay
as described before [17]. Briefly, MDCK cells were prepared in 96-well
plates (1 x 10* cells for each well) for 24 h and exposed to PPa in a 2-
fold serial dilution. After incubation for 48 h, 100 uL of MTT (Sigma,
USA) solution (0.5 mg/mL DMEM diluent) was added and left at 37 °C
for 4 h. Subsequently, the supernatant was removed, and 150 pL of
DMSO solution was added to plate to dissolve the formazan product.
The absorbance of each well was measured at 570 nm by using a
Multiskan FC microplate reader (Thermo Fisher Scientific, Massachu-
setts, USA).

2.5. Anti-influenza A virus assay

MDCK cells (ATCC) were cultured in 96-wellg plates (2 x 10* cells/
well) for 24 h. A series of double-diluted PPa solutions was pre-in-
cubated with 100 TCIDs,, of the virus at 37 °C for 30 min, and these cells
were incubated with a virus-compound mixture for 1 h after two washes
with PBS. Then, 1 pg/mL of TPCK-trypsin (trypsin treated with TPCK,
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Sigma, USA) in serum-free DMEM was added to the cells. Next, cell
viability was measured using the MTT method at 48 h after the infec-
tion. S-KKWK [17] was used as a positive control, and the experiment
was independently repeated at least three times. Virus subtypes such as
the A/FM-1/1/47 (H1N1) mouse-adapted strain, A/Puerto Rico/8/34
(H1IN1), A/Puerto Rico/8/34 (H1IN1) with the NA-H274Y mutation,
and A/Aichi/2/68 (H3N2) were selected to evaluate the antiviral ef-
fects of PPa.

2.5.1. Anti-SARS-CoV-2 assay

Anti-SARS-CoV-2 assay was processed as reported previously [18].
Briefly, 5 x 10* Vero-E6 cells/well were seeded in 48-well plates at
37 °C overnight. To start the assay, SARS-CoV-2 virus (MOI of 0.05) was
pre-incubated with gradiently diluted PPa at 37 °C for 30 min, then the
mixture was transferred to the cells and incubated for another 1 h. After
incubation, cells were washed with PBS and added with the fresh
medium for 24 h. Then cell supernatants were collected and subjected
to viral RNA isolation, then qRT-PCR was performed to measure ex-
pression of the S gene of SARS-CoV-2 [18].

2.5.2. Inhibition on respiratory syncytial virus (RSV) by immuno-based
plaque assay

Generally, serially diluted PPa in 100 pL 2% FBS DMEM were in-
cubated with 200 plaque forming units (PFUs) of RSV (A2 strain) in
equal volume of 2% FBS DMEM for 1 h at 37 °C. Then 150 pL mixture
were added to each well of 24-well plate seeded with Vero-E6 cell to
near confluency. Then the plate was incubated at 37 °C for 1 h before
replacing the mixture with 1% methylcellulose DMEM. Five days later,
methylcellulose medium was thoroughly removed and cells were fixed
with 4% formaldehyde, permeabilized with 0.1% triton and blocked
with 5% nonfat-milk. Mouse antisera against RSV Fusion protein di-
luted at 1:300 w incubated with cells for 1 h at 37 °C and washed three
time by PBS-0.1% Tween 20. Cells were then incubated with second
antibody-conjugated with horseradish peroxidase (catalogue number:
SA00001, Proteintech, China) for 1 h at room temperature and washed
three times as usual. Finally, plaques appeared 15 mins later after
adding 3, 3’, 5, 5’-tetramethylbenzidine reagent. Plaques in each well
were manually counted, no-compound well were made as control in
each test.

2.6. Antiviral assay with different drug administration protocols

Four different drug administration protocols were used in this study
to assess the possible mechanisms of PPa, as described in a previous
study [19]. (1) Pretreatment of cells: After pre-incubating cells with
PPa at 37 °C for 30 min, the cells were infected with the influenza virus
A/PR/8/34 (HIN1) (100 TCIDsg). (2) Pretreatment of the virus: Influ-
enza virus A/PR/8/34 (H1N1) (100 TCIDs,) was added to MDCK cells
after a pre-incubation with PPa for 30 min at 37 °C. (3) During infec-
tion: The mixture of PPa and virus was added to the cells simulta-
neously. (4) After infection: PPa was added after the virus adsorbed
onto the cells. The cells were washed with PBS and cultured with
serum-free serum DMEM (Sigma, USA) containing 1 pg/mL TPCK-
trypsin for 48 h. At the end of the incubation, the MTT assay was
performed to evaluate cell survival. The cytopathic effect (CPE) on
virus-infected cells was observed under the microscope.

2.7. Plaque reduction assay

MDCK cells were cultured in 6-well plates (4 X 10° cells/well) for
24 h. Antiviral effects were evaluated using two drug treatment ap-
proaches: “During infection” and “Pretreatment of the virus”, as men-
tioned above [17]. After treatment, cells were washed with PBS to re-
move the free virus and then cultured in 3 mL of serum-free MEM (2 X )
containing 1x TPCK-trypsin (1.6% AGAR for 72 h, as mentioned
above). The cells were then fixed with 4% paraformaldehyde for
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20 min, and then incubated with a 0.5% (w/v) crystal violet dye so-
lution for 1 h at 37 °C. The effect of PPa on viral plaque formation was
determined by counting the number of plaques.

2.8. Quantitative real-time PCR assay

MDCK cells cultured in 6-well plates (4 x 10° cells for each well)
were subjected to two modes of drug treatment: “during infection” and
“pretreatment virus”. After 24 h of post-infection, total cellular RNA
was extracted with Trizol reagent (Sigma, St. Louis, MO, USA) and
reverse transcribed into cDNA using the primers as listed below. Real-
time quantitative PCR was performed using the two-step PCR amplifi-
cation standard procedure of ABI7500 system (Applied Biosystems,
Massachusetts, USA). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Sigma, USA) was used as an internal control. The relative
expression of the HA gene was measured by a classical 2T method
by using 7500 software. Each sample was tested independently more
than three times. The primer sequences of target genes are as follows:
5’-TTCCCAAGATCCATCCGGCAA-3’ (HA-Forward), 5-CCTGCTCGAAG
ACAGCCACAACG-3’ (HA-Reverse), 5’~-AGGGCAATGCC AGCCCCAGCG-
3’ (GAPDH-Forward), 5-AGGCGTCGGAGGGCCCCCTC-3’ (GAPDH-
Reverse).

2.9. Immunofluorescence staining and microscopy

MDCK cells were cultured to 80% confluence in 48-well plates and
then infected with influenza virus A/PR/8/34 (HIN1) (100 TCIDsg)
using both the “Pretreatment of the virus” and “During infection”
protocols. After 24 h, cells were fixed with 4% paraformaldehyde for
20 min and then blocked with 4% bovine serum albumin (BSA) for 4 h
at 37 °C. An anti-influenza virus nucleoprotein (NP) antibody (1:250
dilution in 4% BSA, Santa Cruz, Texas, USA) was incubated with the
cells overnight at 4 °C, followed by an incubation with a secondary
antibody conjugated with fluorescein isothiocyanate (FITC) (Sigma,
USA) (diluted 1:250 in 4% BSA) for 4 h at 37 °C. Then, cells were
counterstained with 4,6-diamino-2-phenylindole (DAPI) (Sigma, USA)
for 10 min, and the plate was monitored under a fluorescence micro-
scope (ZEISS Axio Observer, Germany).

2.10. Time-of-addition assay

To study which phase of the virus life cycle PPA interacted with, the
infected MDCK cells were treated with 5 pug/mL of PPa for the indicated
time interval (0-2, 2-4, 4-6, 6-8 h), covering the first viral replication
cycle. After 24 h, the cells were frozen and thawed three times until the
cells were completely disrupted, the supernatant was collected, the cell
debris was removed by centrifugation, and the virus titer was de-
termined by a method to measuring TCIDsq of virus.

2.11. Polykaryon formation inhibition assay

The polykaryon formation inhibition assay was performed using a
protocol described in the literature. Briefly, MDCK cells were trans-
fected with plasmid-encoded HA (from influenza A/Thai/ Kan353/
2004 virus) (2 ug DNA/well) using PEI according to the Manufacturer’s
instructions. After a 10 h incubation, the transfection medium was re-
placed with fresh DMEM containing 10% fetal bovine serum. At 48 h
after transfection, the cells were washed twice with PBS and treated
with tosyl-phenylalanine chloromethyl-ketone (TPCK)-trypsin (5 pg/
mL) for 15 min at 37 °C. Then, cells were pretreated with 0.5 mL of PPa
or 1% methanol at 37 °C for 15 min followed by an incubation with
0.5 mL of pH 5.0 PBS or 1% methanol at 37 °C for another 15 min.
Afterwards, the cells were washed twice with PBS, and then 1 mL of
complete medium was added and incubated at 37 °C. After 3 h, the cells
were fixed with methanol and incubated with Giemsa stain (Sigma,
USA). The formation of syncytia was quantified by counting the number
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Fig. 1. a The structure of PPa. 1b Assay
examining the ability of PPa to reduce the
number of plaques of the influenza A/Puerto
Rico/8/34 (H1IN1) virus. The assay was
performed using the “Pretreatment of the
virus” and “During infection” approaches. In
the first approach, 5 pg/mL PPa was pre-
incubated with 100 TCIDsq of the virus for
30 min at 37 °C before being added into the
cells, while in the latter approach, the same
titer of virus mixed with PPa (5 ug/mL) was
simultaneously added to cells. After an in-
cubation at 37 °C in a 5% CO, atmosphere
for 48 h, the cells were fixed and stained. 1c¢
The number of plaques from each group
were counted, and the plaque inhibition rate
of PPa against the influenza A/Puerto Rico/
8/34 (H1N1) virus was calculated.
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of polynuclei (containing 5 or more nuclei) under the microscope, and
the percentage of syncytia that formed was determined and compared
to the methanol control.

2.12. Fluorescence spectroscopy analyses

MDCK cells were collected, washed twice with PBS, and re-
suspended in 10 mL of PBS. Afterwards, 20 mL of chloroform-methanol
(1:2, v/v) were added. After shaking for 90 min, the supernatant was
removed and 20 mL of chloroform:water (1:1, v/v) were added. Then
the mixture was shaken for another 30 min. Then, the chloroform phase
was separated using a separating funnel. The solvent was removed with
a rotary evaporator to obtain lipids.

A lipid suspension was obtained ultrasonically by adding a certain
amount of PBS to 100 pg/mL of lipids and then 1 mL aliquots were
transferred to several Eppendorf tubes to measure the binding of PPa to
a lipid bilayer. PPa was next added to the lipid suspension at a final
concentration of 5 pg/mL. After extensive mixing, the mixture was in-
cubated at 37 °C for 45 min, the supernatant was removed, and the
lipids were washed twice with PBS. Afterwards, 1 mL of methanol was
added to the lipids and shaken for 20 min to dissolve the PPa absorbed
on the lipids. The fluorescence intensity was then measured using a
fluorescence spectrophotometer (FluoroMax-4, HORIBA, France) at an
excitation wavelength of 365 nm and a scanning range of 500 to
800 nm.

The effects of the PPa interaction with lipids were further in-
vestigated by measuring the fluorescence intensity. Briefly, lipids were
suspended in PBS at a concentration of 1 mg/mL and incubated with
1 pug/mL of PPa in the dark for 2 h. The fluorescence emission spectrum
was detected using a fluorescence spectrophotometer and compared
with the sample lacking lipids.

2.13. Isothermal titration calorimetry (ITC) assay

Lipids extracted from MDCK cells were dissolved in 5% DMSO at a
concentration of 1 mg/mL, and then degassing for 10 min. The change
in caloric value when PPa (75 pg/mL) interacted with lipids was re-
corded using isothermal titration calorimetry (MicroCal PEAQ -ITC,
Malvern, UK). The ITC reaction conditions were set as follows:
Temperature: 25 °C; Number of injections: 19; Volume: 2 pL; Spacing:
100 s; Reference power: 10 pcal/s; Stirring speed: 750 rpm. The ex-
perimental data were analyzed by MicroCal peak - ITC analysis software
which can provided a thermal parameter calculation model. The
average MW of lipids was set to be 3,000 [20].

Biochemical Pharmacology 177 (2020) 113982

2.14. Anti-influenza virus test in vivo

2.14.1. Animals

Specific-pathogen-free (SPF) male KM mice aged approximately
four weeks with an average weight of 19-22 g were purchased from the
Laboratory Animal Center of Southern Medical University (SMU)
(Guangzhou, China). All mice were fed standard laboratory chow and
provided ad libitum access to water during the animal experiments. The
experiments were monitored in accordance with the Standard
Operating Procedures of the facility and the Animal Welfare Act.

In the anti-influenza A virus activity test of PPa in vivo, the mice
were randomly divided into five groups, including the uninfected and
water-treated group (Blank), the infected and water-treated group
(Viruses), the group that was infected and treated with 10 mg/mL
oseltamivir (Oseltamivir), and the groups that were infected and treated
with PPa at concentrations of 10 mg/Kg (PPa-H) and 2.5 mg/Kg (PPa-
L). Oseltamivir was dissolved in water, while PPa was initially dis-
solved in polyethylene glycol 400 and then diluted four-fold with water.
The infected mice were anaesthetized with ethyl ether and then in-
tranasally challenged two times with influenza A/PR/8/34 (HIN1)
virus at the titer of 2 x 10° TCIDs in a volume of 30 pL. Subsequently,
the mice were orally administered different agents once a day for five
days. On the sixth day, the mice were provided access to the food and
water ad libitum. Body weights, mortality and the general behavior of
the mice were recorded daily for 15 consecutive days.

2.14.2. Lung index

Using the same protocol as the in vivo anti-influenza virus test de-
scribed above, the intragastric administration was stopped in three
mice from each group on the fourth day after infection with the virus
and the animals were sacrificed. Their lungs were harvested, washed
with normal saline, dried with gauze and weighed. The lung index was
calculated using the following equation:

Lung index = lung weight/body weight X 100%

2.14.3. Histopathologic observation

After evaluating the lung index, all of the lung tissues obtained from
mice were immersed in 4% paraformaldehyde solution (PFA,
LEAGENE) as soon as possible. Then the lung tissues were embedded in
paraffin, cut into thin sections (about 4 um thick), and stained using the
Hematoxylin and Eosin staining method before histopathologic analysis
under the microscope.

2.15. Statistical analysis

Statistics were performed using GraphPad Prism 5 software (San
Diego, CA). Data expressed as the means *+ standard deviation (SD)

Table 1

Inhibitory activity of PPa against influenza A viruses and toxicity in MDCK cells.
Name ICso = SD (ug/mL)" CCso * SD (pg/mL)" MW#

PR8® FM-1¢ 4274° H3N2'

S-KKWK 1.88 = 0.93 1.99 + 0.23 NT" NT NT 1014.84
PPa 0.17 = 0.15 0.88 = 0.30 0.56 0.53 0.66 += 0.59 74.84 + 1.93 534.00
Chlorophyll 2491 = 1.67 > 50 > 50 > 50 56.05 *+ 2.62 NT
2 The anti-influenza A virus (IAV) activity was assessed after the virus was pretreated with PPa.
b

The toxicity in MDCK cells was evaluated using the MTT assay.
¢ A/Puerto Rico/8/34.

4 A/FM/1/47 mouse-adapted viral strain.

¢ A/Puerto Rico/8/34 with the NA-H274Y mutation.

' A/Aichi/2/68.

& MW: molecular weight

" NT: not tested.
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Fig. 2. a The effect of PPa on nucleoprotein (NP) expression in cells was detected using indirect immunofluorescence staining. MDCK cells were treated with 100
TCIDs, of influenza A/PR/8/34(H1N1) virus and 2.5 pg/mL PPa using the “Pretreatment of the virus” and “During infection” approaches. At 24 h post-infection, NP
in the cytoplasm (green fluorescence) of MDCK cells was immunostained and detected under a fluorescence microscope. DAPI was used to indicate the position of the
nucleus (blue fluorescence), and 5 pg/mL S-KKWK was administered using the same methods as a positive control. 2b The green fluorescence of NP expression in
each group was quantified using ImageJ software, and the rate at which PPa inhibited NP expression from the influenza A/Puerto Rico/8/34 (H1N1) virus was
calculated. 2¢ The antiviral effects of PPa on influenza A/PR/8/34 (H1N1) were evaluated by measuring the mRNA level of the HA gene after treatment with PPa
using the “Pretreatment of virus” or “During infection” drug administration approaches. One-way analysis of variance (one-way ANOVA) was employed to assess the
statistical significance of differences in the data between the virus-infected groups: * p < 0.05, " p < 0.01,and ~ p < 0.001. 2d. The antiviral effects of PPa
against RSV (left) and SARS-CoV-2 (right). The green and red bars indicate the inhibition of PPa against RSV or SARS-CoV-2, while the black bars refer to the
cytotoxicity of PPa on Vero-E6 cells at the indicated concentrations. The anti-RSV and anti- SARS-CoV-2 assays were as shown in the experimental section. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



D. Chen, et al.

were repeated at least three times. ImageJ was used to quantized the
Fluorescent images. Data were determined by one-way ANOVA using
SPSS 22.0 software. The mortality rates were analyzed by Log-rank
(Mantel-Cox) test (P < 0.01) using GraphPad Prism 5 software.
Statistical significance was defined as *P < 0.05, P < 0.01,
P < 0.001.

3. Results
3.1. Pyropheophorbide a was isolated and identified from M. senhousei

The mussel M. senhousei was collected in the area of the South China
Sea, Guangdong Province, China. The fresh mussels were grounded and
extracted with ethanol at least three times. The crude extracts were
then isolated and purified using a bioassay-guided approach with in-
fluenza A/Puerto Rico/8/34 (HIN1) virus as the test strain.
Consequently, a compound with a green color was isolated and subse-
quently identified using NMR and MS spectroscopic interpretation, and
proven to be a known compound, 3-[(3S,4S)-14-ethyl-4,8,13,18-tetra-
methyl-20-0x0-9- vinyl-3-phorbinyl] propanoic acid, also named pyr-
opheophorbide a (PPa) [15], as shown in Fig. 1a.

3.2. PPa actively inhibited the infectivity of a broad range of influenza A
viruses

We then tested the antiviral activity of PPa toward a panel of in-
fluenza A viruses, including influenza A/Puerto Rico/8/34 (HI1N1), A/
FM/1/47 (H1IN1) mouse-adapted viral strain, A/Puerto Rico/8/34
(H1N1) with the NA-H274Y mutation, and A/Aichi/2/68 (H3N2) viral
strains. In addition, the compound S-KKWK that was previously re-
ported as an entry inhibitor of IAVs was used as a positive control [17],
and chlorophyll was used for comparison due to it is structurally similar
to PPa. The antiviral activity was evaluated by pretreating host MDCK
cells with the virus [20], and the survival of the host cells was observed
under microscope by evaluating the cytopathic effects (CPE) and then
quantified with the MTT assay. As shown in Table 1, PPa showed broad
activity against all tested strains, with ICsq values ranging from 0.17 to
0.88 pg/mL. Notably, PPa also displayed a similar activity against A/
Puerto Rico/8/34 (H1N1) with the NA-H274Y mutation, an influenza A
viral strain that is resistant to the clinically used drug oseltamivir, in-
dicating a different action mechanism from oseltamivir.

In addition, the MTT assay was performed to evaluate the cyto-
toxicity of the tested molecules and to determine whether the anti-IAV
activity resulted from the cytotoxicity of PPa. As shown in Table 1, the
CCso value of PPa was 74.84 + 1.93 ug/mlL, a value that is much
higher than its viral inhibitory activity.

The anti-IAV activity of PPa was next confirmed using the plaque
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reduction assay. As indicated in Fig. 1b and c, under the testing con-
dition of “Pretreatment”, 5 pg/mL of PPa suppressed the formation of
all plaques compared with an ca. 80% inhibition rate under the con-
dition of simultaneous treatment (“During infection”), which was fur-
ther assessed using indirect immunofluorescence staining and qRT-PCR,
as shown in Fig. 2.

Indirect immunofluorescence staining was used to detect the effects
of PPa on the expression of the viral nucleoprotein (NP) in MDCK cells.
After cells were infected with the virus using the “Pretreatment” and
“During infection treatment” methods, the expression of NP from the A/
Puerto Rico/8/34 (H1N1) influenza virus was observed under a fluor-
escence microscope at 24 h post-infection (Fig. 2a) and then quantified
using ImageJ software [21] (Fig. 2b). The green fluorescence associated
with NP expression was significantly decreased compared with the
“virus” group without drug treatment. Notably, the “Pretreatment”
group showed greater activity of the drug than the simultaneous
treatment group (“During infection”).

A similar conclusion was obtained by measuring the mRNA level of
the HA gene from influenza A/PR/8/34 (H1N1) after treatment with
PPa using two drug administration approaches (Fig. 2c). The level of
HA gene was dramatically decreased when treated with 5 ug/mL PPa
compared with the group without drug treatment (P < 0.001), and the
HA level observed in cells subjected to the “Pretreatment of the virus”
was lower than in cells subjected to the “During infection” treatment.

Furthermore, the antiviral activity of PPa was also assessed by
testing viruses that induce respiratory disease, including respiratory
syncytial virus (RSV) and severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2). As indicted in Fig. 2d, at 25 pM, PPa in-
hibited the formation of RSV plaques up to 75% detected by immuno-
based plaque assay, and inhibited almost 100% of the expression of S
gene of SARS-CoV-2 detected by qRT-PCR (Fig. 2d). Therefore, in ad-
dition to influenza A viruses, PPa was also active against other viruses
that cause respiratory diseases.

3.3. The anti-IAV activity of PPa results from the blockade of the early
infection of influenza A virus

Next, we investigated the inhibitory effects of PPa on the influenza
virus life cycle. Four different drug administration approaches, in-
cluding Pretreatment of cells, Pretreatment of the virus, During infec-
tion, and After infection, were employed as described above [19] to test
the inhibitory effects of the drug. The CPEs were observed under a
microscope and used to evaluate the antiviral effects of PPa (Fig. 3a),
which were further quantified using the MTT assay. As shown in
Table 2, the “Pretreatment of the virus” was the most active drug ad-
ministration approach and resulted in an ICsq value of 0.17 + 0.15 pg/
mL compared with 4.47 =+ 0.23 pg/mL for the “During infection”
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Fig. 3. a Cytopathic effects (CPE) on MDCK cells infected with influenza A/PR/8/34 (HIN1) (100 TCIDs). Four different drug administration protocols were
employed to treat the virus or cells at the concentration of 5 ug/mL of PPa. Phase contrast images were obtained using a microscope at 48 h post-infection. 3b Time-
of-addition assay. MDCK cells infected with A/PR/8/34(H1N1) (100 TCIDs,) were treated with 5 pg/mL PPa at the indicated time intervals. The virus titer was
determined by measuring the TCIDs, of virus in the supernatant at 48 h post-infection; *p < 0.05, “p < 0.01,and “"p < 0.001. 3¢ Hemagglutinin inhibition
assay designed to measure the inhibitory effect of PPa on the binding of the virus to target cells. An equal volume of influenza A/Puerto Rico/8/34(H1N1) virus
(4HAU) was transferred to a microwell plate containing two-fold serially diluted PPa in PBS. Then, erythrocytes (1% v/v in saline) were added to each well. After an
incubation at room temperature for 1 h, the hemagglutination reaction was analyzed. PBS without virus served as a positive control, while virus served as the
negative control. 3d Hemolysis inhibition assay. A suspension of freshly prepared chicken erythrocytes (2%) was added to the mixture of PPa (15 pg/mL) with the
influenza virus A/PR/8/34 (H1N1) in allantoic fluid. The mixture was then acidified to a pH ranging from 4.6 to 6.0 (sodium acetate, 0.5 M), and incubated at 37 °C
for 30 min. At the end of the incubation, the mixture was centrifuged and the absorbance of the supernatants containing released hemoglobin was measured at
ODs3susing a Multiskan FC microplate reader. 3e Neuraminidase (NA) inhibition assay. A reaction mixture consisting of PPa and influenza A/Puerto Rico/8/
34(H1N1) virus in MES buffer was incubated for 45 min. Afterwards, 4-MU-NANA was added to each well, the mixture was incubated for another 1 h, and the
reaction was terminated with NaOH (83% ethanol). Finally, an excitation wavelength of 340 nm and an emission wavelength of 440 nm were used to measure

resulting fluorescence of the mixture. Oseltamivir phosphate and zanamivir were employed as positive controls.

treatment. On the other hand, the “Pretreatment of cells” and “After
infection” approaches showed no activity in the tested range, clearly
indicating that PPa may act on the early stage of IAV infection by
blocking the entry of viruses into host cells.

The inhibitory effect of PPa on virus entry was again assessed using
a time of addition experiment. As shown in Fig. 3b, 5 ug/mL PPa was
added to MDCK cells infected with the A/PR/8/34 (H1N1) virus (100
TCIDs) at the indicated time intervals, and the titers of the virus in the
supernatant were then monitored at 48 h post-infection. The highest
percentage of inhibition was observed at the interval of (-1)-Oh of
treatment of the virus (equal to “Pretreatment of the virus”), consistent
with the observations obtained from different drug administration ex-
periments.

3.4. PPa does not act on the surface glycoproteins HA and NA

Due to the important role of HA in the entry of IAV into host cells,
we studied whether HA was the possible target of PPa. We used the
hemagglutinin inhibition assay to measure the inhibitory effect of PPa
on viral adsorption into target cells and the hemolysis inhibition assay
to determine whether PPa inhibited the hemolytic effect of PPa on
chicken erythrocytes [19]. The negative results obtained in both ex-
periments shown in Fig. 3c and d indicated that PPa was unable to
block the agglutination of erythrocytes and failed to reduce the he-
molytic effect of the virus on erythrocytes under both acidic and neutral
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Fig. 3. (continued)

pH conditions. Therefore, hemagglutinin (HA) is not likely the major
target of PPa.

In addition to HA, we also investigated if the surface glycoprotein
neuraminidase (NA) was the possible target of PPa. As shown in Fig. 3e,
PPa did not noticeably inhibit NA inhibition at the concentrations
tested. In the NA inhibition assay performed with a concentration of
PPa as high as 32 ug/mlL, the percent inhibition of the activity of NA
toward the substrate 4-MU-NANA was still less than 25%.

3.5. PPa interacts with the viral envelope lipid bilayer to block the entry of
IAV

Considering the early inhibitory effect of PPa on IAV and the im-
portant role of the viral envelope lipid bilayer in mediating the entry of
viruses [22], we speculated whether the viral envelope lipids were the
possible target of PPa. Initially, we investigated the ability of PPa to
inhibit fusion by blocking the interaction between HA and lipids using
the polykaryon formation inhibition assay [23], as shown in Fig. 4a and
b. At a higher concentration of 10 ug/mL, PPa inhibited the formation
of polykaryons by up to 95% compared with the samples lacking the
drug treatment, indicating the presence of interactions among PPa, HA
and cell membrane lipids that inhibited the formation of a polykaryon
to some extent.

3.6. PPa may interact with the envelope lipid bilayer to inhibit the entry of
viruses

Since the viral envelope lipid bilayer was derived from the host cell
membrane, we next investigated the interactions between PPa and li-
pids that were extracted from MDCK cells. First, we tested whether PPa
bound to the surface of the lipid bilayer. In this experiment, 5 pg/mL
PPa was incubated with lipid extracts or with MDCK cells at 37 °C for
45 min. After extensive rinses with PBS to remove the unbound PPa, the
PPa absorbed on lipid or cells was then extracted with methanol, and
the fluorescence intensity was subsequently measured at the excitation
wavelength of 365 nm. As shown in Fig. 4c, an intense fluorescence
emission of PPa at a wavelength of ca. 666 nm was observed from lipid
extracts (60% remaining) and cell extracts (38% remaining), indicating
a strong binding affinity of PPa for the lipid bilayer.

Table 2
Assessment of the anti-influenza virus activity of PPa using four different drug
treatment modes.

Name ICso *= SD (ug/mL) ?

Pretreatment of Pretreatment of During infection  After

cells the virus infection
S-KKWK >10 1.88 + 0.93 5.84 = 1.89 > 10
PPa >10 0.17 = 0.15 4.47 = 0.23 > 10

@ The A/PR/8/34 (H1N1) influenza virus was used in this experiment.
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Fig. 4. a Polykaryon formation inhibition assay. MDCK cells expressing HA from influenza A/Thailand/Kan353/2004 were treated with PPa and then acidified to pH
5.0 for 15 min at 37 °C. Afterwards, the cells were incubated at for 3 h. At the end of the incubation, the cells were fixed and stained with Giemsa solution. Syncytium
formation was visualized and counted using a microscope. Polykaryons are indicated by red arrowheads. 4b The results were quantified by counting the number of
polykaryons. Syncytium formation was quantified by counting the number of polykaryons in whole fields of the plate. Each of the polykaryons contains at less three
nuclei. The polykaryon inhibition was compared to the pH 5.0 control.4c Lipids were extracted from MDCK cells, mixed with PBS to form a suspension, and then PPa
was added to a final concentration of 5 pg/mL. The mixture was incubated at 37 °C for 45 min, the supernatant was removed, and the lipids were washed with PBS
twice. The bound PPa was then extracted with 1 mL of methanol for 1 h, and the fluorescence intensity was measured at the excitation wavelength of 365 nm. 4d
Lipids were suspended in PBS at a concentration of 1 mg/mL, and then PPa was added at a final concentration of 1 pg/mL. After an incubation for 2 h, the
fluorescence intensity was measured at the excitation wavelength of 365 nm. 4e The thermodynamic curve of the binding of 75 pug/mL PPa to 1 mg/mL of lipids was
obtained by performing an ITC assay. The thermal changes occurring in response to the interactions between PPa and cellular lipids were detected. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Next, fluorescence spectroscopy was employed to measure the in-
teractions between PPa and lipids. First, 1 ug/mL of PPa in PBS or
mixed with 1 mg/mL of lipids in PBS was excited at a wavelength of
365 nm, and then the emission fluorescence was measured at wave-
lengths ranging from 640 to 720 nm, as indicated in Fig. 4d. The data
revealed a ca. 15-fold increase in the fluorescence intensity when the
assay was performed in the presence of lipids. Furthermore, an ap-
parent red shift of 11 nm from 666 nm to 677 nm in the maximum
emission wavelength was observed when lipids were added to PPa.

Inspired by these data, we then semi-quantitatively measured the
lipid-PPa interactions using isothermal titration calorimetry (ITC) to
obtain the thermodynamic curve of the binding of PPa to lipids [24].
The lipids extracted from MDCK cells were added at a concentration
1 mg/mL, while the concentration of PPa was 75 ug/mL. The thermal
changes due to the interactions between PPa and cellular lipids were
detected and presented in the thermogram shown in Fig. 4e. The ITC
peaks were negative, indicating that the interactions between PPa and
lipids were exothermic. Based on the measured AH and TAS values
(Table 3), the binding affinity Ky (dissociation constant) between PPa
and lipids was calculated to be 8.71 pM.

3.7. The anti-IAV activity decreases upon the addition of a lipid bilayer

Because PPa interacts with the lipid bilayer, we next examined the
effect of lipids on the anti-IAV activity of PPa in vitro. As indicated in
Table 4, the antiviral activity of PPa was apparently reduced after the
addition of lipids, further supporting the presence of interactions be-
tween PPa and lipids.

3.8. PPa increases the survival rate and prolongs the mean survival time of
IAV-infected mice

The anti-IAV activity of PPa was further assessed by analyzing IAV-
infected mice. In the experiment, 4-week-old male Kunming mice (the
average body weight was ca. 19-22 g) were divided into five groups of
10 mice each, as indicated in Fig. 5a. The mice were intranasally
challenged twice with 2 X 10° TCIDsq of influenza virus A/PR/8/34
(HIN1) in a volume of 30 pL of normal saline (NS). After the viral
infection, the mice were orally administered one dose of PPa or osel-
tamivir. The compounds were administered once a day until the fifth
day. The mean number of days the animals survived and survival rate
were measured for 15 days to evaluate the efficacy of PPa.

As shown in Fig. 5a, compared with the virus control group, the
survival rate and mean survival time of infected mice treated with both
high and low dosages of PPa were noticeably increased. In parallel, a
significant increase in the lung index was observed for all virus-chal-
lenged mice compared with the blank control group. In addition, the
average lung indices for compound-treated groups were lower than the
virus control group; nevertheless, no significant difference between
PPa-H group and PPa-L group was observed in this experiment
(Fig. 5b).

Furthermore, the body weight of all virus-infected mice decreased
until the eighth to ninth days compared with the slow increase in body
weight observed in the blank control group. The body weights of
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compound-treated groups slowly increased, while all the mice in virus
control group had died (Fig. 5c). In addition, the histopathological
examination of the lungs of mice (Fig. 5d) showed that as compared
with the blank control group, a large amount of alveolar collapse or
deformation around bronchioles occurred, and many inflammatory cell
infiltrations were observed in the virus-infected mice. In contrast, the
symptoms were dramatically alleviated in the compound-treated group
(Fig. 5d), further supporting the protective effect of PPa.

4. Discussion

Influenza A virus is an infectious pathogen that induces respiratory
tract infections in humans and affects 5-15% of the global population
with a mild to severe illness each year [25]. Currently, only two types of
anti-IAV drugs are available, but the emergence of viral strains resistant
to these compounds has been reported [26], in addition to some side
effects. Therefore, it is imperative to develop new and effective anti-IAV
drugs that employ a different mechanism by targeting other viral pro-
teins or cellular factors involved in the influenza virus life cycle. In this
study, we identified a porphyrin derivative, pyropheophorbide a (PPa),
with broad anti-IAV activity in vitro. PPa was isolated from the marine
mussel M. senhousei, and it has also been isolated from abalone [27].
Structurally, PPa is a derivative of chlorophyll. Therefore, a reasonable
deduction that the original sources of PPa might be phytoplankton,
which were subsequently transformed by mussels to produce PPa [28].

As shown in Fig. 1a, the structure of PPa consists of a porphyrin ring
and a carboxyl group, which shows a typical amphipathic structure.
This characteristic facilitates PPa to interact with hydrophobic lipids of
enveloped virions or cell membrane, by which to block the entry of
virus [29]. When the carboxyl group connected with a lipid chain as
that in chlorophyll, which decreased the amphipathicity of PPa, and as
a result, decreased the antiviral activity of PPa. However, more and
extensive structure-activity relationship studies should be conducted to
support this observation.

In the present study, the anti-IAV activity of PPa was assessed using
various experiments, including CPE, RT-PCR, a plaque reduction assay,
and indirect immunofluorescence staining. These data, together with
the results from experiments using different drug administrations and
time-of-addition assay, indicated that the anti-IAV effects of PPa re-
sulted from the inhibition of early stage of virus infection, namely, a
possible blockade of the entry of the virus into host cells. Furthermore,
we also test other viral strains that cause respiratory disease such as
RSV and SARS-CoV-2. The results showed that PPa was active against
these viruses and therefore proved to be a broad antiviral compound.

As reported in previous studies, the process of IAV entry involves
multiple steps, including virus binding to host cells, entering host cell
compartments through endocytosis (internalization), virus trafficking
to the perinuclear region, and fusion of viral and host cell membranes
[30]. Due to the critical roles of these steps in the process of virus entry,
each step may represent a potential target for anti-IAV drug develop-
ment. To date, a number of influenza A virus entry inhibitors with
different mechanisms have been identified, such as the cell attachment
blocker [31], internalization inhibitor [32,33], and fusion inhibitor
[34].
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Table 3 targets.
Thermodynamic parameters of the interaction between PPa and lipids from On the other hand, the results of experiments using different drug
MDCK cells. administration protocols, fusion inhibition assay, fluorescence spec-
Name K (M)’ K, (uM~D)°  AH (ki/ AG (ki/ ZTAS (kJ/ troscopy and ITC analyses indicated that PPa is a membrane-binding
mol)® mol)? mol)® compound that interacts with the viral membrane or biophysically in-
terferes with the virus-cell membrane fusion process. Consequently,
PPa 871 011 —7:52 —289 —21.4 PPa may block virus entry into cells by physically damaging the viral
a K. dissociation constant. fnembrane integrity, th(.ereby .1nh1b1t1ng. the entfy of an envelopfed virus
b in the early stage of infection, consistent with the mechanism hy-

K,: binding constant.

¢ AH: enthalpy.

4 AG: Gibbs free energy.
¢ AS: entropy.

Table 4
Anti-Influenza virus inhibition rate after PPa interacted with lipids from MDCK
cells™

Lipid® Inhibition Rate * SD (%)
(C/C)

PPa (1 pg/mL) PPa (2 pg/mL)
0 100.76 + 0.66 101.23 + 1.89
10x 97.03 + 1.34 98.52 + 0.94
50 % 54.69 + 2.02 72.14 + 1.33
100 x 0.10 + 1.05 58.96 + 2.08

@ Influenza virus A/PR/8/34 (HIN1) was tested using the “Pretreatment”
administration protocol.
Y Lipid was extracted from MDCK cells.

In contrast to those reported viral entry inhibitors, our data showed
that although PPa and its derivatives functioned as virus entry in-
hibitors and exhibited strong binding affinities for hemagglutinin (HA)
and HA2 subunit in an experiment using surface plasmon resonance
(SPR) (data not shown), the negative results of the hemagglutinin in-
hibition assay and hemolysis inhibition assay suggested that its major
target may not be HA, as a consequence, PPa and its derivatives were
unable to block the attachment of IAV to host cells and fusion of the
viral envelope with the host cell membrane, indicating that the inter-
actions with HA may not contribute significantly to the antiviral ac-
tivity compared with the interactions with other possible antiviral
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pothesized by Bouslama and colleagues [35]. Furthermore, similar
mechanisms in which a compound physically interacts with virion en-
velope lipids to inhibit fusion of the influenza virus with the cell
membrane have also been reported in other articles, such as the studies
by Colpitts [29], Speerstra [36], St Vincent [37], Kim [32], and He
[38].

In conclusion, in this paper, we identified a porphyrin derivative of
PPa from the marine mussel M. senhousei that shows broad anti-IAV
activity in vitro and in vivo, as well as other viral strains that cause
respiratory diseases including RSV and SARS-CoV-2. PPa interacted
with the viral lipid bilayer to alter membrane-associated functions,
thereby inhibiting the entry of enveloped viruses. However, additional,
more extensive experiments are still needed to further assess the anti-
viral efficacy, the detailed mechanism by which PPa inhibits virus entry
into the host cells, and particularly, the in vivo anti-IAV effects of PPa.

Nevertheless, as we have known, porphyrins are a group of con-
jugated planar molecules that possess broad applications in the field of
biomedical science, due to their unique structural features and elec-
trochemical performance [39]. Our findings in this study expand the
application of porphyrins, and significantly, by targeting an essential
component in the virus life cycle and using PPa or its derivatives as a
leading compound, we believe that a more potent antiviral agent may
be generated.
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Fig. 5. The anti-IAV activity of PPa in mice. 5a Analysis of the percentages of surviving influenza virus-infected and PPa- or oseltamivir-treated mice compared with
the infected mice. The mice were intranasally challenged twice with 10° TCIDs, of influenza virus A/PR/8/34 (HIN1) in a volume of 30 pL of normal saline (NS).
Immediately after the viral infection, the mice were orally administered PPa or oseltamivir. The compounds were administered once a day until the fifth day. The
mortality rates were analyzed with Pearson’s Chi-square test (P < 0.05). 5b Lung index of infected mice treated with PPa. The lung index of the mice was

determined after the viral infection and PPa treatment for 3 days. Data were analyzed with one-way ANOVA, *p < 0.05, "p < 0.01,and ~"p < 0.001.5c The
body weight of the infected mice was recorded. 6d Histopathological changes (200 x ) of the lung tissues obtained from mice.
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