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Background: New approaches are urgently needed to fight influenza viral infection.
Previous research has shown that zirconia nanoparticles can be used as anticancer materials,
but their antiviral activity has not been reported. Here, we investigated the antiviral effect of
zirconia (ZrO,) nanoparticles (NPs) against a highly pathogenic avian influenza virus.
Materials and Methods: In this study, the antiviral effects of ZrO, on H5N1 virus were
assessed in vivo, and the molecular mechanism responsible for this protection was investigated.
Results: Mice treated with 200 nm positively-charged NPs at a dose of 100 mg/kg showed
higher survival rates and smaller reductions in weight. 200 nm ZrO, activated mature
dendritic cells and initially promoted the expression of cytokines associated with the antiviral
response and innate immunity. In the lungs of H5N1-infected mice, ZrO, treatment led to
less pathological lung injury, significant reduction in influenza A virus replication, and
overexpression of pro-inflammatory cytokines.

Conclusion: This antiviral study using zirconia NPs shows protection of mice against
highly pathogenic avian influenza virus and suggests strong application potential for this
method, introducing a new tool against a wide range of microbial infections.

Keywords: avian influenza virus, zirconia nanoparticles, cytokine storm, antiviral effect

Introduction

In recent years, a large number of rapidly-spreading viral outbreaks have placed
considerable demands on healthcare infrastructure, sparking global concern.'* The
emergence of severe acute respiratory syndrome coronavirus (SARS-CoV) in
2002,* the HINI influenza pandemic in 2009,*¢ pandemics of the H5NI and
H5N7 strains of influenza A virus (IAV),” and the devastating Ebola and Zika
virus epidemics of 2014 and 2015 illustrate the severity of these outbreaks.®’
Among these viruses, avian influenza virus H5N1 has attracted a great deal of
attention due to its rapid spread and high pathogenicity worldwide.'®!" The leading
cause of death in infected patients is diffuse alveolar damage and hemorrhage in the
lungs, which is caused by overactive inflammatory responses.'*'* Overproduction
of inflammatory cytokines in H5N1-infected mice and humans, referred to as
a cytokine storm, has been identified as the main cause of death associated with
this virus.'*'®> Vaccination remains the most effective preventive measure against
influenza viruses. Nevertheless, vaccination effectiveness is decreasing as new
variants arise through antigenic drifts or shifts.'® Although some antiviral drugs
such as zanamivir (Relenza) and oseltamivir (Tamiflu) are currently in use, the

submit your manuscript

Dove n

http:

in 3

International Journal of Nanomedicine 2020:15 661-674 661
© 2020 Huo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY _NC /

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati glli by-n/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).



mailto:07033@cau.edu.cn; 
mailto:liutianlong@cau.edu.cn
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Huo et al

Dove

increasing emergence of drug-resistant strains affects their
clinical application.'”'® Therefore, development of novel
broad-spectrum prophylactic and therapeutic agents
against IAV is urgently needed.

In recent decades, nanoparticles (NPs) have increas-
ingly been applied as an inexpensive and easy-to-use
detection method as well as a promising adjuvant against
viral infections due to their unique physical and chemical
characteristics and strong activation of the immune sys-
tem. Due to these structural and chemical properties, nano-
materials have several advantages over bulk materials of
the same composition, including small size, high surface
area-to-volume ratio, and ease of preparation and modifi-
cation. NPs can affect immune responses by binding to
serum proteins. In previous studies, NPs have shown spe-
cific immunomodulatory effects on immune cells, as well
as antiviral, antioxidant, and anticancer capabilities.w*21
In particular, virus-like particles (alundum and mesopor-
ous silica) have received great attention for potential appli-
cation as adjuvants.”> >* However, because protein or
DNA vaccines exhibit poor stability in vivo, most reported
NPs have been used only as efficient antigen delivery
systems. Although NPs can enhance immunity, few studies
to date have focused on the antiviral function of NPs rather
than using them only as protein or DNA carriers.”> The
nanomaterial-activated immune response must be over-
come when NPs are used as carriers.”®2® To date, little
attention has been paid to the antiviral effects of NPs
without virus-based antigens. Nanoparticles of ZrO,,
a nano-sized and hollow colloidal metal oxide with con-
trollable thickness, were synthesized using a robust sol-gel
process and show superior catalytic activity for many
reactions due to the unique physicochemical characteris-
tics of the surface of Zr0,.2**° ZrO, has been widely used
as a catalyst in many engineering applications and offers
an environmentally-friendly option for chemical and phar-
maceutical industries.®® It is also used as an anticancer
agent in the treatment of colon cancer.>' Despite their
studies have

reported on the use of ZrO, as an antiviral material.

potential biomedical applications, few

In the present study, a series of NPs were investigated
with regard to particle size, surface charge, and composition
for NP-mediated protection of animals from highly patho-
genic avian influenza virus H5N1 infection. The results
showed that ZrO, with optimal physical and chemical char-
acteristics could reduce mouse mortality, alleviate respira-
tory pathological changes, and inhibit viral replication in the
lungs of H5N1-infected mice. Treatment with ZrO, prior to

influenza infection caused prompt initiation of the host
antiviral response and alleviated the damage induced by
cytokine storms during H5N1 infection. This is the first
report of an in vivo antiviral effect of ZrO, against HSN1
infection, and provides a comprehensive and low-cost
method for the protection of humans or animals against
various viral infections.

Materials and Methods

Animals
Six—Seven-weeks-old female BALB/c mice were pur-
chased from Vital River Laboratories (Beijing, China).

Preparation of NPs

SNs were prepared as previously described.*? Briefly, SNs
were synthesized through a two-step selective-etching
method. In the first step, organic—inorganic hybrid solid
silica spheres (HSSSs) were elaborately designed with
a three-layer sandwich structure. The core and outer
layer, or shell, were made up of a pure silica framework
hydrolyzed from tetraethylorthosilane (TEOS), and the
middle layer comprised organic silica co-condensed from
TEOS and N-[3-(trimethoxysilyl) propyl]ethylenediamine
(TSD). In the second step, HSSSs were converted into SNs
with an appropriate amount of aqueous hydrofluoric acid.

ZrO, was prepared as previously described.’***
Briefly, SNs were employed as templates. SNs underwent
a dewatering process prior to dispersal in a mixture of
alcohol and acetonitrile. Ammonia was added to adjust
the pH to a weakly alkaline value. The zirconium precur-
sor was slowly injected into the mixture with magnetic
stirring. The hydrolysis of zirconium was triggered in the
weakly alkaline environment to induce the growth of small
ZrO, using SNs as seeds. After 6 h of reaction, a ZrO,
shell gradually formed on the surface of the SN seeds. The
thickness of the shell can be controlled by adjusting the
reaction time and the Zr:SN ratio. To remove the SN seed
core, NaOH solution (1 mL, 1 M) was added, followed by
reaction at 80°C for approximately 4 h. The ZrO, NPs thus
obtained were collected through centrifugation and washed
three times with deionized water.

Preparation of poly-styrene (PS) was prepared as pre-
viously described.*® Briefly, 6 g of freshly distilled styrene
(Merck), 250 mg of hexadecane, 5 mg of the fluorescent dye
N-(2,6-diisopropylphenyl)-perylene-3,4-dicarbonacidimide,
and 100 mg of the hydrophobic initiator 2.2'-azobis
(2-methylbutyronitrile) were added to 24 g of water

submit your manuscript

662

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Huo et al

containing 125 mg of the surfactant cetyltrimethylammo-
nium chloride. After stirring 1 h for pre-emulsification, the
miniemulsion was prepared by sonification for 120 s at 90%
amplitude at 0°C to prevent polymerization. Polymerization
was carried out at 72°C overnight. After the synthesis, sur-
factant was removed by Amicon ultrafiltration (100 kDa),
extensive dialysis and washing. Before being used, the par-
ticle suspensions were dispersed by sonification.

The morphology and structure of NPs were observed
with a JEOL-200CX transmission electron microscope.
The average size and surface charge of the ZrO, NPs in
5% glucose were measured with a Zetasizer 3000HSA
particle analyzer (Malvern Company,UK) at 25°C.

Intraperitoneal Administration and Viral
Challenge

The nanomaterial or glucose was administered intraperito-
neally to mice twice, one day apart. On the second day of
administration, the viral challenge was given. The H5N1
influenza virus (A/chicken/Henan/1/2004) used in this
study was isolated from infected chicken flocks. The
50% lethal dose (LD50) was determined in mice following
serial dilution of the stock in phosphate-buffered saline
(PBS). The mice were anesthetized with Zoletil (Virbac,
Carros, France) and infected with a dose of triple LD50 by
the intranasal route according to previously published
methods.*® Seven mice per group were used in the experi-
ment over a period of 14 days. Body weights were deter-
mined every 2 days. Lung tissue samples were collected
on days 3 and 6 post-infection. All experiments with the
H5N1 virus were conducted in a biosafety level 3 contain-
ment laboratory. Animal experiments were approved by
the Animal Ethics Committee of China Agricultural
University (approval number 201206078) in accordance
with the Regulations of Experimental Animals of Beijing
Authority. Furthermore, all experimental protocols con-
formed to the guidelines of the Beijing Laboratory
Animal Welfare and Ethics Committee and were approved
by the Beijing Association for Science and Technology
(approval number SYXK-2009-0423).

Histopathological and Immunohistochemical
(IHC) Analyses

On days 3 and 6 post-infection, lung tissue samples from
three mice per group were collected and fixed with 4% neutral
formalin at room temperature for 48 h. Histopathological and
viral antigen analyses of lung tissues on day 6 post-infection

were performed using hematoxylin and eosin (H&E) staining
and THC staining, as previously described.>’ Briefly, serial
tissue sections were cut to 5-um thickness after embedding in
paraffin. Each slide was stained with H&E and examined
using light microscopy (Olympus CX31). For IHC staining,
sections were incubated in 10% normal goat serum in PBS for
30 min to block non-specific binding sites prior to reaction
with the anti-influenza nucleoprotein mAb (AASH, Abcam)
at 1:400 dilution in PBS for 2 h. The slides were further
incubated with goat anti-mouse IgG conjugated with avidin
(Chemicon, USA) for 1 h, followed by incubation in biotiny-
lated peroxidase (Victoria, BC, Canada) for an additional
1 h. Staining was visualized through the addition of 3.3-dia-
minobenzidin (Sigma-Aldrich, St. Louis, MO, USA) for
15 min and counterstaining with hematoxylin; the slides
were then mounted with neutral balsam.

Pathological changes were evaluated by a veterinary
pathologist and scored from O to 4 in a blind study.
Descriptions of the lung scores were as follows: 0 = no
microscopic lesions; 1 = extremely mild, characterized by
mild interstitial edema and desquamation of rare epithelial
cells; 2 = mild, characterized by interstitial edema, thickening
of alveolar walls, and occasional bronchial structural damage;
3 = moderate, characterized by hyperemia, hemorrhage, inter-
stitial edema, thickening of the alveolar wall, bronchial struc-
tural damage, and slight infiltration of inflammatory cells; and
4 = severe, characterized by hyperemia, hemorrhage, inter-
stitial edema, thickening of the alveolar wall, serious bron-
chial structural infiltration of
inflammatory cells. Detection of the IAV antigen was scored

damage, and greater
as 0-4. Scoring was based on the number of positive cells
per section. Descriptions of the scores are as follows: 0 = no
positive cells; 1 = 1-10 positive cells; 2 = 11-30 positive
cells; 3 = 31-100 positive cells; and 4 > 100 positive cells.

Quantitative PCR (qPCR) and
Enzyme-Linked Immunosorbent Assay
(ELISA)

QPCR and ELISA analyses were conducted as previously
described.*® Briefly, total RNA was extracted from approxi-
mately 10 mg of lung or spleen tissue homogenized in
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
cDNA was reverse transcribed using the EasyScript First-
Strand ¢cDNA Synthesis Super Mix (TransGen Biotech,
Beijing, China) according to the manufacturer’s instructions.
Real-time PCR was performed in triplicate using the Power
SYBR® Green PCR Master Mix kit (Applied Biosystems,
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Warrington, UK) on an Applied Biosystems 7500 system.
Expression of the hemagglutinin (HA) gene was measured
using the absolute quantification method. Amplification was
performed as follows: 10 min at 95°C, followed by 40 cycles
of 95°C for 15 s, 50°C for 30 s, and 72°C for 30 s. The copy
number was calculated using an HA-containing plasmid of
known concentration as a standard. The expression levels of
interferon (IFN)-a, IFN-B, IFN-y, monocyte chemoattractant
protein (MCP)-1, interleukin (IL)-1f, IL-6, IL-12, inter-
feron-induced protein (IP)-10, and tumor necrosis factor
(TNF)-a were measured using the relative quantification
method, and normalized to the results of the control or
glucose group using the 2 **“T method with B-actin (for-
ward primer, 5'-GAG ACC TTC AAC ACC CCG C-3%
reverse primer, 5'-ATG TCA CGC ACG ATT TCC C-3")
as an internal standard. Amplification was performed as
follows: 10 min at 95°C, followed by 40 cycles of 95°C
for 15 s, 50°C for 30 s, and 72°C for 40 s. Cytokine primers
are listed in Table S2. In addition, detection of protein
expression of cytokines was performed using ELISA kits
according to the manufacturer’s instructions.

Plaque Assay

Madin—Darby canine kidney (MDCK) cells were cultured
in Dulbecco’s modified Eagle medium (DMEM) (HyClone
Laboratories, Logan, UT, USA) containing 10% fetal
bovine serum (HyClone Laboratories), 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. Right lung homogenates
from individual mice were prepared and diluted 10-fold in
DMEM and added to a monolayer of MDCK cells in
semisolid agar containing 0.5 pg/mL trypsin-tolylsulfonyl
(TPCK) (Sigma,
Beijing, China). The cultures were incubated at 37°C and
5% CO, for 60-72 h, fixed, and stained with 1% crystal
violet. Plaque-forming units (PFUs) were then counted.

phenylalanyl chloromethyl ketone

Dendritic Cell (DC) Surface Staining for

Co-Stimulatory Molecules

Fluorescent conjugated rat anti-mouse monoclonal antibo-
dies including anti-CD40-PE, anti-CD80-PE, anti-CD86-
PE, anti-MHC-II-PE, and anti-CD11c-FITC were purchased
from eBiosciences (San Diego, CA, USA). Three non-
infected mice from each group were sacrificed on day 1
and another three on day 3 following intraperitoneal admin-
istration, and single-cell suspensions were isolated from
their spleens. Stimulated cells were fixed with 4% parafor-
maldehyde and permeabilized with 0.1% saponin (Sigma-

Aldrich) for complete intracellular staining. Cells were then
double-stained with antibodies for 30 min at 4°C. The
fluorescence intensities were measured with the
FACSVerse system and analyzed with FlowJo software

(BD Biosciences, San Jose, CA, USA).

Statistical Analysis

Statistical analysis was performed using two-way analysis
of variance with the GraphPad Prism (version 5.0;
GraphPad Software, San Diego, CA, USA) software pack-
age. P-values < 0.05 were considered representative of

statistically significant differences.

Results
ZrO; Increased Survival of

H5N | -Infected Mice

To study the protective effects of NPs in IAV HS5N1 infec-
tion in vivo, three kinds of NPs, namely ZrO,, SNs, and PS,
were administrated twice intraperitoneally to mice at
100 mg/kg, one day apart. These NPs were prepared
according to previous studies. All three sizes (100, 150,
and 200 nm) of ZrO, showed good monodispersity in 5%
glucose solution (Figure 1). Particles of approximately 100,
150, and 200 nm diameters were observed using transmis-
sion electron microscopy. Table S1 showed the hydrody-
namic diameter of these particles characterized using the
Zetasizer 3000HSA. The NPs were modified with polyethy-
lene glycol, carboxyl, and amidogen to obtain particles with
similar positive or neutral surface charges.

NPs were administered to mice intraperitoneally in two
doses, one day apart. On the day of the second NP admin-
istration, the viral challenge was given with triple LD50 of
HS5NI1, and seven mice per group were used in the experi-
ment over a period of 14 days. As shown in Figure 2A and
Figure S1A, ZrO,, SNs, and PS of different diameters (100,
150, and 200 nm) were administered. Four mice died in the
glucose group; one animal died in each of the 200 nm SN
and ZrO, treatment groups, and no deaths were observed in
the 200 nm PS treatment group. According to the size
effect, the survival rate of mice in the 200 nm ZrO, group
was 85.7%, which was significantly higher than that in the
glucose group (42.9%), 100 nm ZrO, group (57.1%), or 150
nm ZrO, group (42.9%). Moreover, the average body
weight of mice treated with NPs at 200 nm was higher
than those of other groups throughout the experimental
period. The results thus indicate that NPs provide protection
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Figure | Transmission electron microscopy images of various diameters of ZrO, in 5% glucose solution. The well-defined size and shape of 100 (A), 100 (B), and 200 nm
(C) ZrO, nanoparticles (NPs) allowed for good monodispersity in 5% glucose solution. The scale bar is 100 nm.

against H5N1 that is particle-size-dependent, and the best
protection is offered by the 200 nm particle size.

The effect of surface charges of NPs on their antiviral
efficacy was studied using 200 nm NPs with positive and
negative charges. ZrO,, SNs, and PS NPs with both
charges were administered to HS5Nl-infected mice at
100 mg/kg. As shown in Figure 2B and Figure S1B,
compared to the glucose group, in which 4 of 7 mice
died, only one mouse died in the group treated with
positive NPs. The survival rate of mice in the glucose
group was 42.9%, while the P-ZrO, and N-ZrO, groups
had survival rates of 85.7% and 57.1%, respectively. No
significant differences were found between glucose and
negatively-charged NPs in terms of death rate. These
results show that positively-charged NPs confer a higher
survival rate and constant body weight, thereby providing
enhanced protection against HS5N1. Numerous studies
have discussed the relationship between NP physicochem-
ical properties and their biological effects.**** Some
reports have shown that particle size plays an important
role in the biological effects of NPs, including cellular
uptake and toxicity.*! Size plays a key role in the physio-
logical response, bio-distribution, and elimination of var-
jous materials.** Furthermore, surface modification of NPs
is critical, as it may lead to altered cellular uptake and
endosomal escape of NPs. Lin et al reported that particle
uptake by cells increased following the same trend as their
surface charges.*> The results of the present study suggest
that positively-charged NPs of the appropriate size have
a stronger antiviral effect against HSN1 compared to nega-
tively-charged NPs.

To explore whether the effect of NPs against HSN1
infection was dose-dependent, an experiment was per-
formed using ZrO,, SNs, and PS at different dosages.
We found that NPs could dramatically increase the survi-
val rate and reduce the average body weight of mice

within a narrower range compared to the glucose group.
The survival rates of mice in the 25 mg/kg ZrO,, 50 mg/kg
ZrO,, and 100 mg/kg ZrO, groups were 100%, 85.7%, and
100%, which were all significantly higher than that in the
glucose group (42.9%). Although the survival rates
showed modest differences among dosages of NPs, the
range of weight loss was reduced with increasing dosage
(Figure 2C and Figure S1C). Together, these results sug-
gest that 200 nm positively-charged ZrO, at a dosage of
100 mg/kg could improve the survival of H5N1-infected
mice.

ZrO, Reduced Lung Injury and Viral
Replication in H5N | -Infected Mice

To further investigate whether ZrO, could affect H5SN1
virus infection, BALB/c mice received a dose of triple
the LD50 of H5N1 on the second day of NP administra-
tion via intraperitoneal injection. On days 3 and 6 post-
infection, lung tissue samples from three mice per group
were collected for histopathological analysis and real-
time PCR. As shown in Figure 3A, we examined histo-
pathological changes in the lungs of mice on day 6. Lung
lesions in the glucose group included inflammatory cel-
lular infiltration, necrosis of the mucous epithelium of
bronchioles, and interstitial edema. Thickening of alveo-
lar walls and alveolar lumen filled with edema fluid
mixed with exfoliated alveolar epithelial cells, erythro-
cytes, and inflammatory cells was also observed in the
control group. However, these symptoms appeared to be
mitigated in the ZrO, groups. Similar symptoms to those
observed in the glucose group were seen in the 25 mg/kg
ZrO, group, but the lesion severity was lower. Both the
50 mg/kg ZrO, and 100 mg/kg ZrO, groups showed only
interstitial edema; in the surrounding lung tissue, inflam-
matory cell infiltration was observed in the small blood
vessels and bronchi. The lung tissues from mice in the
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Figure 2 Positively-charged ZrO, at a dosage of 100 mg/kg increased survival of H5N | -infected mice. ZrO, of different diameters (100, 150, and 200 nm) (A), with different
charges (positive and negative) (B) or at different dosages (25, 50, and 100 mg/kg) (C) were administered twice intraperitoneally to mice, one day apart. On the second day
of NP administration, the viral challenge was administered, with triple the LD50 of H5N 1. Body weights were determined every 2 days. *, P < 0.05; **, P < 0.01; *** P <
0.001 and compared to the glucose group.
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Figure 3 Positively-charged ZrO, NPs of 200 nm reduced lung injury and viral replication in H5N I -infected mice. (A) Representative lung sections from each group were
stained with H&E (400%) and scored in a blind study. The black triangles show alveolar lumen flooded with edema fluid and mixed with exfoliated alveolar epithelial cells,
inflammatory cells, and erythrocytes. Arrows represent interstitial edema and inflammatory cellular infiltration around small blood vessels and bronchioles. Empty triangles
indicate reduction in the number of mucous epithelial cells in bronchioles. (B) Representative lung sections from each group were stained using IHC (400%) and scored in
a blind study. Arrows indicate positive cells. (C) Expression levels of HA genes were determined via qPCR and their PFU values were determined through plaque assay.
These results were obtained from three distinct animals and are representative of three independent experiments. *, P < 0.05;**, P < 0.01 and ***, P < 0.001 compared to

the glucose group.
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100 mg/kg ZrO, group showed markedly milder symp-
toms than those from other groups. The control group
showed no histopathological changes. The scores of
pathological changes in lungs of the H5NIl-infected
mice were determined. The results suggested that NPs
could alleviate lung lesions in H5N1-infected mice.

In the glucose group, IAV antigen was observed in
mucosal epithelium cells, deciduous alveolar cells, and
the lamina propria of bronchioles in the lungs of mice
through IHC analysis, while the presence of antigens in
the ZrO, groups was sporadic (Figure 3B). In the
25 mg/kg ZrO, and 50 mg/kg ZrO, groups, low levels
of positive signals were observed in alveolar cells and
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the lamina propria of bronchioles. Furthermore, few
positive signals, which were only distributed in the
lamina propria of bronchioles, were detected in the
100 mg/kg ZrO, group. No positive cells were observed
in the control group. The scores of AV antigens in the
lungs of HS5Nl-infected mice were determined. To
investigate the influence of ZrO, on replication of [AV
in vivo, the viral load in the lung tissues of virus-
infected mice was examined. As shown in Figure 3C,
HA copy numbers and PFU values in the ZrO, groups
at day 6 post-infection were lower than those of glu-
cose-treated mice, with the 100 mg/kg ZrO, group
showing a significant difference (P < 0.05). At day 6
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Figure 4 Positively-charged ZrO, NPs of 200 nm could enhance the maturation of dendritic cells (DCs) and promote expression of cytokines associated with innate
immunity in mice. Non-infected mice were sacrificed on days | and 3 after intraperitoneal administration and spleens were collected. (A) Maturation of DCs was measured
through FACS analysis. (B) Expression levels of cytokines (IFN-a, IFN-B, and ILI-B) were determined through qPCR. These results are mean * SD values obtained from
three distinct animals and are representative of three independent experiments. *, P < 0.05; *¥, P < 0.01; and ***, P < 0.00] compared to the control group.
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post-infection, the pulmonary viral titers of ZrO, groups
were significantly lower than those of glucose-treated
mice, with extremely significant differences found for
both the 50 mg/kg ZrO, and 100 mg/kg ZrO, groups (P
< 0.001). These viral titer results were in accordance
with the results of IHC staining. Taken together, ZrO,
reduces lung injury and viral replication in HSNI1-

infected mice.

ZrO, Enhanced the Innate Immunity of Mice
The activation or maturation of DCs is critical for both
innate and adaptive immunity. During initiation of the
immune response, the expression of co-stimulatory mar-
kers CD40, CD80, and CD86 at the DC surface is related
to their ability to induce or suppress immune responses, as
is MHC-II expression. Thus, the proportions of CD40+
CDl1l1c+, CD80+ CDl11c+, CD86+ CD11c+, and MHC-II+
CDl1l1c+ cells among mouse T cells on days 1 and 3 after
intraperitoneal ZrO, administration were determined using
fluorescence-activated cell sorting (FACS; Figure 4A).
CD40, CD80, CD86, and MHC-II expression levels in the
ZrO, groups were higher than those of the control group,
with a significant difference between the 25 mg/kg ZrO,
and glucose groups (P < 0.001). Notably, we found that the
higher dosage of ZrO, resulted in lower expression, which
was due to toxicity of ZrO, in normal mice. These data
suggest that 200 nm ZrO, can promote CD40, CD80,
CD86, and MHC-II expression in T cells of mice and
favorably affect the maturation of DCs.

IFN-a, IFN-B, and IL1-B are crucial for the innate
immune and antiviral responses. To examine the effects of
ZrO; on cytokine expression in mice, the mRNA levels of
IFN-a, IFN-B, and IL1-f in the spleens of mice on days 1
and 3 after intraperitoneal administration were examined.
The mRNA levels of the ZrO, groups were upregulated
compared to the glucose group. With 25 mg/kg ZrO,
treatment, the expression levels of all cytokines increased
significantly. The mRNA levels in the 100 mg/kg ZrO,
group were lowest among the three ZrO, groups due to the
toxicity of ZrO, in mice (Figure 4B). Furthermore, the
mRNA expression profiles of all cytokines in each ZrO,
group on day 3 after intraperitoneal administration were
higher than those on day 1. These data suggested that ZrO,
promotes the expression of cytokines associated with the
antiviral response and innate immunity. Consistent with
the FACS results, we found that ZrO, effectively enhances
innate immunity in mice.

ZrO, Reduces the Overexpression of
Inflammatory Cytokines in
H5N I -Infected Mice

For mechanistic analysis, we evaluated expression levels
of the cytokines IFN-y, IP-10, MCP-1, IL-12, IL-6, and
TNF-a in the lungs of infected mice administered NPs
using qPCR (Figure 5A). Compared with the glucose
group, the mRNA levels of mice in the ZrO, group were
reduced, and those in the 100 mg/kg ZrO, group showed
significantly lower expression levels (P < 0.05). Combined
with histopathological analyses and the detection of HA
copy numbers, these results confirm that NPs can alleviate
pathological injury and reduce viral levels in the lungs
through degradation of the cytokine storm. The cytokine
storm occurs when excessive levels of pro-inflammatory
cytokines induce an acute mononuclear and neutrophilic
inflammatory response.** ELISA results also showed sig-
nificantly lower protein expression levels of cytokines in
the 100 mg/kg ZrO, group compared with the other groups
at 6 days post-infection, consistent with the results of
gqPCR (Figure 5B). In the present study, we found that
positively-charged ZrO, at 200 nm can reduce the produc-
tion of cytokines involved in the cytokine storm and con-
sequently protect animals from viral infection.

Discussions

Influenza A virus is one of the most common respiratory
pathogens worldwide. In 1997, the first major epidemic of
highly pathogenic avian influenza virus HSN1 occurred in
Hong Kong. Since then, it has become well known for its
potential to cause global pandemics in humans and mam-
mals at all ages with considerable risks of morbidity and
high fatality rates; it is now considered a growing threat to
public health around the world.****® To date, it has been
classified as a List A disease by the World Organisation
for Animal Health (OIE) and as a Category 1 animal
disease in China. A variety of antiviral drugs and vaccines
have been adopted to prevent and control influenza-
induced illness. However, it remains difficult to limit the
spread of these viruses due to their highly contagious
nature, frequent mutation of viral genes, and the emer-
gence of resistant influenza strains due to the widespread
abuse of antiviral drugs. Therefore, new approaches to
fighting influenza virus infection are urgently needed.
Due to unique structure and chemical characteristics,
including large surface area, strong targeting performance,
good biocompatibility, and high adsorption capacity, NPs
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Figure 5 Positively-charged ZrO, NPs of 200 nm suppressed cytokine overexpression in the lungs of H5N-infected mice. The expression levels of cytokines (IFN-y, IP-10,
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have many benefits over conventional materials.
Therefore, NPs have been widely applied in clinical trials.
As carriers of anti-tumor drugs, NPs can significantly
improve the curative effects of tumor therapies and reduce
toxic drug side effects, making them attractive candidates
for cancer therapy.*”** For anti-viral therapy, NPs can be
used as adjuvants or carriers to enhance the immune
response.*’ However, while NPs are commonly used as
efficient antigen delivery systems, their antiviral effects
have only been recently reported. Herein, we have demon-
strated that NPs alone effectively inhibit viral replication
in a mouse model and protect mice from HSN1 infection.
Our data further confirm the feasibility of the use of NPs
alone as therapeutic agents to control influenza infection.

HS5NT1 influenza virus can cause severe respiratory dis-
eases in humans and mammals. The clinical symptoms

include fever, muscle aches, cough, headache, diarrhea,

increase

viral pneumonia, encephalitis, and acute respiratory dis-
tress syndrome (ARDS).’® In the mouse model, it can
cause hair thickening, bowed limbs, blindness, trembling,
significant weight loss, severe pathological tissue changes,
and even death.”' Previous studies have shown that virus-
induced acute lung injury or ARDS is triggered by
a cytokine storm and is a serious consequence of inflam-
mation resulting from the release of pro-inflammatory
cytokines and the recruitment of immune cells to the
infected area.’”> Excessive inflammation can cause sys-
temic inflammatory response syndrome, during which the
body enters a state of high metabolic activity and energy
usage. High levels of pro-inflammatory cytokines, includ-
ing IL-6, IFN-y, MCP-1, and TNF-a, have been detected
in humans and mice infected with highly pathogenic HSN1
influenza virus.”>>* In the present study, we investigated
the antiviral effects of positively-charged ZrO, on IAV in

Figure 6 Overview of findings. Positively-charged ZrO, of 200 nm size and 100 mg/kg dose conferred protection against H5NI infection in mice. The mechanisms are
related to ZrO,-mediated enhancement of innate immunity in the early stage of H5NI infection. The appropriate nanoparticle treatment could reduce viral load and
suppress the inflammatory cytokine storm in the lungs of H5N I -infected mice, thus preventing lung injury and improving the survival rate of the infected mice.

International Journal of Nanomedicine 2020:15

submit your manuscript

671

Dove


http://www.dovepress.com
http://www.dovepress.com

Huo et al

Dove

a mouse model and the mechanism of action of these NPs.
Several studies have shown that positive charges can facil-
itate retention of NPs in cells for a relatively long time,
which is likely related to intracellular agglomeration. The
native surface chemistries of NPs also play crucial roles in
their exocytosis patterns from cells. Here, we provide the
first data that positively-charged ZrO, NPs can downregu-
late the levels of pro-inflammatory cytokines and thereby
alleviate the inflammatory response, making them effec-
tive anti-inflammatory agents against highly pathogenic
H5NI influenza virus.

In the present study, it seems paradoxical that 100 mg/kg
ZrO, NPs is less effective for activation of DCs but appears
to be more effective in protection when compared to lower
doses. Previous researches by our team have researched the
systemic toxicity of ZrO, NPs and demonstrated that
dosages of ZrO, in the range of 100-350 mg/kg are safe
for effectively clinical use.”®> However, we found that
100 mg/kg ZrO, NPs seemed to have a mild adverse reac-
tion in HSN1-infected mice, which only showed the slightly
low spirits just on day 1 after intraperitoneal administration.
Thus, we consider that this clinical phenomenon may lead
to the lower expression of immune indicators in spleen of
the 100 mg/kg ZrO, group. Compared to 25 mg/kg ZrO,
NPs or 50 mg/kg ZrO, NPs, 100 mg/kg ZrO, NPs group
showed the most dramatic increases with time increasing,
indicating its growing powerful immune responses. We
suppose that 100 mg/kg ZrO, NPs group will show the
better immune responses on day 7 or day 9 after intraper-
itoneal administration, which will be further investigated in
future studies. Due to that NPs could be carried into the lung
through the circulation, we speculate that 100 mg/kg ZrO,
NPs can be carried into lung most effectively after viral
infection when compared to 25 mg/kg ZrO2 NPs and
50 mg/kg ZrO, NPs, and then 100 mg/kg ZrO, NPs activate
the antiviral responses in lung and eventually provide best
protection for mice to fight against virus.

Conclusions

We demonstrated that positively-charged ZrO, of 200 nm
size and 100 mg/kg dose conferred protection against
H5NI1 infection in mice (Figure 6). The mechanisms of
this protection are related to ZrO,-mediated enhancement
of innate immunity in the early stage of H5SN1 infection.
Appropriate NP treatment could reduce the viral load and
suppress the inflammatory cytokine storm in the lungs of
H5N1-infected mice, thus alleviating lung injury and
improving the survival rate of infected mice. Our antiviral

study using zirconia NPs suggests strong potential for
application of this novel treatment to a wide range of
microbial infections.

Highlights

e ZrO,NPs effectively protected mice against the highly
pathogenic H5N1 infection.

e 7rO, NPs enhance innate immunity and promote cyto-
kines releasing in mice.

e 7ZrO, NPs improve the survival rate of H5N1-infected
mice and alleviate lung injury.

e 7ZrO, NPs reduce the viral load and suppress the inflam-
matory storm in

e HS5NI- infected mice.
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