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Introduction: Herpes simplex virus type 1 (HSV-1) causes recurrent infections of skin and mucosal tissues with high global
prevalence. HSV-1 also invades the nervous system where it establishes a lifelong latency-making infection poorly treatable We
previously showed that both tannic acid-modified silver and gold nanoparticles (TA-Ag/AuNPs) inhibit HSV-1 infection in vitro.
Methods: We used an in vitro and in vivo model of HSV-1 infection to study how metal type, size and tannic acid modification of
nanoparticles can influence development of the early innate response and the mounting of specific anti-HSV-1 response upon treatment of
the nasal mucosa.

Results: We found that tannic acid is necessary for binding with HSV-1, with smaller sizes independent of the NPs composition,
whereas for larger NPs, only TA-AgNPs can inhibit HSV-1 infection. Intranasal treatment of HSV-1 infection with TA-Ag/AuNPs
results in lower viral titers and a better antiviral response, followed by increased IFN-a, CXCL9, and CXCL10 levels as well as
infiltration of T cells and NK cells in the infected sites. We also found that the application of TA-NPs to the nasal cavities of infected
mice induced infiltration of both monocytes and Langerhans cells (LCs), which lasted longer compared to the application of
unmodified NPs. Furthermore, TA-NPs activated monocytes and microglia to produce antiviral cytokines and chemokines better
than unmodified NPs, except for the large TA-AuNPs.

Discussion: Treatment of the mucosal tissues at the early stage of HSV-1 infection helps to modulate specific and effective antiviral
immune response by attracting cytotoxic lymphocytes and inducing the production of antiviral cytokines and chemokines.
Furthermore, tannic acid modification is helpful for the removal of nanoparticles from the respiratory tract, which increases the safety
of nanoparticle applications to treat infections.
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Introduction

Recently, nanotechnology has been gaining much attention as a useful tool for development of alternative methods for
infection treatment."> The highly efficient lipid nanoparticle (LNP)-based RNA vaccines for COVID-19 are the best
example of nanotechnology use in infection prophylaxis. General antiviral mechanisms of nanoscale interventions should
include: (a) inactivation of the virus by a direct binding, formation of complex bonds and electrostatic interaction
(b) blockage of the host receptors, such as heparan sulfate (HS) and sialic acid (SA); and (c) intracellular delivery of
antivirals against viruses.' > Several nanomaterials, including Au and Ag-based metal nanoparticles, have demonstrated
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virucidal effects based on their specific physiochemical properties. They can directly bind with the viral envelope or
capsid proteins, resulting in the loss of the virus infectivity, block its binding to receptors, or exert a toxic effect inside the
infected cells to inhibit viral replication.' ™

Furthermore, nanoparticles can stimulate the innate immune response by mimicking the naturally existing pathogen-
associated molecular patterns (PAMPs) recognized by Toll-like receptors (TLRs) present on variety of immune cells, including
antigen presenting cells (APC), as well as other innate immune cells, such as neutrophils, mast cells, and NK cells.® Additionally,
nanoparticles can protect, stabilize, and present foreign particles (antigens) to APCs such as macrophages, dendritic cells (DCs),
and B cells.”? Macrophages and DCs exhibit strong ability to phagocyte antigens; they can capture nanoparticles loaded with
antigens present in the blood circulation and tissues, and accumulate them intracellularly.” ' Metal nanoparticles have been
shown to act as adjuvants by modulating the immunogenicity of the antigen through various mechanisms.*'*!" Despite the
increasing use of over-the-counter products containing solid metal-based nanoparticles to treat skin and mucosal infections, there
is very little concern about the correlation between modification, size, and ability of NPs to stimulate local immunity.

Human herpesvirus type 1 (HSV-1) infects humans mainly via oral epithelium, conjunctiva, or genital mucosa.'>'* The
virus establishes latency in the trigeminal ganglia resulting in a life-long infection. HSV-1 infection can result in herpes
simplex encephalitis (HSE) and is related with neurodegenerative processes.'*'> Due to its ability to induce latency in
neuronal ganglia, the virus is poorly visible to immune competent cells, and it is difficult to develop an effective vaccine.'*"?
We have previously demonstrated that treatment of early mucosal HSV type 1 or 2 infection with 30 nm epigallocatechin
gallate (EGCG)-modified AgNPs induces infiltration of dendritic cells and monocytes to the infected sites, followed by
infiltration of CD8+ T cells and NK cells altogether resulting in lower viral loads in tissues of the treated mice.'* We also found
that tannic acid-modified AgNPs (TA-AgNPs) sized 13, 33 and 46 nm were able to reduce HSV-2 infection in both in vitro and
in vivo models.'>'® Furthermore, upon mucosal re-challenge with HSV-2, mice treated previously with 30 nm TA-AgNPs
showed better induction of effector-memory CD8+ T cells and higher titers of anti-HSV-2 neutralization antibodies.'®

In this work, we compared tannic acid-modified AgNPs and AuNPs of two sizes, 5 and 30 nm for their antiviral
properties, using in vitro models of neuronal tissues. We also studied how tannic acid modification, metal type, and size
can influence the activation of the early innate response and mounting of the anti-HSV-1 response upon treatment of the
nasal mucosa early during infection.

Material and Methods

Nanoparticles

To synthesize aqueous colloids of gold and silver nanoparticles with the size of metallic core of 5 nm and 30 nm,
respectively, we used a chemical reduction method. The synthesis of metallic nanoparticles was performed using the
following chemicals from Sigma-Aldrich (St. Louis, MO, USA): gold (IIT) chloride hydrate, tannic acid (C;4Hs5,04¢),
sodium citrate (C¢HsNa3;O; x 2H,0), silver nitrate (AgNO3), sodium borohydride (NaBHy).

Citrate Metallic Nanoparticles
5 nm AuNPs

A chloroauric acid-water solution (28.986 g, 1.786x1072 wt. %) was poured into a flat bottom flask, then mixed at RT
(room temperature). Following addition of sodium borohydride (1.014 mL, 0.5 wt. %), and the solution changed its color
to red, indicating formation of AuNPs. The colloid was further mixed for an additional 1 h. After the synthesis process
was finished, we adjusted the concentration of sodium citrate to the level present in 5 nm TA-AuNPs colloid by
incorporating of 0.296 g of a 4% sodium citrate aqueous solution into the colloid. We were unable to synthesize stable
30 nm AuNPs colloid without the addition of tannic acid as a stabilizer.

5 nm AgNPs

The aqueous solution of sodium citrate (98 g, 2.44x107% wt. %) was mixed with 1.574 g of AgNOj5 solution (1%) in the
dark on a magnetic stirrer. After 2 min of stirring 0.420 mL of aqueous NaBH, solution (1%) was added dropwise
(addition rate 1 drops '). The mixture was further stirred in the dark for 2 h before use.

3978 https: International Journal of Nanomedicine 2025:20



Janicka et al

30 nm AgNPs

We used a two-step procedure to prepare AgNPs with a metallic core size of 30 nm. First, silver seeds were synthesized
as follows. The second step of the synthesis procedure included the use of previously obtained silver seeds. The details of
synthesis method were given previously.'” Since the final concentration of AgNPs was 355 ppm, the colloid was diluted

to 100 ppm before use in subsequent experiments.

TA-Modified Metallic Nanoparticles

The chemical reduction method was also used to prepare the aqueous colloids of gold and silver nanoparticles with the
size of metallic core equal to 5 nm and 30 nm and functionalized with tannic. The details of synthesis procedures for TA-
AuNPs with the size of 5 nm and 30 nm and TA-AgNPs with the size of 5 nm and 30 nm were previously described.'®
All colloids were adjusted to the final concentration of 100 ppm for both AuNPs and AgNPs, before the use in
subsequent experiments. The tannic acid concentration in the colloids was 0.0315 wt. % (315 ppm).

Nanoparticles Characterization

The aqueous colloids of AuNPs and AgNPs were characterized by: (a) Dynamic Light Scattering (DLS, Litesizer 500,
Particle Analyzer, Anton Paar) and (b) High-Resolution Scanning Electron Microscopy equipped with transmission
detector STEM 1II (HR-STEM, NovaNanoSEM 450, FEI, USA), as previously described."”

Virus and Cells

HSV-1 (strain ID 2762) originated from a biopsy taken from a patient with HSE*® (kindly provided by Professor Thomas
Bergstrom of the Department of Virology, University of Gothenburg). The virus was propagated in Vero cells (ATCC®
CCL-81), titrated and stored as described previously.'* Virus was diluted in ice-cold phosphate-buffered saline (PBS), or
in 0.9% NaCl and used within maximum one hour. Vero cells, Neuro-2a cells (ATCC® CCL-131), and RAW-Dual™ cells
(InvivoGen, Toulouse, France) were cultured in Dulbecco’s modified Eagle’s medium with GlutaMAX (DMEM), with
addition of 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (Thermo Fisher Scientific). RAW-Dual™ cells
were cultured with Zeocin® (200 pg/mL) to maintain the secreted embryonic alkaline phosphatase (SEAP) activity and to
report NF-kB activation. SEAP activity from the supernatants was measured using QUANTI-Blue™ Solution
(InvivoGen, France).

Primary Cultures

The whole brains of neo-natal C57BL/6 mice were used to establish primary cultures of mixed glial cells or neuronal
cells, as described.'* Cells obtained by digestion with trypsin (0.025%) were suspended at 10°/mL either in mixed glial
medium [Dulbecco’s modified Eagle’s/F12 medium with GlutaMAX (DMEM/F12), 10% FBS, 1% penicillin/streptomy-
cin, 5 ng/mL of murine recombinant granulocyte and macrophage colony stimulating factor (GM-CSF), Thermo Fisher
Scientific], or in neuronal culture medium (Neurobasal™ with 2% B27 supplement, 1% Glutamax, and 1% penicillin/
streptomycin). The primary cultures were maintained 7-10 days before use.

Antiviral Tests
Plaque Reduction
Vero cells cultivated in 24-well plates were used for all tests. TA-modified 5 nm AuNPs, 30 nm AuNPs, 5 nm AgNPs and
30 nm AgNPs as well as unmodified 5 nm AuNPs, 5 nm AgNPs and 30 nm AgNPs at 7.5 pg/mL were mixed with 100
PFU of HSV-1 in 1 mL and incubated for 60 minutes. Subsequently, the mixture was applied to Vero cells as described

1.15

by Orlowski et al. > After 48 h, cells were stained with 1% crystal violet to visualize plaques before counting their

number in each well. The data were presented as the number of plaques per mL (PFU/mL).
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Post-Entry Treatment

To study how NPs influence the post-entry effect HSV-1 infection, Neuro 2a, primary mixed glial cells and primary
neurons were infected at 37 °C. At 6 h post infection (p.i)., infected cells were washed to remove remaining virions
before the addition of TA-AgNPs/AuNPs. Analysis of the infected cultures was conducted using qPCR at 24 h p.i.

CryoTEM

Cryogenic Transmission Electron Microscopy (cryo-TEM) imaging was conducted using a Tecnai F20 X TWIN microscope
(FEI Company, Hillsboro, Oregon, USA) equipped with a field-emission gun operating at an acceleration voltage of 200 kV.
Images were captured with a Gatan Rio 16 CMOS 4k camera (Gatan Inc., Pleasanton, CA, USA) and processed using Gatan
Microscopy Suite (GMS) software (Gatan Inc., Pleasanton, CA, USA). The details were described previously.'*

Samples were prepared by incubating HSV-1 virus with nanoparticles for approximately 30s, before 3 pL droplet of
the suspension was placed a onto the grid, and subjected to further processing and visualization.'*

ICP-MS

The samples of tissues collected from the mice were homogenized in PBS (w/v ratio of 1:10). Next, 1 mol/L. NaOH
solution at a v/v ratio of 1:1 was added and incubated for 3 h at 37 °C. After incubation, samples were centrifuged at
10.000 x g, diluted 500 times and analyzed by ICP-MS, as described'® using an Agilent 7900 hPLC-ICP-MS instrument
(Agilent Technologies, Santa Clara, CA, USA).

Quantitative PCR
RNA/DNA Extraction kit (Eurx, Gdansk, Poland) was used to extract DNA/RNA from trigeminal ganglia, noses, and
brains. Universal RNA/DNA extraction kit (Eurx) served to isolate DNA/RNA from infected cell cultures. Quantification
of HSV-1 was performed by qPCR using primers and a probe for the viral envelope glycoprotein (gB), as described'*'®
in the QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific) with GoTaq™ Probe qPCR Master Mix
(Promega, Madison, WI, USA). Data are expressed as HSV-1 copy number per nanogram of total isolated DNA.
RNAs isolated from tissues and cell cultures was converted into cDNA using GoScript™ Reverse Transcriptase (Promega).
qPCR reactions for cytokines and chemokines were carried out using GoTaq" Probe qPCR Master Mix (Promega) and TagMan™
probes (Thermo Fisher), as described in'* The results were analyzed and presented using the 2-AACT cycle threshold method.

Confocal Microscopy

Images of cells and nanoparticles were acquired with an upright Leica SP8 resonant scanning confocal system (Leica
Microsystems, Wetzlar, Germany). Mixed glia were fixed with acetone-methanol, dried, then incubated overnight at 4°C
with primary antibodies diluted in 2% BSA, 0.1% saponin in PBS. HSV antigens were detected with rabbit polyclonal
anti-HSV-1/2 (Dako, Agilent, Santa Clara, CA, USA), microglia were stained with polyclonal goat anti-IBAI
(ThermoFisher Scientific), while to detect astrocytes, we used anti-GFAP (clone 2AS5, Abcam). The following secondary
antibodies were used: Alexa Fluor® 488% anti-rabbit (HSV), Alexa Fluor® 555 anti-mouse (GFAP), and Alexa Fluor®
647 anti-goat (IBA-1) polyclonal antibodies (ThermoFisher Scientific). The slides were sealed in SlowFade™ Diamond
Antifade Mountant containing 4-6-diamidino-2-phenylindole (DAPI; ThermoFisher Scientific). The 63% oil immersion
objective (NA 1.40) was used to acquire stacks of confocal 8-bit images with a pixel size of 0.118 pm and a 0.3 pm
Z step. The pinhole was set to 1 AU. Nanoparticles were visualized in a laser reflection mode using a 552 nm laser line.
Acquisition was performed in the sequential mode to avoid spectral overlap. Images were processed using the Fiji/Image]
software (National Institutes of Health, USA). First, median filtering (radius of two) was applied to all optical sections
from a given Z-stack to reduce noise. Next, maximum-intensity projections encompassing 2—10 optical sections of all
channels were created to extract the nanoparticle signal from the imaged volume in a 2D image. The overlap of
nanoparticle signal with GFAP- or Iba-1-positive cells was calculated using Mander’s Colocalization Coefficients in
the Imaris x64 9.5.1 software (Oxford Instruments, Abingdon, UK) upon smoothing GFAP and Iba-1 channels (Gaussian
Blur with a radius of 5) and thresholding (Huang algorithm for GFAP/Iba-1 and MaxEntropy algorithm for the
nanoparticle channel).
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In vivo Infection Model

HSV-1 infection model was applied to 8-week-old C57BL/6 mice, as described in.'* The protocol for the animal study
was approved by the Local Committee on the Ethics of Animal Experiments in Warsaw, Poland (permit Number: WAW2/
69/2021). The study was performed in strict accordance with the recommendations of the Polish Act of 21 January 2005
on animal experiments (OJ no 33, item 289) and Directive 2010/63/EU of the European Parliament and the Council of
22 September 2010 on the protection of animals used for scientific purposes. Shortly, mice were anesthetized as
described in,'* and a total dose of 1x10° PFU of HSV-1 in 10 pL was applied intranasally. At 24 and 48 h post infection,
mice were treated intranasally with 20 pL of 0.9% NaCl solution containing 20 pg /mL of selected nanoparticles. The
dose of NPs were selected on the basis of previous works, which used the dose of no more than 10 pg/mL since higher
doses caused acanthosis of epithelial tissues (see - supplementary materials). 15717 Mice were monitored daily and scored

as described in.'* At day 3 or 7 p. i., mice were sacrificed by cervical dislocation and tissues (brains, trigeminal ganglia,
and nasal cavities) were either stored in fix RNA (Eurx) or used to prepare single cell suspensions.

Flow Cytometry Analysis

Single cell suspensions were prepared as described in.'* To avoid unspecific staining, the Fc receptor block-rat anti-CD16/32
antibody (2.4G2) (BD Biosciences) was used according to the manufacturer’s protocol. The detailed list of antibodies used to
detect T cells, NK cells, microglia, monocytes, Langerhans cells is given in Table S1 (supplementary materials). HSV-1
specific T cells were detected using the SSIEFARL-PE tetramer (Creative Biolabs, Shirley, NY, USA) Stained cells were
acquired using CytoFLEX LX (Beckman Coulter) and analyzed using FlowJo software (Tree Star, Ashland, OR, USA).

Statistics

For statistical analysis, GraphPad Prism version 7 (GraphPad software) was used. To compare the differences between
the groups, the Mann—Whitney U-test and Wilcoxon test, were used and the results are shown as mean + standard error of
the mean (SEM). The p < 0.05 was considered statistically significant.

Results

Characterization of Nanoparticles

Metallic nanoparticles were characterized with DLS (hydrodynamic size dy and colloidal stability) and HR-STEM
(metallic core size - dstgn, size distribution, and shape) techniques. The summary of characterization results for mNPs
are presented in Figure 1A—G. For citrate-stabilized mNPs, the sizes of the metallic cores were as follows: dgrgm =6 £ 1
nm (5 nm AuNPs); dstgyv = 7 = 2 nm (5 nm AgNPs); dstpm = 27 £ 6 nm (30 nm AgNPs). The hydrodynamic size of the
mNPs was equal: diy = 10 = 3 nm (5 nm AuNPs), dy =29 + 13 nm (5 nm AgNPs), and dyy =31 £+ 10 nm (30 nm AgNPs)
(Figure 1A—C). For TA-modified mNPs, the sizes of the metallic cores were as follows: dgrgm = 5 = 2 nm (5 nm TA-
AuNPs); dgtem = 31 £ 4 nm (30 nm TA-AuNPs); dgtgm = 5 £ 2 nm (5 nm TA-AgNPs); dgrgm = 27 £ 7 nm (30 nm TA-
AgNPs). The hydrodynamic size of mNPs-TA was equal to dyy = 11 £ 2 nm (5 nm TA-AuNPs), dy =34 + 7 nm (30 nm
TA-AuNPs), dy = 10 = 2 nm (5 nm TA-AgNPs), and dy = 38 = 8 nm (30 nm TA-AgNPs) (Figure 1D-G). The key
storage parameters that can potentially affect the stability of silver nanoparticles are: sunlight, access to oxygen and
storage time. We studied the effect of all those parameters on the colloidal stability of TA-AgNPs and did not observe
their significant impact on the stability of TA-AgNPs (stability investigated using the DLS technique enabling the
monitoring of colloidal stability and hydrodynamic diameter of particles). Stability tests of TA-AgNPs conducted in
transparent vials with access of sunlight (Supplementary Figure 4a) did not show any changes in the hydrodynamic

diameter during the 35 days of the experiment. The obtained results are comparable to those obtained for the colloid
stored in a dark vial (Supplementary Figure 4b) and the colloid stored in a darkness (Supplementary Figure 4c).

Similarly, storage of TA-AgNPs colloid in conditions with full access to oxygen form the air did not affect the colloidal
stability of the nanoparticles during 35 days of studies (Supplementary Figure 4d). Studies conducted over time (up to 35

days) demonstrate long-term stability of TA-AgNPs colloid.
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Figure | HR-STEM images and DLS size distribution histograms of the mNPs: citrate-(A-C) and tannic acid-modified (D-G).

Direct Antiviral Mechanism of TA-Modified Nanoparticles is Size Dependent
First, we decided to elucidate the previously observed mechanisms of HSV-1-NPs interactions that lead to virus
inactivation using cryo-TEM (Figure 2). For this purpose, NPs were incubated with the HSV-1 virus for 5 min and
then visualized using cryo-TEM. The control panel (Figure 2A) highlighted the diverse morphological forms of the HSV-
1 virus. Complete HSV-1 virions with icosahedral capsids and viral envelopes were clearly visible with spike proteins
identifiable on the capsid surface. Additionally, empty viral forms were observed, characterized by the presence of the
viral envelope without the capsid (Figure 2A and C). In the samples treated with nanoparticles (Figure 2B), structural
changes in HSV-1 virions were evident. Application of 5 nm TA-AgNPs resulted in the destruction of the viral envelope,
accompanied by noticeable interactions between the nanoparticles and both disrupted envelope and capsid proteins
(Figure 2A and B). For larger 30 nm TA-AgNPs, no clear interaction with HSV-1 virions was observed; however,
destroyed viral envelopes were detected, with nanoparticles visible loosely connected with remains of the virions.

In contrast, small 5 nm TA-AuNPs exhibited visible interactions with the viral envelope and HSV-1 capsid
(Figure 2B, E and F). Meanwhile, larger 30 nm TA-AuNPs did not demonstrate any significant interaction with the
structural elements of the virus (Figure 2B, G and H).
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Figure 2 Cryo-TEM imaging of HSV-| treated with nanoparticles. The HSV-1 virus was treated with nanoparticles for 5 minutes at room temperature (RT), followed by
preparation for Cryo-TEM imaging as described in the Materials and Methods section. Panel (a) illustrates the structure of HSV-1 in the absence of nanoparticle treatment.
Various morphological forms of HSV-1 were observed - icosahedral capsids (A—C) were identified, with yellow arrows indicating the presence of spike proteins on the capsid
surface. Additionally, empty virions (C) were noted, along with complete virions containing an envelope, capsid, and tegument (D). White arrows highlight the viral envelope,
while Orange arrows indicate envelope-associated proteins. In some instances, the genetic material of the virus was visible (E). Panel (b) shows HSV-1 cells treated with
nanoparticles (A and B) Ag5T; (C and D) Ag30T; (E and F) Au5T; (G and H) Au30T). Yellow arrows indicate the nanoparticles under investigation, whereas red and orange
arrows highlight their interactions with the structural elements of the virus. Red arrows indicate interactions with the capsid and orange arrows indicate interactions with
the viral envelope.

Abbreviations: C, capsid; LV, lacking virions; CV, complete virion; T, tegument.
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Antiviral Effects of TA-Modified Nanoparticles in vitro are Size and Metal-Dependent
Next, we performed antiviral tests in vitro to correlate the obtained images with the outcomes of in vitro HSV-1 infection.
Based on our previous results, which showed that the toxicity of TA-modified nanoparticles is size- and cell-dependent,'”
we chose the same nanoparticle concentrations of 2.5 pg/mL for neuronal and glial cells and 5 pg/mL for Vero cells.
First, we used Vero cells to study the antiviral activity of tannic acid modified 5 and 30 nm Au/AgNPs, with the classical
plaque reduction assay (Supplementary Figure 1A). The tested tannic acid-modified NPs demonstrated very good

antiviral activity (p < 0.01) except for 30 nm AuNPs, for which we observed decreased viral titers; however, the results
were not statistically significant (Supplementary Figure 1A). Furthermore, we tested the effects of post-infection

treatment with NPs applied immediately before virus egress from cells (6 h post infection). We found that application
of NPs to infected cells was efficient only for Neuro2a cells (p < 0.05), except for 5 nm TA-AgNPs and mixed glial cells
treated with 5 and 30 nm TA-AgNPs (p < 0.05) (Supplementary Figure 1B). However, the antiviral effect observed for

the treatment of mixed glial cells was size- and dose-dependent, showing that we were able to determine an effective
dose for each type of NP (Figure 3). We applied non-toxic concentrations, as tested previously by Janicka et al 2022,"”
and found that while small TA-AuNPs exerted virucidal activity at 1 and 2.5 pg/mL (p = 0.049), 30 nm TA-AuNPs were
efficient as antivirals at only 5 pg/mL (p = 0.001) (Figure 3). For AgNPs, small 5 nm NPs were effective only at 1 pg/
mL, whereas 30 nm TA-AgNPs were effective at both 2.5 and 5 pg/mL, (p < 0.05) (Figure 3).

Cells of Monocyte Origin Internalize Nanoparticles and Become Activated

Considering the observed antiviral effects in mixed glial cells and previously shown internalization of silver and gold
nanoparticles,'” we used confocal microscopy to identify and quantify the co-localization of NPs with microglia or
astrocytes in HSV-1-infected mixed glial primary cultures (Figure 4). Mixed glial cultures were infected with HSV-1 for
6h and then treated with 5 nm TA-Au/AgNPs or 30 nm TA-Au/AgNPs at non-toxic dose. After 24 h from infection,
cultures were fixed and stained for microglia (IBA-1+) and astrocytes (GFAP+) using immunofluorescent antibodies. The
presence of NPs was detected in the laser reflection mode (Figure 4A). Mander’s Colocalization Coefficient of 1 for the
nanoparticle channel with regard to the Iba-1 channel indicated 100% presence of the nanoparticles within microglia
(Figure 4B). Co-localization of NPs with microglia was observed for all tested NPs (Figure 4B).

Mixed glial cells

4500000 - @1ug/ml
2.5 ug/ml
4000000 1 @5 ug/ml
3500000 -
3000000 - % T [ %
2500000 - \
2000000 -
*% *
1500000
1000000 1
*%
500000
0
HSV-1 Au 5T +HSV-1 Au 30T+HSV-1 Ag5T+HSV-1 Ag30T+HSV-1

Figure 3 The dose of tannic-acid modified Ag/AuNPs (TA- Ag/AuNPs) necessary to inhibit HSV-1 infection of glial cells is size and metal-dependent. The mixed glial cells
were infected for 6 h, then washed and treated with a range of tannic acid modified AgNPs or AuNPs sized 5 and 30 nm concentrations (1-5 pg/mL). HSV-1 copies titration
by qPCR was performed at 24 h p.i. Data from three independent experiments are presented as mean + SEM. *Represents significant differences with p < 0.05, **p < 0.01 in
comparison to untreated infected control (two-way ANOVA test).
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Figure 4 TA-Au/AgNPs are internalized by microglia. The mixed glial culture were plated on slides and infected for 6 h with HSV-1, then washed and treated with a range of
tannic acid modified AgNPs, or AuNPs sized 5 and 30 nm. (A) Twenty-four hours post infection, the fixed cells were stained for microglia (Iba-1+, turquoise), astrocytes
(GFAP+, purple), HSV-1 (green), counterstained with DAPI for DNA (blue) and analyzed in confocal microscope. Nanoparticles were visualized in a reflection mode (red).
Yellow arrows point to nanoparticles. (B) The overlap of nanoparticle signal with GFAP- or Iba-|-positive cells calculated as Mander’s Colocalization Coefficients. Data from
three independent experiments are presented as mean + SEM. Two-way ANOVA test p < 0.01 **
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Microglia are of monocyte origin, and similar to monocytes present in other body parts, microglia are responsible for
mounting of the innate immune response. To determine whether internalization of NPs by HSV-1-infected monocytes had
any influence on their activation as innate immune cells, we used RAW-Dual™ cells with activity reporting the activation
of NF-«kB intracellular pathways related to inflammatory and antiviral responses (Figure 5). The addition of non-toxic
doses of TA-modified and unmodified AgNPs or AuNPs did not significantly increase NF-xB activity in RAW-Dual™
cells after 6 h of treatment, except for 30 nm TA-AuNPs, which significantly reduced NF-kB activity (p = 0.041)
(Figure 5). At 6 h p.i., NF-kB activity was significantly lower compared to uninfected control (p = 0.021) (Figure 5).
Unmodified 5 nm AuNPs, 10 nm AgNPs and 30 nm AgNPs increased the levels of NF-kB activity in HSV-1-infected
RAW-Dual™ cells to those observed for uninfected control (p < 0.05) (Figure 5). Tannic acid-modified 5 nm AuNPs, 5
nm AgNPs and 30 nm AgNPs increased NF-kB activity in HSV-1- infected RAW-Dual™ monocytes more significantly
than unmodified NPs (p < 0.05) (Figure 5). However, the addition of 30 nm TA-AuNPs showed no influence upon NF-xB
activity in HSV-1 infected RAW-Dual™ monocytes (p = 0.08) (Figure 5). We further used polyinosinic-polycytidylic
acid [poly(I:C)], a synthetic analog of double-stranded RNA (dsRNA), recognized by TLR3 receptors. Interestingly, the
addition of 5 nm AuNPs and 30 nm AgNPs reduced poly(I:C)-induced NF-xB activity, whereas for TA-modified Ag/
AuNPs, the observed effects were size-dependent (Figure 5). Small, 5 nm TA-AuNPs or TA-AgNPs significantly
upregulated NF-«kB activity, but a significant decrease was detected for 30 nm TA-AuNPs or TA-AgNPs (p < 0.05)
(Figure 5).

The mixed glial cells consisted of microglia and astrocytes in a ratio of 2:8. Therefore, we expect that mixed glial
cultures can react by activating both HSV-1 infection and NPs internalization. Indeed, HSV-1 infected mixed glial
cultures treated 6 h post infection with TA-modified NPs of different sizes and metal types demonstrated a significant
increase in mRNA expression levels for IFN-a, CXCL9, and CXCL10 compared to untreated HSV-1-infected mixed glial
cultures (p < 0.05) (Supplementary Figure 2).

Only TA-Modified Nanoparticles Decrease HSV-I Titers During in vivo Infection
Taking into account the results of the in vitro studies, we further investigated whether local treatment of mucosal tissues
with TA-modified Ag/AuNPs can help to limit HSV-1 infection. For this purpose, we applied 0.4 pg/mouse of 5 nm
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Figure 5 Tannic acid modified NPs significantly activate NF-«xB activity in HSV-1- infected RAW-Dual™ cells. The RAW cells were uninfected, infected with HSV-1 (1 PFU/
cell) or treated with poly (I:C) at | pg/mL for 2 h, then tannic acid-modified or unmodified 5 nm AgNPs, 30 nm AgNPs, 5 nm AuNPs and 30 nm AuNPs were added. After
6 h, the activation of NF-kB pathway was measured as SEAP activity. Data from three independent experiments are presented as mean + SEM. Two-way ANOVA test.
*Represents p < 0.05 in comparison to HSV-1-infected control, p < 0.05 in comparison to uninfected control, and p #< 0.05, *p < 0.01 in comparison to poly (I:C) treated
control.
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AuNPs, 5 nm TA-AuNPs, 5 nm AgNPs, 5 nm TA-AgNPs, 30 nm AgNPs and 30 nm TA-AgNPs at 24 and 48 h post
infection (p.i). (Figure 6). Control mice were treated with 0.9% NaCl. HSV-1 titers were measured in nasal cavities
(3 d p.i)., trigeminal ganglia (TGs) (3 and 7 days p.i)., and brains (7 d p.i). We found that intranasal treatment with TA-
modified and unmodified Ag- or AuNPs led to significantly lower titers of HSV-1 in TGs at 3 days p.i. (p < 0.001)
(Figure 6A), but not in the nasal cavities (Figure 6C). At 7 day of infection, a significant decrease in HSV-1 titers was
detected only in TGs and brains of mice treated with TA-modified 5 nm AgNPs, 5 nm AuNPs and 30 nm AgNPs (p <
0.05) (Figure 6B and D, respectively).

TA-Modified Nanoparticles Provide Better Antiviral Response During HSV-1 in vivo

To understand how tannic acid modification of Ag/AuNPs can facilitate mounting of the early anti-HSV-1 immune response, we
subjected the cell suspensions prepared from the trigeminal ganglia (TGs) and whole brains at 7 d p.i. to immunophenotyping for
CD4+ T cells, CD8+ T cells, and NK cells, (Figure 7). At 7 d p.i., TGs, but not brains, from mice treated with 5 nm and 30 nm TA-
AgNPs demonstrated significant upregulation of NK cells (p < 0.05) (Figure 7A and B). Application of 5 nm TA-AuNPs
upregulated the numbers of NK cells, but unsignificantly (p = 0.59) (Figure 7A). Treatment with unmodified Ag/AuNPs of both
sizes did not lead to significant activation of NKs compared with the untreated control (Figure 7A). Furthermore, treatment with
TA-modified 5 nm Ag/AuNPs or TA-modified 30 nm AgNPs resulted in significantly upregulated infiltration of CD8+ T cells
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Figure 6 Treatment with tannic acid-modified Ag/AuNPs of both 5 and 30 nm reduces HSV-1 infection in vivo much better than with unmodified NPs. C57BL/6 mice
infected intranasally with HSV-1 were treated two times every 24 h with tannic acid-modified or unmodified 5 nm AgNPs, 30 nm AgNPs, 5 nm AuNPs or 0.9% NaCl
(control). Trigeminal ganglia (TG), nasal cavities and brains were collected at 3 (A and C) and 7 days p.i. (B and D), and subjected to measurement of HSV-1 gB titers
(copies/ng DNA) by qPCR (N = 10). The bars represent means + SEM. * represents significant differences with p < 0.05, **p < 0.01, ***p < 0.001 and extremely significant at
p < 0.0001 ** in comparison to untreated infected tissues.
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Figure 7 Tannic acid-modified Ag/AuNPs of both 5 and 30 nm activate early antiviral response in HSV-1 infection much better than with unmodified NPs. Total counts of
(A and B) NK cells, (C and D) CD8+ T cells, (E) CD8+CD69+ T cells and (F) CD8+SSIEFARL+ T cells isolated from TGs and brains of HSV-I-infected mice at 7 days p.i.,
and treated with tannic acid-modified or unmodified 5 nm AgNPs, 5 nm AuNPs or 0.9% NaCl. Results are expressed as mean + SEM for N = 7. *Represents significant
differences with p < 0.05, *p < 0.01, **p < 0.00| and extremely significant at p < 0.000] *** in comparison to untreated infected tissues.

into the TGs and brains in comparison to the untreated control (p < 0.01) (Figure 7C and D). Interestingly, we found that only
unmodified 5 nm AgNPs in TGs and unmodified 5 nm AuNPs in brains significantly induced the numbers of CD8+ T cells
(p <£0.05) (Figure 7C and D). Additionally, we found that post-infection treatment with tannic acid-modified Ag/AuNPs of both
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sizes led to significant infiltration of activated CD8+CD69+ T cells and cytotoxic CD8+ T cells recognizing HSV-specific
SSIEFARL antigens (p < 0.05) (Figure 7E and F).

We also found that the expression of [IFN-gamma, CXCL9, and CXCL10, known for their antiviral activity, increased
in the organs of mice treated with tannic acid-modified nanoparticles (Supplementary Figure 3). We detected significantly
higher expression of IFN-gamma mRNAs in the TGs of mice treated with 5 nm TA-AuNPs, 5 nm TA-AgNPs and 30 nm
TA-AgNPs both at 3 and 7 d p.i. compared to unmodified NPs (p < 0.05) (Supplementary Figure 3A and B), whereas
only TA-AgNPs induced IFN-y mRNA expression in the brain at 7 d p.i. (p < 0.05) (Supplementary Figure 3C). TA-
AgNPs induced the expression of CXCL9 mRNA in all tested tissues and times p.i. (p < 0.05) (Supplementary Figure 3),
except for 5 nm TA-AuNPs in TGs at 3 d p.i. Expression of CXCL10 mRNA was upregulated by tannic-modified NPs
only in TGs at both times p.i. and by 30 nm TA-AgNPs in the brain (p < 0.05) (Supplementary Figure 3C).

TA-Modified Nanoparticles Modulate Inflammatory Response During HSV-I in vivo

Infection

Considering the activation of monocytes observed in vitro, we examined the numbers of monocytes and Langerhans cells in
cell suspensions prepared from the nasal cavities of uninfected mice treated with NPs. (Figure 8A and B). We found that all
NPs, irrespective of their size, metal, or tannic acid modification, upregulated the numbers of monocytes and Langerhans cells
(LCs) infiltrating to nasal mucosa (Figure 8A and B), but not of NK cells (data not shown). However, only 5 nm TA-AgNPs
and 30 nm AgNPs induced significant infiltration in control, uninfected mice (p < 0.05) (Figure 8A and B). Because local
inflammation at the site of HSV-1 infection attracts homing of Langerhans cells, which are responsible for carrying HSV-1
antigens to the local lymph nodes, we further examined the infiltration of monocytes and LCs at the local mucosa of the nasal
cavity in HSV-1-infected mice treated with all types of NPs at 3 d p.i. (Figure 8C and D). We observed that treatment with
AgNPs (modified and unmodified) at 5 and 30 nm induced significant infiltration of inflammatory monocytes compared with
untreated infected mice (p < 0.05) (Figure 8C). No significant upregulation of infiltration of inflammatory monocytes into
infected mucosal tissues was observed in the AuNP-treated mice (Figure 8C). Furthermore, treatment with unmodified 5 nm
AuNPs, 5 and 30 nm AgNPs led to a significant infiltration of Langerhans cells within the nasal mucosa at 3 d p.i. (Figure 8D).
HSV-1 reaches TGs—2-3 days after infection, establishes latency, and becomes a target of immune-competent cells.

At 7 d p.i., TGs isolated from mice treated with unmodified 5 nm Ag/AuNPs and 30 nm AgNPs showed significantly
increased counts of inflammatory M1 monocytes compared with untreated infectious controls (p < 0.05) (Figure 8E). However,
an opposite effect was observed for LCs in mice treated with TA-modified 5 nm Ag/AuNPs and 30 nm AgNPs —TGs from these
mice showed significantly increased numbers of LCs identified in cell suspensions (p < 0.05) (Figure 8F).

Increased infiltration of immune-competent cells within the nasal cavity was followed by an advantageous profile of
cytokines and chemokines important for development of an early immune response (Figure 9). Surprisingly, while treatment
with unmodified nanoparticles led to a significant decrease in the interferon type I response (IFN-a and IFN-B) compared to
HSV-1 infected untreated mice (p < 0.001) (Figure 9A), the use of TA-modified NPs helped to regain the expression of IFN-a.
and IFN-p mRNAs (Figure 9A). This effect was particularly observed for TA-AgNPs sized 5 and 30 nm and IFN-f mRNA
expression compared to the same size, unmodified AgNPs (p <0.05) (Figure 9A), where the levels of IFN-a did not differ from
those observed in infected but untreated nasal mucosa (Figure 9A). To a lesser extent, all tested TA-modified Ag/AuNPs
significantly upregulated IFN-o mRNA levels compared with unmodified NPs (p < 0.05) (Figure 9A). Furthermore, all nasal
mucosa from infected mice treated with TA-modified NPs, irrespective of size and metal type, showed significant upregulation
of CXCL9 and IL-1B mRNA expression compared to unmodified NPs (p < 0.01) (Figure 9B).

Since the topical application of metal nanoparticles leads to their internalization by phagocytizing cells, such as monocytes
and macrophages, we also checked for the presence of Ag and Au in tissue extracts prepared from nasal cavities, tracheas,
lungs, olfactory bulbs, brains (the remaining part, including cortex, cerebellum, and medulla), and liver of mice treated post-
infection with AgNPs or AuNPs. We found that it was possible to detect silver only in the livers (5 nm AgNPs) and nasal
cavities (30 nm AgNPs) at 7 d p.i. (Figure 10A), and modification with tannic acid led to significantly lower accumulation of
Ag in these tissues (p < 0.05) (Figure 10A). In contrast, we detected Au in all the tested tissues (Figure 10B). Lower Au
concentrations were observed after treatment with tannic acid modified 5 nm AuNPs in the trachea (p = 0.01) and in olfactory
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Figure 8 Tannic acid-modified Ag/AuNPs of both 5 and 30 nm modulate local inflammatory and early antiviral response in HSV-1 infection. Total counts of (A) monocytes, (C and E)
inflammatory monocytes and (B, D, F) Langerhans cells (LCs) isolated from nasal cavity, trigeminal ganglia (TGs) and brains of uninfected and HSV-1-infected mice at 3 or 7 days p.i., and
treated with tannic acid-modified or unmodified 5 nm AgNPs, 30 nm AgNPs, 5 nm AuNPs or 0.9% NaCl. Results are expressed as mean * SEM for N = 7. *Represents significant
differences with p < 0.05, **p < 0.01, **p < 0.001 and extremely significant at p < 0.0001 **** in comparison to HSV-| infected tissues.
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Figure 9 Tannic acid-modified Ag/AuNPs of both 5 and 30 nm modulate mucosal inflammatory response in HSV-1 infection better than unmodified NPs. Cytokine and
chemokine expression in the nasal cavities at 3 days p.i. after treatment with tannic acid-modified or unmodified 5 nm AgNPs, 30 nm AgNPs, 5 nm AuNPs or 0.9% NaCl.
Levels of IFN-0, IFN-B (A) as well as CXCLI and CXCL9 (B) mRNAs are shown as expression relative to control based on the 2-AACt method. N = 7. *Represents
significant differences with p < 0.05, **p < 0.0l in comparison to uninfected tissues.

bulbs (insignificant) compared to unmodified 5 nm AuNPs (Figure 10B). The highest amounts of Au were found in the nasal
cavity, olfactory bulbs, lungs, and liver (Figure 10B).

Discussion
The present study demonstrated the role of the interaction between size, material, and surface modification, and the
antiviral activity of NPs against HSV-1 infection in vitro and in vivo.

Antiviral activities of metal NPs, such as Au- and Ag-based systems, have been widely studied and described.'*
However, as other authors have suggested, depending on the virus size and shape of the outer structure (enveloped vs
non-enveloped, protein spikes, etc)., NPs of different composition, modification and sizes may exert efficient virucidal
activity. Synthesis methods often lead to the presence of different organic compounds that stabilize NPs, whose function
is to coat the surface and avoid aggregation, leading to a loss of characteristic properties.*” Sometimes, coating is
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Figure 10 Tannic acid-modified and unmodified Ag/AuNPs of both sizes - 5 and 30 nm accumulate in tissues differently. C57BL/6 mice were treated intranasally two times
every 24 h with tannic acid-modified or unmodified 5 nm AgNPs, 30 nm AgNPs, 5 nm AuNPs or 30 nm TA-AuNPs. Nasal cavities, brains with olfactory bulbs, trachea, lungs
and livers were collected at 2 days post-treatment and subjected to inductively coupled plasma mass spectrometry (ICP-MS) for Au (A) and Ag (B) content in extracts
prepared from collected organs. Data from three independent experiments are presented as mean + SEM. Two-way ANOVA test with p < 0.05 *, p < 0.01 **, and extremely
significant at p < 0.0001 **** in comparison to unmodified NPs (TA-AuNPs vs AuNPs, etc.).

performed to mimic heparan sulfate (HS) and to increase virucidal effects.”'*> We have previously demonstrated that
TA-AgNPs of 13, 33, and 46 nm can effectively inhibit HSV-2 infection both in vitro and in vivo.'"*'® We also showed
that antiviral action requires direct interaction with the virion surface, and this interaction requires the presence of tannic
acid (TA) on the AgNPs.'*'® The role of tannins in blocking interactions between cell-surface glycosaminoglycans and
HSV-1 glycoproteins has been shown previously, also for other viruses that use glycosaminoglycans for entry, such as
human cytomegalovirus (HCMV), hepatitis C virus (HCV), dengue virus (DENV), measles virus (MV), and respiratory
syncytial virus (RSV).?** Tannins interact with specific sites on the viral glycoproteins involved in attachment,
membrane fusion, or cell spread, and further compete with cell-surface GAGs for the virus particles.>*

To understand how the size, composition, and tannic acid presence influence the antiviral properties of nanoparticles, we
compared the antiviral activity of TA-modified metal NPs of two sizes (5 and 30 nm) and prepared of Ag and Au. Using direct
antiviral tests (virus-nanoparticle interaction), we found that small-sized TA-modified Ag and Au nanoparticles showed
similarly efficient antiviral activity against HSV-1, while 30 nm TA- AuNPs showed very weak antiviral activity in contrast to
TA-30 nm AgNPs. We previously demonstrated that upon interaction with 30 nm AgNPs, HSV-2 virions interact with several
NPs; however, this imaging was performed in fixed samples.'® By using cryo-TEM technique, we were able to observe
immediate virus-nanoparticle interactions. We found that small-sized TA-modified Ag/Au nanoparticles (5 nm) interacted in
a lasting manner with the envelope, forming the outer structure of the HSV-1 virion. TA-modified small NPs remained bound
to the envelope, although the virus envelope was partially destroyed (Figure 2). The tannic acid is responsible for these
interactions, as we previously showed that only TA-modified NPs can interact with HSV-2 and form aggregates with the virus
envelope.” Since HSV-1 differs from HSV-2 only in the structure of surface glycoproteins, the mechanism of TA-interaction
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for both viruses should be similar.?® Concerning the larger Au/AgNPs we did not find images of stable, long-lasting
interactions of 30 nm AuNPs with the virions, while interaction with 30 nm TA-AgNPs led to destruction of the virions —
its envelope was “shed off”” and even the tegument becomes damaged. Therefore, we can conclude that the interaction between
TA-NPs and HSV-1 virions depends on the NPs size and composition, with smaller sizes being independent of the NPs
composition, whereas for larger NPs, the metal type is important for HSV-1 inhibition. Vonnemann et al*’?® revealed that
surface-area-normalized polysulfated gold nanoparticles >50 nm more efficiently inhibited the binding of vesicular stomatitis
virus (VSV) to cells than did smaller particles. Inhibition of viral infection by larger nanoparticles was up to two orders of
magnitude more efficient than that by smaller particles, suggesting different mechanisms of virus inhibition. The authors
concluded that larger AuNPs acted as efficient cross-linkers between virions, whereas smaller AuNPs decorated the surface of
virions in a manner similar to our data.””*® We suggest that tannic acid in our study may act as a competitive binding inhibitor,
helping to bind virions and inactivate them, possibly by acting as a cross-linker, allowing the formation of aggregates of
nanoparticles with the virions.

Furthermore, the size of nanoparticle plays an important role in determining the process of cellular uptake and toxicity. It
has been shown that NPs of smaller sizes ranging from 10 to 30 nm may actively cross the cell membrane, whereas uptake of
NPs of larger sizes requires endocytosis, consisting a passive mechanism.?” Our previous studies also showed that TA-Ag/
AuNPs of different sizes were internalized by both monocytes and dendritic cells'>!” and the inhibitor of clathrin-mediated
endocytosis blocked the uptake of TA-Ag/AuNPs by dendritic cells.'” Both in monocytes and dendritic cells, NPs were
localized mainly within electron-dense vacuoles attached to the inner vacuole membrane. 1517 Pyrthermore, cytochalasin D, an
inhibitor of phagocytosis and micropinocytosis, decreased the internalization of TA-Ag/AuNPs."”

Microglia are resident macrophages of the CNS, which play a crucial role in maintaining brain homeostasis but also
in the protection of the brain from invading pathogens, synaptic plasticity, neuronal repair, and neurogenesis.>*>' Upon
HSV-1 infection, microglial cells undergo abortive infection, which further induces a burst of pro-inflammatory cytokine
and chemokine production, activating other glial cells within the CNS and helping to mount the adaptive immune
response in the CNS.**** Here, we found that microglia internalize NPs. Furthermore, the application of TA-Ag/AuNPs
to treat HSV-1 infection provides a better antiviral response, measured by production of IFN-a, CXCL9, and CXCL10,
which in turn attract T and NK cells to infiltrate HSV-infected sites.**

It has been shown that HSV infection of monocytes/macrophages results in totally interrupted or partially restricted
replication (non-productive or abortive infection).*> Activation of NF-«kB during HSV-1 infection plays a central role in
restriction of infection in monocytic cells, preserving these cells from both viral replication and apoptosis.®>® The use of NF-
«B inhibitors enhances viral replication in HSV-1 infected monocytic cells.’” Here, we found that the addition of both silver
and gold nanoparticles to HSV-1 infected monocytes helped to induce NF-«B activity to the level observed in control cells
(unmodified Ag/AuNPs) or even higher levels upon treatment with TA-Ag/AuNPs. However, the application of large, 30 nm
TA-AuNPs decreased NF-«xB activity in monocytes upon HSV-1 infection. The activation of NF-«B in HSV infection is cell
type-dependent and involves different pathways.?”*® The use of the TLR3 ligand poly (I:C) selectively activates numerous
signaling pathways, further resulting in the production of type I IFNs and NF-B activation-dependent production of TNF-a,
IL-6, and CXCL10.***° In our study, activation of NF-kB activity induced by poly (I:C) was modulated by Ag/AuNPs
depending on the size, metal type, and presence of tannic acid modification, with a clear downregulation of the TLR3-
dependent pathway by large Au/AgNPs, irrespective of the metal type. Duffy et al (2018) previously demonstrated that at non-
toxic dose, 20 nm AgNPs may induce microglial inflammatory response through a NF-kB mediated pathway.*' Other authors
using the same reporting system showed that NF-kB-mediated cellular response to AgNPs is cell-type specific and depends on
its basal activity.*> Our study shows for the first time that activation of NF-kB-mediated monocyte/macrophage response to
NPs, is dependent on their size, metal type and presence or lack of modification.

Most nanoparticles show a tendency to aggregate in biological solutions, thereby leading to formation of large sized
aggregates. Thus, the TA-Ag/AuNPs used in this study may form aggregates in biological fluids such as mucus.
However, by formation of aggregates with viral antigens, TA-modified nanoparticles may help to internalize viral
antigens and facilitate antigen presentation to T and B cells. Several authors have suggested that the size and surface
charge of NPs may play a crucial role in the antigen presentation and dendritic cell-mediated antigen uptake, thereby
promoting cell-mediated immunity.”'*!” We have previously shown in vitro using murine primary DCs and JAWS 1I
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cell lines that dendritic cells exposed to non-toxic doses of tannic acid-modified small, medium, and large Ag/AuNPs
mixed with HSV-2 antigens decreased major histocompatibility complex (MHC) class I expression and upregulated
MHC class II; furthermore.'” The expression of MHCII is crucial for antigen presentation by APC to naive T cells,
followed by activation of the adaptive immune response.

Considering the results obtained previously and in vitro, we decided to determine how size, metal type, and tannic
acid modification influence development of the specific immune response in a mouse model of HSV-1 infection. We
found that treatment with all types of NPs significantly decreased the viral titers early during infection in TGs. During the
symptomatic phase of infection (day 7), treatment with tannic acid-modified nanoparticles of all types and sizes resulted
in lower viral titers and higher infiltration of NK1.1. cells in the TGs and cytotoxic CD8+ T cells in both the brain and the
TGs. Tannic acid-modified NPs, both Au and Ag, induced a better antiviral CD8+ T cell response in TGs (AgNPs) and
brains (AuNPs), as well as high numbers of activated and virus-specific cytotoxic T cells (Figure 7). It is possible that
APCs, such as monocytes and dendritic cells, recognize tannic acid-modified nanoparticle/virus aggregates as foreign
antigens, engulf and process them, and then present them to effector immune cells via the MHC in a much better manner
than weakly immunogenic viral antigens. This effect was not observed for the unmodified Ag/AuNPs because they did
not form aggregates with HSV. Furthermore, treatment with TA-modified NPs resulted in a better profile of antiviral
cytokines and chemokines (IFN-gamma, CXCL9, and CXCL10) detected in tissues where HSV-1 establishes latency,
such as TGs and brains. This effect was especially visible for 30 nm AgNPs, for which a lack of tannic acid modification
actually decreased the expression of antiviral cytokines and chemokines.

Upon skin and mucosal infection, HSV-1 enters epidermal DCs and Langerhans cells, causing non-productive or
abortive infection, ending with both cell types becoming apoptotic by 18 h post-infection.*> HSV is next transferred from
apoptotic LCs to dermal DCs and macrophages in the process termed the “viral relay” and the viral antigens are cross-
presented to CD8+ T cells in lymph nodes.**** In our study, application of all tested NPs to the nasal cavities of
uninfected mice induced the infiltration of both monocytes and LCs. Interestingly, treatment of early HSV-1 nasal
infection with both TA-modified and unmodified 5 and 30 nm AgNPs led to infiltration of inflammatory, activated
monocytes within the infected nasal mucosa; however, treatment with tannic-acid-modified Ag/AuNPs led to significant
upregulation of IFNs type I, CXCL9, and IL-1f expression within the nasal mucosa early during infection. This indicates
that TA plays a significant role in directing the antiviral response early during infection.

Exposure to nanomaterials may lead to inflammation by activating different cell signaling pathways, leading to
further release of pro-inflammatory mediators, such as TNF-a, IL-1, B and IL-6. Nanoparticle-induced inflammation may
be partially caused by the release of (toxic) metal ions in a process known as NP dissolution.*>**® The most accepted
toxicity mechanism of nanoparticles, especially AgNPs, is the Trojan-horse mechanism, in which particles taken up via
endocytosis are subsequently degraded in the lysosome.*>**® Next, Ag® is oxidized to Ag+, which leads to the production
of toxic reactive oxygen species (ROS). Ag+ ions also interfere with the respiratory chain, leading to the formation of
additional ROS.***® In our study, increased infiltration of monocytes within the nasal cavity and TGs was observed in
tissues subjected to AgNPs of both sizes, TA-modified and unmodified. Interestingly, at 7 d p.i., TGs of mice treated with
all types of TA-Ag/AuNPs showed significantly fewer inflammatory monocytes, but more infiltration of Langerhans
cells, responsible for HSV antigen uptake and further presentation to immune-competent cells. Therefore, modification
with tannic acid may modulate inflammation induced by nanoparticles. Tannic acid was found to inhibit IL-1f secretion
by macrophages in an NLRP3-dependent manner?’ and to modulate EGF-R/Jak2/STAT1/3 and P38/STAT1/p21Wafl/
Cipl pathways.*® Anti-inflammatory activity of tannic acid has been confirmed by many studies, although its influence
on other signaling pathways is not clear. Furthermore, the measurement of Ag and Au in the exposed tissues clearly
indicates that the dissolution of Ag nanoparticles must have occurred. Tannic acid probably caused stronger dissolution
or removal from the organism, as we detected very little Ag in mice treated with TA-modified AgNPs of both sizes
compared to unmodified AgNPs (Figure 10). Concerning Au, we observed much higher deposition of this element both
within the respiratory tract and in the olfactory bulb (OB) and the brain (Figure 10). Patchin et al (2016) demonstrated the
ability of unmodified Ag (20 and 110 nm) to be deposited, translocated, and retained from the nose to the olfactory bulbs
at levels sufficient to cause microglial activation. The study detected microglia activation and Ag in OB as long as 56
days after inhalation lasting 6h.** Here, we instilled much lower doses of AgNPs or AuNPs, as the single dose was
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0.4 pg/mouse (total dose 0.8 pg/mouse). Lee et al determined the extrapulmonary translocation and elimination of AgNPs
(10.86 nm) and AuNPs (10.82 nm) in male rats over 28 days (6-h/day) using a nose-only inhalation system. AuNPs were
found in many organs (liver, kidney, spleen, olfactory bulb, and brain) and showed a slow rate of elimination.”® Ag was
translocated to the extrapulmonary tissues and rapidly eliminated from the tissues except the brain and olfactory bulb.>®
Hence, our results confirm that tannic acid modification may also increase the rate of Ag dissolution and make its use
even safer. Additionally, intranasal instillation with AgNPs is much safer than intravenous instillation, as only a small
fraction of intratracheal-instilled ultrafine particles can pass rapidly into systemic circulation.”’ Taking into account the
fact that TA-AuNPs were detected in our study within the brain, which could lead to inflammation, as shown by Patchin
et al,*® our data suggest that AuNPs can be internalized by microglia and help to induce an immune response against
HSV-I1.

Conclusion

Here, we demonstrated the role of interactions between the size, material, surface modification, and antiviral activity of
NPs against HSV-1 infection in vitro and in vivo. Experiments revealed that tannic acid modification of both AgNPs and
AuNPs allows to target and inactivate HSV-1 viral particles, although the mechanism seems to be different depending on
the nanoparticle size and metal type. Treatment of the mucosal tissues at the early stage of HSV-1 infection helps to
modulate specific and effective antiviral immune response by attracting cytotoxic lymphocytes and inducing the
production of antiviral cytokines and chemokines. Furthermore, tannic acid modification is helpful for the removal of
nanoparticles from the respiratory tract, which increases the safety of nanoparticle applications to treat infections.

Acknowledgments
This work was supported by the National Science Center, Poland (Grant No. UMO 2018/31/B/NZ6/02606).

Disclosure
The authors report no conflicts of interest in this work.

References

1. Rodrigues I, Campo KN, Arns CW, Gabriel LP, Webster TJ, Lopes ESN. From bulk to nanoparticles: an overview of antiviral materials, its
mechanisms, and applications. Part Part Syst Charact. 2021;38(8):2100044. doi:10.1002/ppsc.202100044

2.Lin N, Verma D, Saini N, et al. Antiviral nanoparticles for sanitizing surfaces: a roadmap to self-sterilizing against COVID-19. Nano Today.
2021;40:101267. doi:10.1016/j.nantod.2021.101267

3. Krzyzowska M, Janicka M, Tomaszewska E, et al. Lactoferrin-conjugated nanoparticles as new antivirals. Pharmaceutics. 2022;14(9):1862.
doi:10.3390/pharmaceutics 14091862

4. Luceri A, Francese R, Lembo D, Ferraris M, Balagna C. Silver nanoparticles: review of antiviral properties, mechanism of action and applications.
Microorganisms. 2023;11(3):629. doi:10.3390/microorganisms11030629

5. Almatroudi A. Unlocking the potential of silver nanoparticles: from synthesis to versatile bio-applications. Pharmaceutics. 2024;16(9):1232.
doi:10.3390/pharmaceutics 16091232

6. El-Zayat SR, Sibaii H, Mannaa FA. Toll-like receptors activation, signaling, and targeting: an overview. Bull Natl Res Cent. 2019;43(1):1-12.

7. Lenders V, Koutsoumpou X, Sargsian A, Manshian BB. Biomedical nanomaterials for immunological applications: ongoing research and clinical
trials. Nanoscale Adv. 2020;2(11):5046-5089. doi:10.1039/d0na00478b

8. Irvine DJ, Hanson MC, Rakhra K, Tokatlian T. Synthetic nanoparticles for vaccines and immunotherapy. Chem Rev. 2015;115(19):11109-11146.
doi:10.1021/acs.chemrev.5b00109

9.Li ZZ, Zhong NN, Cao LM, et al. Nanoparticles targeting lymph nodes for cancer immunotherapy: strategies and influencing factors. Small.
2024;20(19):¢2308731. doi:10.1002/smll.202308731

10. Niikura K, Matsunaga T, Suzuki T, et al. Gold nanoparticles as a vaccine platform: influence of size and shape on immunological responses in vitro
and in vivo. ACS Nano. 2013;7(5):3926-3938. doi:10.1021/nn3057005

11. Poon WL, Alenius H, Ndika J, et al. Nano-sized zinc oxide and silver, but not titanium dioxide, induce innate and adaptive immunity and antiviral
response in differentiated THP-1 cells. Nanotoxicology. 2017;11(7):936-951. doi:10.1080/17435390.2017.1382600

12. Klapper PE, Cleator GM. Herpes simplex virus. Intervirology. 1997;40(2-3):62-71. doi:10.1159/000150534

13. Gilden DH, Mahalingam R, Cohrs RJ, Tyler KL. Herpesvirus infections of the nervous system. Nat Clin Pract Neurol. 2007;3(2):82-94.
doi:10.1038/ncpneuro0401

14. Krzyzowska M, Janicka M, Chodkowski M, et al. Epigallocatechin gallate-modified silver nanoparticles show antiviral activity against herpes
simplex type 1 and 2. Viruses. 2023;15(10):2024. doi:10.3390/v15102024

15. Orlowski P, Tomaszewska E, Gniadek M, et al. Tannic acid modified silver nanoparticles show antiviral activity in herpes simplex virus type 2
infection. PLoS One. 2014;9(8):¢104113. doi:10.1371/journal.pone.0104113

International Journal of Nanomedicine 2025:20 hetps: 3995


https://doi.org/10.1002/ppsc.202100044
https://doi.org/10.1016/j.nantod.2021.101267
https://doi.org/10.3390/pharmaceutics14091862
https://doi.org/10.3390/microorganisms11030629
https://doi.org/10.3390/pharmaceutics16091232
https://doi.org/10.1039/d0na00478b
https://doi.org/10.1021/acs.chemrev.5b00109
https://doi.org/10.1002/smll.202308731
https://doi.org/10.1021/nn3057005
https://doi.org/10.1080/17435390.2017.1382600
https://doi.org/10.1159/000150534
https://doi.org/10.1038/ncpneuro0401
https://doi.org/10.3390/v15102024
https://doi.org/10.1371/journal.pone.0104113

Janicka et al

16.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ortowski P, Kowalczyk A, Tomaszewska E, et al. Antiviral activity of tannic acid modified silver nanoparticles: potential to activate immune
response in herpes genitalis. Viruses. 2018;10(10):524. doi:10.3390/v10100524

. Orlowski P, Tomaszewska E, Ranoszek-Soliwoda K, et al. Tannic acid-modified silver and gold nanoparticles as novel stimulators of dendritic cells

activation. Front Immunol. 2018;9:1115. doi:10.3389/fimmu.2018.01115

. Janicka M, Ranoszek-Soliwoda K, Chodaczek G, et al. Functionalized noble metal nanoparticles for the treatment of herpesvirus infection.

Microorganisms. 2022;10(11):2161. doi:10.3390/microorganisms10112161

. Tomaszewska E, Ranoszek-Soliwoda K, Bednarczyk K, et al. Anti-HSV activity of metallic nanoparticles functionalized with sulfonates vs

Polyphenols. Int J mol Sci. 2022;23(21):13104.

Bergstrom T, Sjogren-Jansson E, Jeansson S, Lycke E. Mapping neuroinvasiveness of the herpes simplex virus type 1 encephalitis-inducing strain
2762 by the use of monoclonal antibodies. mol Cell Probes. 1992;6(1):41-49. doi:10.1016/0890-8508(92)90070-E

Najer A. Pathogen-binding nanoparticles to inhibit host cell infection by heparan sulfate and sialic acid dependent viruses and protozoan parasites.
Smart Med. 2024;3(2):€20230046. doi:10.1002/SMMD.20230046

Cagno V, Gasbarri M, Medaglia C, et al. Sulfonated nanomaterials with broad-spectrum antiviral activity extending beyond heparan
sulfate-dependent viruses. Antimicrob Agents Chemother. 2020;64(12):¢02001-20. doi:10.1128/AAC.02001-20

Lin LT, Chen TY, Chung CY, et al. Hydrolyzable tannins (chebulagic acid and punicalagin) target viral glycoprotein-glycosaminoglycan
interactions to inhibit herpes simplex virus 1 entry and cell-to-cell spread. J Virol. 2011;85(9):4386—4398. doi:10.1128/JV1.01492-10

Lin LT, Chen TY, Lin SC, et al. Broad-spectrum antiviral activity of chebulagic acid and punicalagin against viruses that use glycosaminoglycans
for entry. BMC Microbiol. 2013;13(1):187. doi:10.1186/1471-2180-13-187

Ranoszek-Soliwoda K, Tomaszewska E, Bednarczyk K, et al. The influence of the AgNPs surface chemical modificators on the antiviral activity
against HSV-2. Submitted to Int J Nanomedicine.

Olofsson S, Bally M, Trybala E, Bergstrom T. Structure and Role of O-linked glycans in viral envelope proteins. Annu Rev Virol. 2023;10
(1):283-304. doi:10.1146/annurev-virology-111821-121007

Vonnemann J, Sieben C, Wolff C, et al. Virus inhibition induced by polyvalent nanoparticles of different sizes. Nanoscale. 2014;6(4):2353-2360.
doi:10.1039/c¢3nr04449a

Vonnemann J, Liese S, Kuehne C, et al. Size dependence of steric shielding and multivalency effects for globular binding inhibitors. J Am Chem
Soc. 2015;137(7):2572-2579. doi:10.1021/ja5114084

Kettler K, Veltman K, van de Meent D, van Wezel A, Hendriks AJ. Cellular uptake of nanoparticles as determined by particle properties,
experimental conditions, and cell type. Environ Toxicol Chem. 2014;33(3):481-492. doi:10.1002/etc.2470

Chen Z, Zhong D, Li G. The role of microglia in viral encephalitis: a review. J Neuroinflammation. 2019;16(1):76. doi:10.1186/s12974-019-1443-2
Ginhoux F, Garel S. The mysterious origins of microglia. Nat Neurosci. 2018;21(7):897-899. do0i:10.1038/541593-018-0176-3

Marques CP, Cheeran MC, Palmquist JM, Hu S, Urban SL, Lokensgard JR. Prolonged microglial cell activation and lymphocyte infiltration
following experimental herpes encephalitis. J Immunol. 2008;181(9):6417-6426. doi:10.4049/jimmunol.181.9.6417

Uyar O, Laflamme N, Piret J, et al. An early microglial response is needed to efficiently control herpes simplex virus encephalitis. J Virol. 2020;94
(23):¢01428-20. doi:10.1128/JV1.01428-20

Piret J, Boivin G. Innate immune response during herpes simplex virus encephalitis and development of immunomodulatory strategies. Rev Med
Virol. 2015;25(5):300-319. doi:10.1002/rmv.1848

Linnavuori K, Hovi T. Herpes simplex virus infection in human monocyte cultures: dose-dependent inhibition of monocyte differentiation resulting
in abortive infection. J Gen Virol. 1981;52(Pt 2):381-385. do0i:10.1099/0022-1317-52-2-381

Marino-Merlo F, Papaianni E, Medici MA, et al. HSV-1-induced activation of NF-kB protects U937 monocytic cells against both virus replication
and apoptosis. Cell Death Dis. 2016;7(9):¢2354. doi:10.1038/cddis.2016.250

Teresa Sciortino M, Medici MA, Marino-Merlo F, et al. Signaling pathway used by HSV-1 to induce NF-kappaB activation: possible role of herpes
virus entry receptor A. Ann N Y Acad Sci. 2007;1096:89-96. doi:10.1196/annals.1397.074

Liu X, Fitzgerald K, Kurt-Jones E, Finberg R, Knipe DM. Herpesvirus tegument protein activates NF-kappaB signaling through the TRAF6 adaptor
protein. Proc Natl Acad Sci U § A. 2008;105(32):11335-11339. doi:10.1073/pnas.0801617105

Alexopoulou L, Holt AC, Medzhitov R, Flavell RA. Recognition of double-stranded RNA and activation of NF-kappaB by Toll-like receptor 3.
Nature. 2001;413(6857):732—738. doi:10.1038/35099560

Yamamoto M, Sato S, Hemmi H, et al. Role of adaptor TRIF in the MyD88-independent toll-like receptor signaling pathway. Science. 2003;301
(5633):640-643. doi:10.1126/science.1087262

Duffy CM, Swanson J, Northrop W, Nixon JP, Butterick TA. Microglial immune response to low concentrations of combustion-generated
nanoparticles: an in vitro model of brain health. Nanomaterials (Basel). 2018;8(3):155. doi:10.3390/nano8030155

Stepkowski TM, Brzoska K, Kruszewski M. Silver nanoparticles induced changes in the expression of NF-«kB related genes are cell type specific
and related to the basal activity of NF-«kB. Toxicol in Vitro. 2014;28(4):473-478. d0i:10.1016/j.tiv.2014.01.008

Bertram KM, Truong NR, Smith JB, et al. Herpes simplex virus type 1 infects Langerhans cells and the novel epidermal dendritic cell, Epi-cDC2s,
via different entry pathways. PLoS Pathog. 2021;17(4):1009536. doi:10.1371/journal.ppat.1009536

Kim M, Truong NR, James V, et al. Relay of herpes simplex virus between Langerhans cells and dermal dendritic cells in human skin. PLoS
Pathog. 2015;11(4):s.

Setyawati MI, Yuan X, Xie J, Leong DT. The influence of lysosomal stability of silver nanomaterials on their toxicity to human cells. Biomaterials.
2014;35(25):6707-6715. doi:10.1016/j.biomaterials.2014.05.007

Manshian BB, Pfeiffer C, Pelaz B, et al. High-content imaging and gene expression approaches to unravel the effect of surface functionality on
cellular interactions of silver nanoparticles. ACS Nano. 2015;9(10):10431-10444. doi:10.1021/acsnano.5b04661

Song D, Zhao J, Deng W, Liao Y, Hong X, Hou J. Tannic acid inhibits NLRP3 inflammasome-mediated IL-1f production via blocking NF-kB
signaling in macrophages. Biochem Biophys Res Commun. 2018;503(4):3078-3085. doi:10.1016/j.bbrc.2018.08.096

Darvin P, Joung YH, Kang DY, et al. Tannic acid inhibits EGFR/STAT1/3 and enhances p38/STAT1 signalling axis in breast cancer cells. J Cell mol
Med. 2017;21(4):720-734. doi:10.1111/jecmm.13015

Patchin ES, Anderson DS, Silva RM, et al. Size-dependent deposition, translocation, and microglial activation of inhaled silver nanoparticles in the
rodent nose and brain. Environ Health Perspect. 2016;124(12):1870—1875. doi:10.1289/EHP234

3996 https: International Journal of Nanomedicine 2025:20


https://doi.org/10.3390/v10100524
https://doi.org/10.3389/fimmu.2018.01115
https://doi.org/10.3390/microorganisms10112161
https://doi.org/10.1016/0890-8508(92)90070-E
https://doi.org/10.1002/SMMD.20230046
https://doi.org/10.1128/AAC.02001-20
https://doi.org/10.1128/JVI.01492-10
https://doi.org/10.1186/1471-2180-13-187
https://doi.org/10.1146/annurev-virology-111821-121007
https://doi.org/10.1039/c3nr04449a
https://doi.org/10.1021/ja5114084
https://doi.org/10.1002/etc.2470
https://doi.org/10.1186/s12974-019-1443-2
https://doi.org/10.1038/s41593-018-0176-3
https://doi.org/10.4049/jimmunol.181.9.6417
https://doi.org/10.1128/JVI.01428-20
https://doi.org/10.1002/rmv.1848
https://doi.org/10.1099/0022-1317-52-2-381
https://doi.org/10.1038/cddis.2016.250
https://doi.org/10.1196/annals.1397.074
https://doi.org/10.1073/pnas.0801617105
https://doi.org/10.1038/35099560
https://doi.org/10.1126/science.1087262
https://doi.org/10.3390/nano8030155
https://doi.org/10.1016/j.tiv.2014.01.008
https://doi.org/10.1371/journal.ppat.1009536
https://doi.org/10.1016/j.biomaterials.2014.05.007
https://doi.org/10.1021/acsnano.5b04661
https://doi.org/10.1016/j.bbrc.2018.08.096
https://doi.org/10.1111/jcmm.13015
https://doi.org/10.1289/EHP234

Janicka et al

50. Lee P, Kim JK, Jo MS, et al. Biokinetics of subacutely co-inhaled same size gold and silver nanoparticles. Part Fibre Toxicol. 2023;20(1):9.
doi:10.1186/s12989-023-00515-z

51. Chen J, Tan M, Nemmar A, et al. Quantification of extrapulmonary translocation of intratracheal-instilled particles in vivo in rats: effect of
lipopolysaccharide. Toxicology. 2006;222(3):195-201. doi:10.1016/j.t0x.2006.02.016

International Journal of Nanomedicine Dovepress

Taylor & Francis Group
Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:/
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2025:20 E X in 3@ 3997


https://doi.org/10.1186/s12989-023-00515-z
https://doi.org/10.1016/j.tox.2006.02.016
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Material and Methods
	Nanoparticles
	Citrate Metallic Nanoparticles
	5 nm AuNPs
	5 nm AgNPs
	30 nm AgNPs

	TA-Modified Metallic Nanoparticles
	Nanoparticles Characterization
	Virus and Cells
	Primary Cultures
	Antiviral Tests
	Plaque Reduction
	Post-Entry Treatment

	CryoTEM
	ICP-MS
	Quantitative PCR
	Confocal Microscopy
	In vivo Infection Model
	Flow Cytometry Analysis
	Statistics

	Results
	Characterization of Nanoparticles
	Direct Antiviral Mechanism of TA-Modified Nanoparticles is Size Dependent
	Antiviral Effects of TA-Modified Nanoparticles invitro are Size and Metal-Dependent
	Cells of Monocyte Origin Internalize Nanoparticles and Become Activated
	Only TA-Modified Nanoparticles Decrease HSV-1 Titers During invivo Infection
	TA-Modified Nanoparticles Provide Better Antiviral Response During HSV-1 invivo
	TA-Modified Nanoparticles Modulate Inflammatory Response During HSV-1 invivo Infection

	Discussion
	Conclusion
	Acknowledgments
	Disclosure

