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Abstract

The interaction of silver nanoparticles (AgNPs) with the immune system has not yet been sufficiently elucidated even though
they belong to the most investigated and exploited group of nanomaterials. This study aimed to evaluate immunomodulatory
effect of four different AgNPs on human peripheral blood mononuclear cells (hPBMCs). Fresh hPBMCs were exposed to
the small sized (~ 10 nm) AgNPs immediately after isolation from the whole blood of healthy volunteers. The study consid-
ered coating-, time- and dose-dependent response of hPBMSc and stimulation of both early and intermediate activation of
lymphocytes and monocytes using flow cytometry. The AgNPs differed in surface charge and were stabilised with polyvinyl
pyrrolidone (PVP), poly-L-lysine (PLL), bis(2-ethylhexyl) sulfosuccinate sodium (AOT) or blood serum albumin (BSA).
Response of hPBMCs to coating agents and ionic Ag form was evaluated to distinguish their effect from the AgNPs action as
they may be released from the nanosurface. There was no significant effect of any tested AgNPs on relative count of hPBMCs
subpopulations. The T-cells and monocytes were not activated after treatment with AgNPs, but the highest concentration
of PLL- and BSA-AgNPs decreased density of CD4 and CD8 markers on T-helper and T-cytotoxic cells, respectively. The
same AgNPs activated B- and NK-cells. Ionic Ag activated T-, B- and NK-cells, but at very higher concentration, whereas
only PLL exhibited immunomodulatory activity. This study evidenced immunomodulatory activity of AgNPs that may be
fine-tuned by the design of their surface functionalization.
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Introduction

The engineering of silver-based nanomaterials (NMs) has
experienced a tremendous technological evolution in the last
decade. Although antibacterial activity of silver has been
well known since the development of medicine in ancient
civilizations, its inclusion in nanostructures has allowed
increased biocompatibility and development of more effi-
cient nanoproducts for biomedicine [1]. Thus, silver nano-
particles (AgNPs) became one of the most investigated and
exploited NMs due to their unique optical, electrical and
biological properties [2]. Among numerous biomedical
applications such as coatings for medical device and tissue
regeneration materials, AgNPs awoke tremendous interest in
therapeutic applications including drug or vaccine delivery
platforms. Emerging problem of drug resistance emphasized
broad variety of AgNPs designs as promising alternatives
[1, 3]. However, interaction of AgNPs with the immune sys-
tem remains a key enigma for their implementation in such
therapeutic tools.

Like many other NMs, AgNPs may easily enter the
human body through many different routes (respiratory,
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gastrointestinal, dermal) breaching through natural barriers
and entering the bloodstream. Circulating blood cells repre-
sent the first line of AgNPs interaction with human immune
system that either eliminate or tolerate xenobiotics. Immune
blood cells belong to innate and adaptive immunological
systems. Innate immunity, represented by polymorphonu-
clear leukocytes (neutrophils, basophils, eosinophils) and
mononuclear cells (monocyte/macrophages, dendritic cells,
natural killer (NK) cells), is nonspecific, immediate action
and the first line of defense without creating a long-lasting
memory. Adaptive immune system, represented by T- and
B-lymphocytes, evolves over time and develops immuno-
logical memory to specific foreign antigens from primary
encounter [2, 3]. Metallic NPs can be designed to interact
with antigen presenting cells in bloodstream causing adap-
tive immunity (T- or B-cell) activation as already manifested
for adjuvant effects of AgNPs in mice [4]. Modulating innate
immunity, engineered AgNPs can suppress neutrophil cell
activation and prevent inflammation or enhance immune
response through neutrophil extracellular traps release [1-5].

In general, nanomaterials, as foreign substances, can be
eliminated or tolerated by immune system. When designed
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for biomedical purposes, it is crucial to first determine what
kind of immune reaction AgNPs are supposed to achieve [1,
3]. There are several possible outcomes of AgNPs interac-
tion with immune cells: immunotoxicity, immunocompat-
ibility or immunomodulation. Immunotoxicity is always
undesirable consequence resulting in excessive activation of
immune response or damage of immune system that finally
cause diverse pathological manifestations in organism.
Immunocompatibility implies AgNPs application that avoids
immune system that is desirable for antimicrobial AgNPs-
based products as well as for nanovectors for drugs or gene
delivery. Immunomodulation can occur as stimulation or
suppression of immune system. Silver-based nanovaccines
act as antigens or adjuvants and stimulate immunization.
AgNPs used as anti-inflammatory drugs are supposed to
suppress immune response in antitumor therapy or therapy
of inflammatory and autoimmune diseases [3, 5]. Depend-
ing on the type of AgNPs interaction with immune system,
AgNPs-based medical products may be designed in any of
these directions.

Antiviral activity of AgNPs has been already reported
against various viruses such as rhinovirus, respiratory syn-
cytial virus, human immunodeficiency virus type 1 (HIV-1),
herpes simplex virus type 1 (HSV-1) or hepatitis B virus [1,
5-9]. Studies on AgNPs interaction with HIV-1 revealed
that therapeutic ability of AgNPs is achieved through bind-
ing on glycoprotein 120 of CD4 receptor on the surface of
T-helper cells, which represents the binding spot for this
virus [9]. Inhibition of HIV binding on T-helper cell recep-
tors by specifically functionalized AgNPs showed as a prom-
ising strategy to prevent immunodeficiency caused by this
ever-challenging virus [2, 9]. The AgNPs inhibitory effect
depends on their design; the strength of the inhibition could
be changed by manipulating the size and surface function-
alization. Thus, development of AgNPs-enabled therapeutic
agents against SARS-CoV-2 and other ever-mutating viruses
should not be disregarded strategy in managing the global
health problem with COVID-19 pandemic.

Immunomodulatory action of AgNPs is important also
for targeted anticancer therapy of both solid and liquid
tumors as therapeutic efficacy is based on combination of
AgNPs cytotoxic, antiangiogenic, and immunomodulatory
potential [10, 11]. AgNPs can be used as immunosuppres-
sants per se or as nano-carriers for anti-inflammatory drugs
or DNA-vaccines altering the immune microenvironment
of tumor. Recent study showed that plasmid DNA com-
plexed with PLL-coated polystyrene NPs induce an eleva-
tion of cytotoxic CD8 + T-lymphocytes, which inhibited
tumor growth in EG7 tumor cell line [12]. Chakraborty
et al. reported anticancer activity of AgNPs coated with
mice serum albumin (MSA) that successfully inhibited
murine fibrosarcoma cells by oxidative stress-induced
immunomodulation [13]. Unlike localized solid tumors,

liquid tumors are usually spread all over the bloodstream,
making selective targeting and treatment much more dif-
ficult. The other problem of targeting leukemic cells in
blood is activation of innate immunity and possibility of
eliminating AgNPs by phagocytic cells or opsonization by
blood proteins. In addition, cytotoxic and immunomodu-
latory effects of AgNPs have been already recognized as
promising tools in acute myeloid leukemia treatment, but
future design of antileukemic AgNPs must reach signifi-
cantly higher efficacy and specificity [14-16].

Our previous work showed how different surface func-
tionalization affects toxicity of AgNPs in human peripheral
blood mononuclear cells (h(PBMCs), prominent representa-
tives of circulating immune cells [17]. Results showed
increased internalization of AgNPs in hPBMCs in a dose-
and time-dependent manner leading to excessive production
of reactive oxygen species and depletion of mitochondrial
membrane potential and finally to apoptosis and cell death.
Among AgNPs stabilized with neutral polyvinyl pyrrolidone
(PVP), positively charged poly-L-lysine (PLL), negatively
charged bis(2-ethylhexyl) sulfosuccinate sodium (AOT) and
blood serum albumin (BSA) as protein coating, the highest
cytotoxic potential in hPBMCs was observed for PLL- and
BSA-coated AgNPs. Minimally toxic conditions (survival
of >90% cells) were also determined for all four types of
AgNPs [17].

Here, we aimed to evaluate immunomodulatory effect of
these four different AgNPs by exposing hPBMCs cells to
low, non-toxic doses of AgNPs. The hPBMC were isolated
from fresh venous blood and changes in their functionality
upon exposure to different AgNPs was evaluated by flow
cytometry method (FCM). Such approach enabled easier
and faster evaluation of hPBMCs functionality by FCM-
based determination of surface antigens expression com-
pared to semiquantitative, time- and labor-intensive pro-
liferation assay [18]. Immunomodulatory effect of AgNPs
on hPBMC was evaluated considering coating-, time- and
dose-dependent manner and investigating stimulation of
both early and intermediate activation of lymphocytes and
monocytes. Considering that hPBMCs express many dif-
ferent surface receptors involved in various specialized cell
functions, we also investigated how AgNPs affect them.
Simultaneous experiments with Ag® and coatings used for
AgNPs functionalization were conducted to distinguish the
immunomodulatory action of AgNPs from the effects of Ag
ions or from the coating agents per se. Search performed
in scientific databases Web of Science and PubMed on 2nd
March 2021 revealed no study that reports comprehensive
and systematic evaluation of immunomodulatory effects
of AgNPs as designed by us and reported here. Results
on AgNPs immunomodulatory effect on B-cells, T-cells,
T-helper cells, T-cytotoxic cells, NK-cells and monocytes
obtained by FCM approach provide important science-based
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evidence for design of more efficient and safer AgNPs-based
therapeutic products.

Materials and methods
Synthesis and characterization of AgNPs

Detailed description on preparation of PVP-, PLL-, AOT-
and BSA-coated AgNPs is given in our previous paper [17,
18, 20]. Briefly, AgNPs were synthesized with sodium boro-
hydride in presence of four different surface coatings (PVP,
PLL, AOT and BSA). Each freshly prepared AgNPs was
characterized in ultrapure water (UPW) at the concentration
of 10 mg Ag/L by means of primary size, size distribution,
{ potential and release of Ag™ ions. The size distribution by
volume and { potentials were measured by dynamic (DLS)
and electrophoretic light scattering (ELS) methods, respec-
tively, on a Zetasizer Nano ZS instrument (Malvern Instru-
ments, Worcestershire, UK). Visualization of AgNPs was
performed by transmission electron microscopy (TEM) on
an instrument Zeiss 902A (Oberkochen, Germany) operated
in bright field mode at an acceleration voltage of 80 kV.
Images were taken using a Canon PowerShot S50 camera
(Canon, Tokyo, Japan). Samples were prepared using a
Formvar®-coated copper grid (Agar Scientific, Stansted,
UK). Primary size was determined from the cross-sectional
area of the AgNPs by inspecting at least 100 particles per
AgNPs type. Release of Ag™ ions fraction from the AgNPs
surface was determined by ultrafiltration of AgNPs suspen-
sion using Amicon-4 Ultra centrifugal filter units with a cut-
off size of 3 kDa (Merck Millipore, Darmstadt, Germany)
at the 15 000 X g for 30 min. Released Ag fraction was ana-
lyzed in filtrates by the graphite furnace atomic absorption
spectrometer (GFAAS) (Perkin Elmer AAnalyst 600, Perkin
Elmer, Shelton, USA).

Preparation of hPBMCs cells

Whole blood samples were collected in vacutainers with
heparin-anticoagulant from three healthy volunteers. The
study protocol was approved by the Ethical committee of
University Hospital Centre Osijek and Faculty of Medicine,
University J.J. Strossmayer of Osijek, Croatia.

Complete blood count with differential cell analysis was
performed on automated hematology analyzer (Sysmex XN
2000, Sysmex, Kobe, Japan) to confirm absence of leuko-
cytosis/leukopenia and disturbances in relative percentages
of leukocyte subpopulations. These conditions had to be
fulfilled to exclude activation of peripheral blood cells by
exterior antigens (pathogens). Cells were isolated by density
gradient centrifugation method using Biocoll reagent (Sigma
Aldrich, Darmstadt, Germany). First, whole blood was
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diluted with phosphate buffered saline (PBS) to a ratio of
1:1 and slowly layered over the Biocoll separating solution
and centrifuged for 30 min at 900 X g. Thin layer of enriched
lymphocytes formed between plasma and Biocoll reagent
layers was removed with Pasteur's pipette and washed twice
in culture medium (Roswell Park Memorial Institute (RPMI)
1640 with addition of 10% (v/v) fetal bovine serum (FBS))
by centrifugation for 5 min at 400 X g and room temperature
(RT). After discarding the supernatant, cells were resus-
pended in culture medium and counted again for adjustment
of AgNPs treatment.

Treatment of hPBMCs

The hPBMC:s cells were treated with AgNPs, ionic Ag (in
the form of AgNO;) and coating agents (PVP, PLL, AOT)
solutions. Stock solutions of AgNPs, coating agents and
AgNO; were prepared in the UPW. Concentration of isolated
hPBMCs was adjusted to the 10° cells/mL. Concentration
of AgNPs and exposure time for hPBMCs treatments were
selected according to the cytotoxicity results reported in our
previous study (20). Only concentrations that did not induce
cell death and apoptosis in hPBMCs were selected for this
study: 1, 2, and 3 mg Ag/L for AOT-, PVP- and PLL-coated
AgNPs, 0.5, 1 and 1.5 mg Ag/L for BSA-AgNPs, 0.5 and
1 mg Ag/L for AgNO;, 0.00025% (v/v) PVP, 0.00003% (v/v)
PLL and 0.0003% (v/v) AOT. Incubation time for early acti-
vation was 6 h and 24 h for intermediate activation. Samples
were incubated in the dark at 37 °C and 5% CO, atmosphere.
After treatments, cells were washed with PBS by centrifuga-
tion for 5 min at 400 X g and RT.

For positive control, lymphocyte subset of hPBMCs were
stimulated with combination of 25 pg/L of phorbol myristate
acetate (PMA) and 1 uM of ionomicin. For negative control,
lymphocytes and monocytes were cultivated in AgNPs-free
exposure media. Positive control was used to confirm the
ability of lymphocytes to get activated by the stimuli. Nega-
tive control was used to ensure that cells were not previously
activated by outside stimuli or by isolating process. Also,
negative control was used to set up the separation quadrants
during the FCM analysis. The same incubation conditions
were applied for the control cells as for the treated cells.

Staining protocols for FCM analysis

After treatment, cells were washed, and cell count was
adjusted again with PBS to 1x 10> cells/mL per tube.
The hPBMCs were stained to screen for monocytes, T-,
B- and NK-cell, as well as to evaluate their activation
in one-tube antibody panels (Table 1). Prior to staining
with antibodies for FCM analysis, cells were stained for
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Table 1 Antibody panels and reagents used for hPBMCs screening and activation assessment after treatment with AgNPs

Subsets of hPBMCs
analysis

One-tube antibody panels for screening and activation

Reagents®

B- and NK-cells
PerCP/CD19 APC/CD69 VioBlue

T-cells (helper and cytotoxic) Viobility 405/520/CD3 FITC/CD8 PE/CD45 PerCP/

CD4 APC/CD69 VioBlue

Monocytes CD14 FITC/CD25 PE/HLA-DR PerCP

Viobility 405/520/CD3 FITC/CD16+ 56 PE/CD45

MACS Viobility 405/520; BD Multitest CD3/
CD16+56/CD45/CD19; MACS anti-CD69 VioBlue

MACS Viobility 405/520; BD Multitest CD3/CD8/
CD45/CD4; MACS anti-CD69 VioBlue

BD anti-CD14 FITC; BD anti-CD25 PE; BD anti-HLA-
DR PerCP

#BD Becton Dickinson (Franklin Lakes, NJ, USA), MACS magnetic cell separation (Miltenyl Biotec, Bergisch Gladbach, Germany), FITC fluo-
rescein isothiocyanate, PE phycoerythrin, PerCP peridinin-chlorophill-protein

viability using 1 pL Viobility 405/520 fixable dye (Milte-
nyl Biotec, Bergisch Gladbach, Germany) for 100 pL
of hPBMCs. After 15 min incubation at RT in the dark,
cells were washed with blocking buffer (PBS + 1% FCS),
2 uL of FcR block was added and cells were incubated
for 10 min at 4 °C. Then, 70 pL of solution containing
monoclonal antibodies (Table 1) for immunofluorescent
staining were added to 100 uL. of hPBMCs. Cells were
incubated for 30 min at RT in the dark and washed with
4 mL of staining buffer (PBS + 1% FCS, 0.1% NaNj;) using
centrifugation at 400 X g for 5 min at RT. After discard-
ing supernatant, cells were resuspended in 400 pL fixation
buffer (PBS + 4% formaldehyde) and vortexed prior to the
cytometer acquisition.

Screening panel for T-cells encompassed antibodies
for surface marker of T-cells (pan T-cell marker CD3)
and T-cell subpopulation of T-helper (CD3 and CD4) and
T-cytotoxic (CD3 and CD8) cells. Screening panel for B-
and NK-cells encompassed antibodies for surface markers
of B-cells (pan B-cell marker CD19) and NK-cells (CD3
and CD16/CD56). For analysis of early (6 h) and inter-
mediate (24 h) activation of lymphocytes, expression of
CD69 early activation marker was assessed simultaneously
with markers for cell screening to efficiently discriminate
activated and non-activated cells. Screening panel for
monocytes encompassed antibodies for surface marker
of mature monocytes (CD14 and HLA-DR), while CD25
activation marker was assessed to analyze monocyte inter-
mediate activation (24 h). The activation markers CD25
and HLA-DR was assessed only for analysis of monocytes
subpopulation as preliminary experiment did not show
change in their expression on T- and B-cell surface even
after 24 h of incubation with AgNPs.

The acquisition of cells was performed on flow cytom-
eter BD LSR II equipped with software BD FACSDiva
8.0.1 (Becton Dickinson, Franklin Lakes, NJ, USA). Data
for % of hPBMCs subsets and mean fluorescent intensity
(MFTI) for T-helper and T-cytotoxic cells were obtained
by the FlowJo 10.7.1 software (TreeStar Inc/FlowJo LLC,
Ashland, Oregon, USA).

Statistical analysis

Statistical analysis was conducted using program Statistica
(version 12.0, Statsoft Inc., Tulsa, SAD). The distribution
normality was tested by Shapiro—Wilk W test. Parametric
tests were used when normal data distribution was assumed.
Otherwise, non-parametric tests were used.

In the analysis of the results of immunomodulatory
effects, the differences of several independent groups were
tested. Those groups included the untreated (control) group
and experimental groups treated with four types of AgNPs
at three concentration and two time points. Results were
not normally distributed, so the differences between groups
were tested by Kruskal-Wallis test with post hoc Dunn test.

In the analysis of surface expressions of CD4 and CD8
receptors on T-helper and T-cytotoxic cells, respectively,
numerical variables were normally distributed, so the differ-
ences between two independent groups (control and experi-
mental, i.e., untreated and treated) for all types of AgNPs
were tested using the Student’s 7-test.

In control experiments including immunomodulatory
effects of coatings themselves and ionic Ag, differences
between two independent groups (untreated and treated)
were tested. In this case, results did not follow the normal
distribution, so the differences between groups were tested
by Mann Whitney U-test.

Results
Physicochemical characteristics of AGNPs

Evaluation by the DLS, ELS and TEM revealed that freshly
prepared AgNPs were of desired properties and colloidal
stability. All AgNPs were spherical with primary size close
to 10 nm and monomodal volume-weighted size distribu-
tion in water (Fig. 1). The ELS data confirmed positive and
negative { potential for PLL-AgNPs and AOT-AgNPs due
to the functionalization with positively charged PLL and
negatively charged AOT, respectively. Negative { potential
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Fig.1 Transmission electron micrographs show shape and primary
sizes (d, nm) of different AgNPs coated with AOT, PVP, PLL and
BSA dispersed in ultrapure water (scale bars present 100 nm). Hydro-

of PVP-AgNPs was a result of the attachment of BH,™ ani-
ons to the nanosurface during synthesis, while overall nega-
tive charge of BSA contributed to negative { potential of
BSA-AgNPs (Fig. 1). None of the prepared AgNPs released
more than 0.4% (v/v) ionic Ag as revealed by the dissolution
experiments explained and reported in our previous studies
[7,17, 19, 20].

Effect of AgNPs on lymphocytes

Lymphocytes were analyzed after exposure to different con-
centrations of AgNPs for 6 h and 24 h. Negative control
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were untreated, stained lymphocytes marked as QC(-), while
positive controls were stained cells stimulated with PMA/
ionomicin and marked as QC(+). Lymphocyte subpopula-
tions were gated according to expression of their specific pan
markers (Fig.s S1-S4 in Supporting Information).

Results showed no significant AgNPs effect on % of
T-cells, cytotoxic and helper subpopulations of T-cells
(Fig. 2), as well as on the relative count of B-cells and NK-
cells (Fig. 3).

Treatment with AgNPs did not result in the activation of
T-cells (Fig. 4), but the highest concentration (3 mg Ag/L) of
PLL-AgNPs and BSA-AgNPs significantly decreased CD4
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Fig.2 Changes in percentages of total T-cells, T-cytotoxic and
T-helper cells after exposure to different AgNPs for 6 h (a, ¢ and e
graphs, respectively) and 24 h (b, d and f graphs, respectively).
Results obtained by the FCM analysis are presented as percentages
(%) of treated cells positive for specific surface markers, compared

antigen density on T-helper cells and CD8 antigen density
on T-cytotoxic cells after 6-h exposure (Fig. 5a, ¢). How-
ever, this was not observed after 24 h exposure to AgNPs
(Fig. 5b, d).

Activation of B-cells after treatment with AgNPs fol-
lowed dose-dependent response for all AgNPs types, except
for the AOT-AgNPs. However, significant change in B-cell
activation was observed only for the highest concentration
of BSA- and PLL-coated AgNPs at both 6-h and 24-h expo-
sure (Fig. 6a, b). Similar results were obtained for the NK-
cells. After 6-h exposure to AgNPs, significant activation
was observed for the treatment with the highest concentra-
tion of BSA-AgNPs (Fig. 6¢), while the 24-h treatment with
the highest concentration of both the PLL- and BSA-coated
AgNPs activated NK-cells (Fig. 6d).

Effect of AgNPs on monocytes

Monocyte cell population was analyzed after exposure
to different concentrations of AgNPs for 24 h. Control
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to negative controls (QC( — ), untreated, stained lymphocytes). Posi-
tive controls were stained cells stimulated with PMA/ionomicin and
marked as QC(+). The data present the mean of three independent
experiments, including SD as error bars

(untreated, stained) monocytes are marked as QC(-). To
ensure that only true monocytes were analyzed, a special
strategy was employed to gate only CD14/HLA-DR express-
ing cells (see Fig. S5 in the Supporting Information). Activa-
tion of monocytes were evaluated by the analysis of changes
in the expression of CD25 marker in the population of true
monocytes. Results showed that exposure to different AgNPs
for 24 h did not significantly affect neither percentages of
total (Fig. 7a) nor the percentages of activated monocytes
(Fig. 7b).

Effect of coating agents and ionic silver on hPBMCs

To reveal the role of ionic Ag and coating agents that may
be potentially released from the surface of AgNPs, the same
analysis was performed for the AgNO;, PVP, PLL and AOT.
Concentrations of 0.5 and 1 mg Ag/L were selected for the
treatment as AgNO; did not affect viability of hPBMCs at
these levels [17]. In the case of PLL, AOT and PVP, con-
centrations were selected according to the calculated total
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Fig.3 Changes in percentages of total B-cells and NK-cells after
exposure to different AgNPs for 6 h (a and ¢ graphs, respectively)
and 24 h (b and d graphs, respectively). Results obtained by the FCM
analysis are presented as percentages (%) of treated cells that express
specific surface markers, compared to negative controls (QC(-)—

amount of these agents that are present in the suspensions
of 3 mg Ag/L of AgNPs (0.00003, 0.0003 and 0.00025%,
respectively), as this was the highest concentration that was
selected for the treatment of hPBMCs with AgNPs. The sol-
uble BSA was not included, as its amount in the suspension
of BSA-AgNPs is negligible compared to the total amount
of albumin in human blood.

The treatment with ionic Ag, AOT, PLL and PVP did not
change the percentages of total hPBMCs subpopulations, but
analysis of their activation revealed interesting results. Total
subpopulation of T-cells was activated by the 1 mg Ag/L
of AgNO; after both exposure times (Fig. 8a, b). However,
no significant activation with AgNO; was observed when
subpopulations of T-cytotoxic and T-helper cells were ana-
lyzed (Fig. 8a, b). Coating agents at the applied doses did
not affect T-cells.

Similar results of the Ag™ effects were obtained for the
activation of B- and NK-cells (Fig. 9). In the case of B-cells,
activation occurred after 24 h by the treatment with 1 mg
Ag/L of AgNO;, while NK-cells were more sensitive and
activated already after 6 h of exposure (Fig. 9c), as well as
already with the lower Ag* dose (Fig. 9d). Treatment with
coating agents resulted in significant activation of only NK-
cells by the PLL, like stimulation with PMA/ionomicin.

Results obtained after treatment of monocytes for 24 h
showed that PLL not only decreased their relative count
(Fig. 10a), but also induced their activation presented as
CD14 antigen downregulation (Fig. 10b). Activation of
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untreated, stained lymphocytes). Positive controls were stained cells
stimulated with PMA/ionomicin and marked as QC(+). The data
present the mean of three independent experiments, including SD as
error bars

monocytes was observed also for the treatment with PVP,
while other agents did not affect this hPBMC subpopulation.

Discussion

Although every interaction between AgNPs and immune
system may result in immunotoxic or immunomodulatory
outcomes, there is significant lack in scientific knowledge on
how different AgNPs affect circulating immune cells. Modu-
lation of immune response may be stimulating or suppres-
sive, while undesirable overstimulation or oversuppression
of immune system must be avoided in medical products by
safe design of AgNPs-enabled materials [1, 5].

Circulating immune cells in bloodstream present both
innate and adaptive immune system that may interact with
AgNPs. As effects on cells depend on physicochemical prop-
erties and colloidal stability of AgNPs in biological media,
these should be precisely evaluated to ensure nanosafety
regardless of its final intended biomedical purpose [1, 5, 6].

This study provides data on immunomodulatory effects
of differently functionalized small-sized AgNPs at non-toxic
concentrations. Experimental design, including AgNPs
concentration used for treatment of hPBMCs and exposure
time, is based on results reported in our previous study [17].
While our previous study was focused on immunotoxic
and lethal effects of AgNPs, this study aimed to evaluate
AgNPs immunomodulatory effects. Immunotoxicity and
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Fig.4 Immunomodulatory effect of different AgNPs on all T-cells,
T-helper and T-cytotoxic cells after exposure to different AgNPs
for 6 h (a, ¢ and e graphs, respectively) and 24 h (b, d and f graphs,
respectively). Results obtained by the FCM are presented as per-
centages (%) of cells that express activation surface marker CD69,

immunomodulatory activity of nanomaterials should be
clearly differentiated and immunotoxicity cannot be mis-
interpreted as immunomodulatory effects. For example,
antiinflammatory and antiproliferative effects of AgNPs
were investigated in many studies by evaluation of cytokine
expression using immunoassays of low sensitivity and speci-
ficity [1, 21]. Such results may be easily misinterpreted as an
antiinflammatory effect, while decrease in cytokine expres-
sion may be actually caused by cytotoxic action of AgNPs,
especially at higher concentrations [1, 21]. This was also
highlighted in recent study by Alsaleh et al. who investi-
gated AgNPs oxidative stress induction prior to determi-
nation of phagocytic ability of polymorphonuclear cells
(PMNCs) [22]. After exposure to citrate-coated AgNPs for
24 h, applied concentrations that did not induce significant
cell damages were used to assess phagocytic ability [22].
Here, the immunomodulatory effect of AgNPs on PBMCs
was measured by changes in total and activated peripheral
immune cell relative numbers. The functionality of hPBMCs

(b) Activated T-cells (CD3+/CD69+) - 24 h
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compared to negative controls (QC( — )—untreated, stained lym-
phocytes). Positive controls were stained cells stimulated with PMA/
ionomicin and marked as QC(+). The data present the mean of three
independent experiments, including SD as error bars

was assessed through surface activation antigen expression
by employing similar approach reported elsewhere [18].
Although the proliferation test is the method of choice for
assessing lymphocyte functionality, it is much more labor-
and time-consuming compared to the methodology reported
in this study. The expression analysis of early (CD69) and
intermediate (CD25) activation antigens may accurately
determine the functionality of hPBMCs [18]. In our in vitro
approach, hPBMCs were isolated from fresh human blood
and exposed to PVP-, PLL-, AOT- and BSA-coated AgNPs,
as well as to coating agents and Ag* ions that may be
released from the AgNPs surface.

Analysis of T-cells showed that none of the tested materi-
als at low concentrations affected adaptive cellular immu-
nity, presented by T-cells and T-cell subsets. There was no
significant activation in total T-cell population, as well as in
T-helper cell and T-cytotoxic cell, which did not change the
total counts after exposure to AgNPs up to the concentration
of 3 mg Ag/L. Higher concentrations and longer exposure
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respectively). Results obtained by the FCM analysis are presented as
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error bars

(b) * Activated B-cells (CD19+/CD69+) - 24 h
100
80
. 60 *
" o *
20
Y LB EEEEEEE
8 8 BSA-AgNPs AOT-AgNPs PVP-AgNPs PLL-AgNPs
Concentration mg Ag/L
(d)

*  Activated NK-cells (CD3-CD16/56+/ CD69+) - 24 h

* *
20
0
¥ 5 w - 0 - & © - & © - & ®
z = [5) -
13}
<} BSA-AgNPs AOT-AgNPs PVP-AgNPs PLL-AgNPs

Concentration mg Ag/L.

Fig.6 Immunomodulatory effect of different AgNPs on B-cells and
NK-cells after exposure to different AgNPs for 6 h (a and ¢ graphs,
respectively) and for 24 h (b and d graphs, respectively). Results
obtained by the FCM are presented as percentages (%) of cells that
express activation surface marker CD69, compared to negative con-

@ Springer

Concentration mg Ag/L

trols (QC( — )—untreated, stained lymphocytes). Positive controls
were stained cells stimulated with PMA/ionomicin and marked as
QC(+). The data present the mean of three independent experiments,
including SD as error bars
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Fig.7 Analysis of AgNPs effect on a relative count of total mono-
cytes (CD14 +/HLA-DR +) and b activated monocytes after 24 h of
exposure Results obtained by the FCM are presented as percentages
(%) of cells that express monocyte surface markers CD14 and HLA-

time (e.g.,> 24 h for late activation assessment) were not
tested due to high cell mortality rate under such conditions.
Similar in vivo experiment with small and medium-sized
AgNPs revealed dose-dependent immunomodulation of
T-lymphocytes and monocytes in mice, but at high concen-
trations [23]. Furthermore, analysis of T-cell subsets showed
decreased density of surface receptors (CD4 on T-helper and
CDS8 on T-cytotoxic cells) after exposure to PLL- and BSA-
coated AgNPs for 6 h, but not after 24 h. These findings are
especially important for the development of anti-HIV vac-
cination strategy. There are many reports on the application
of Ag nanomaterials for anti-HIV vaccines based on their
adjuvant properties [24]. Depending on the physicochemi-
cal properties, AgNPs may act as adjuvant intracellularly,
but this may increase their toxic effects in the host cells.
If designed to decrease their internalization by cells, it is
safer for the host cell, but there is possibility of low immune
response [1]. Our results suggest the third option — AgNPs
may prevent the binding of the virus to the receptor CD4 of
T-helper cell. Both CD4 and CD8 are coreceptors of T-cell
receptor on T-helper and T-cytotoxic cell surface, respec-
tively. They mediate the interaction between T-cells and
antigen-presenting cells, which plays the important role in
antiviral defense. The CD4 molecule have the most impor-
tant role in HIV-1 infection, while the role of CD8 mol-
ecule is more significant in other viral infections (e.g., HSV)
[8]. HIV-1 binds to the CD4 receptor by glycoprotein 120
on its surface and enters the T-helper cells. Consequently,
T-helper cell (CD4+) count decreases leading to immunode-
ficiency [9]. Our results showed that PLL- and BSA-AgNPs
decreased the number of CD4 receptors without decreas-
ing the total count of T-helper cell. Therefore, these AgNPs
types may block the viral activity by blocking the binding
of the virus to T-helper cells. These results signify a great
potential of AgNPs in antiviral therapeutic strategy.
Analysis of NK-cell subpopulation revealed that BSA-
AgNPs significantly activated NK-cells not changing their

(b) Activated monocytes (CD14+/HLA-DR+/CD25+) - 24 h
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DR, as well as activation surface marker CD25, compared to negative
controls (QC( — )—untreated, stained lymphocytes). The data present
the mean of three independent experiments, including SD as error
bars

total count, whereas PVP- and PLL-AgNPs also induced
their activation although results were not statistically signifi-
cant. The NK-cells provide innate immune defence against
viral infections by direct targeting and killing infected cells
or indirectly by modulation of adaptive T-cell response [25].
The degree of NK-cells activation determines if health out-
comes of infection would be under or out of control [25].
Immunomodulation ability of NK-cells may be useful in
antitumor strategy as it is believed that the enhancement of
NK-cell levels can limit the spread of tumor or decrease its
size as showed in the case of magnetic (Fe;O,/Si0,) NPs [3].
Scientific evidences for the effect of NPs on B-cells are
rare and contradictory. Until now, it was believed that metal-
lic NPs do not activate B-cells, unless coated with the anti-
gens [5]. Specific antibody production towards NPs per se
was only reported for the iron oxide NPs, [3, 5] while the
induction of humoral immunity for vaccination purposes
was only reported for protein-coated calcium phosphate NPs
[26]. Results of our study showed that protein-coated BSA-
AgNPs and polymer-coated PLL-AgNPs significantly acti-
vated B-cells already after 6 h of exposure and the % of acti-
vated B-cells did not change after 24 h of exposure. These
results highlight the possibility of an early and intermediate
B-cell activation by specifically functionalized AgNPs that
may motivate innovation in AgNPs design towards modula-
tion of humoral immune response. Depending on potential
applications, further investigations of AgNPs effect on over-
all adaptive (cellular and humoral) immunity are needed.
Our study also included the expression analysis of
low affinity surface receptor for interleukin-2 (IL-2 Ra
or CD25), which is the marker of an intermediate cell
activation. Although CD2S5 is typically considered as a
T-cell surface marker, it is also functional on monocytes,
participating in monocyte activation or in monocyte-medi-
ated T-cell activation [27]. Thus, we analyzed the CD25
expression for both T-cells and monocytes. In the case of
T-cells, there was not any change in CD25 expression on
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Fig. 8 Immunomodulatory effect of AgNO;, PVP, PLL and AOT on
total T-cells, T-cytotoxic and T-helper cells after exposure for 6 h
(a, ¢ and e graphs, respectively) and 24 h (b, d and f graphs, respec-
tively). Results obtained by the FCM are presented as percentages
(%) of cells that express activation surface marker CD69, compared

the cell surface, while monocytes showed some changes.
We applied special gating strategy to simultaneously iden-
tify true monocytes and activated monocyte subsets by
analysis of normal and decreased co-expression of CD14/
HLA-DR antigens, respectively [27]. The highest increase
in CD25 expression on true monocytes was observed after
24 h exposure to 1 mg Ag/L of BSA-AgNPs. The increase
was also observed after the treatment with the lowest dose
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to negative controls (QC( — )—untreated, stained lymphocytes). Posi-
tive controls were stained cells stimulated with PMA/ionomicin and
marked as QC(+). The data present the mean of three independent
experiments, including SD as error bars

of AOT- and PLL-AgNPs. However, these results were not
significantly different from untreated cells. Literature data
are somewhat contradictory. Coté et al. found increased
CD25 expression on T-cells after exposure to AgNPs, but
decreased T-cell proliferation [28]. Li et al. developed
an in vitro model for assessment of nanoimmunosafety
based on activation of human primary monocytes [29]. By
applying this model in evaluation of AgNPs and AuNPs
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Fig.9 Immunomodulatory effects of AgNO;, PVP, PLL and AOT on
B-cells and NK-cells after exposure for 6 h (a and ¢ graphs, respec-
tively) and 24 h (b and d graphs, respectively). Results are presented
as percentages (%) of cells that express activation surface marker

immunotoxicity, they concluded that these NPs do not
directly activate monocytes [29].

Finally, to elucidate immunomodulatory action of coating
agents themselves and ionic Ag form that could be released
from the AgNPs surface in complex biological environ-
ment, control experiments employed Ag* at concentration
that were not toxic to hPBMC s, [17] as well as PVP, PLL
and AOT at concentration that corresponded to their total
amount in 3 mg Ag/L of AgNPs suspension. Obtained results
clearly showed ability of Ag™ to activate T-cells, B-cells and
NK-cells, but not monocytes. However, increased activation
of these cells was observed only after exposure to 1 mg Ag/L
of Ag*, that is one order of magnitude higher than what can
be expected as released fraction from nanosurface at AgNPs
concentrations tested in this study. Therefore, observed acti-
vation of B- and NK-cells and decreased density of surface
receptors on T-helper and T-cytotoxic cells after exposure
to AgNPs cannot be attributed only to dissolved Ag fraction,
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CD69, compared to negative controls (QC( — )—untreated, stained
lymphocytes). Positive controls were stained cells stimulated with
PMA/ionomicin and marked as QC(+). The data present the mean of
three independent experiments, including SD as error bars

but nanoparticulate form also played the important role.
These findings do not fully support conclusion of Haase
et al. [30] who established that health effects of AgNPs,
including immunomodulation, are not specific for nanopar-
ticulate form but for released Ag™ fraction [30].
Assessment of hPBMC response to coating agents
revealed that only PLL significantly activated B- and NK-
cells, while activation of monocytes was induced by PLL
and PVP. As hPBMC activation by PLL (and by PVP in
the case of monocytes) was much higher than activation of
these cells by AgNPs functionalized by these agents, one
may assume that coating agents were responsible for AgNPs
immunomodulatory effects. Indeed, release of coating agents
from the AgNPs may occur in biological environment dur-
ing protein corona formation when coating agents may be
replaced by proteins. As we were not able to determine such
events due to technical and instrumental constraints, we
leave it as possible scenario. However, immunomodulatory
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Fig. 10 Effect of AgNO;, PVP, PLL and AOT on a relative count
of monocytes (CD14+4+/HLA-DR+) and b activated monocytes
(CD14+/HLA-DR +/CD25+) after 24 h of exposure. Results
obtained by the FCM are presented as percentages (%) of cells that

effect of BSA-AgNPs cannot be explained by the same
hypothesis as BSA itself is endogenous agent and present
in human blood at high concentration. If immunomodula-
tory activity of PLL-AgNPs is imputed to the PLL action,
then protein-coated BSA-AgNPs arise as the most potent for
interaction with immune system.

The Scientific Committee on Emerging and Newly Iden-
tified Health Risks (SCENIHR) in their Guidance on the
determination of potential health effects of nanomaterials
used in medical devices suggested the parallel testing of Ag*
control during risk assessment of AgNPs [31]. Based on our
results; we suggest obligatory additional control experiments
by evaluating immunocompatibility of functionalization
agents used for surface functionalization of nanomaterials.

Conclusion

This study provides several new ideas on the use of AgNPs
for antitumor, antiviral, and other therapeutic purposes that
involve interaction with immune system. The immunomodu-
latory potential of different AgNPs was evaluated by analysis
of surface markers expression of different subpopulations
of hPBMCs exposed to AgNPs for 6 or 24 h in low concen-
trations. Study included four different AgNPs of the same
size, same colloidal stability and dissolution behavior that
differed only in the zeta potential due to different coating
agents used for surface stabilization. The results revealed
that surface functionalization impact immunomodulatory
abilities of AgNPs in combination with protein corona for-
mation in biological media. Our results also showed a more
pronounced influence of AgNPs on adaptive immunity, but
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express monocyte surface markers CD14 and HLA-DR, as well as
activation surface marker CD25, compared to negative controls (QC(-
), untreated, stained lymphocytes). The data present the mean of three
independent experiments, including SD as error bars

also a certain impact on innate immunity; the combination of
these effects is very important in the development of novel
antiviral and antitumor therapeutic strategies. Thus, design
of novel AgNPs-enabled medical products should be accom-
panied by careful evaluation of their immunocompatibility
considering immune system complexity by following stand-
ardized and clinically relevant protocols.
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