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ABSTRACT

Viral infections might trigger systemic inflammatory responses characterised by inflammasome activation and cytokine release,

driven by immune complex (IC) formation, but the precise mechanism remains unknown. The NLRP3 inflammasome is a vital

component of innate immunity that plays a significant role in inflammatory responses. The involvement of the non-receptor spleen

tyrosine kinase (SYK) in the activation of the NLRP3 inflammasome has been demonstrated. SYK plays a critical role in signal

transduction pathways of immunoreceptors and regulates NLRP3 inflammasome activation. Our previous study showed that viral

antigens and their IC with specific antibodies trigger NLRP3 inflammasome activation in macrophages. Therefore, we studied

the role of SYK in IC-induced NLRP3 inflammasome activation pathway using primary mouse microglia as a macrophage model.

The inflammasome activation was analysed by measuring cytokine secretion, ASC speck formation, and NLRP3 expression. To

link SYK activation to NLRP3 inflammasome activation and other macrophage functional properties, we employed a specific SYK

inhibitor, R406. We demonstrated SYK involvement in NLRP3 inflammasome activation by viral IC and in SYK-dependent antigen

presentation in microglia after IC phagocytosis. Our findings also revealed lipid raft clustering upstream of SYK activation. These

results may explain the mechanisms behind severe inflammation caused by viral IC.

1 | Introduction

The first line of host defence is innate immune cells, and the main
part of them are monocytes/macrophages. Macrophages are key
tissue sentinel cells present across various organs at high density,
playing a vital role in removing pathogens, initiating immune
response, regenerating tissues, and maintaining homeostasis [1].
Macrophages are equipped with various tools to perform their
functions, for instance, a variety of pattern-recognition receptors
(PRR), which promote phagocytosis, antigen presentation, and
release of inflammatory mediators. One specific cytoplasmic PRR

that can form an inflammasome is the NLR family pyrin domain-
containing (NLRP3) receptor, which might be triggered not only
by a limited number of pathogenic molecules, but also by envi-
ronmental irritants and metabolic products [2]. When the NLRP3
receptor responds to a stimulus, such as PAMPs or DAMPs,
it oligomerizes to form a large multimeric immune complex,
the NLRP3 inflammasome [3]. NLRP3 inflammasome consists
of three major components—the NLRP3 receptor, apoptosis-
associated speck-like protein containing a caspase-recruitment
domain (ASC), and autoproteolytically activating caspase-1 [4].
The activity of multiple signalling receptors tightly controls the

Abbreviations: IC, immune complexes; mAb, monoclonal antibody; SYK, spleen tyrosine kinase; VLP, virus-like particle.
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expression of NLRP3 itself, as the activation of nuclear factor
(NF)-xB is necessary for NLRP3 inflammasome formation [5].
The NLRP3 inflammasome activation results in the secretion of
inflammatory cytokines IL-18 and IL-18 and inflammatory cell
death, pyroptosis [6]. Although the NLRP3 inflammasome is
essential in host innate immune defence against bacteria, fungi,
and viruses, its activation has been linked to several inflamma-
tory disorders, including Alzheimer’s disease, autoinflammatory
disorders, and severe viral hyperinflammation [6-8].

In the pathway of pathogen-induced NLRP3 activation, a
non-receptor tyrosine kinase—spleen tyrosine kinase (SYK) is
involved [9]. SYK is expressed in haematopoietic cells, particu-
larly in monocytes and macrophages. It was reported that SYK
participates in the signalling via PRRs, such as C-type lectin [10].
In pathogen-related inflammation induced by parasites or fungi,
SYK transmits multiple crucial signals and regulates inflam-
matory cytokine secretion, cell migration, pathogen clearance,
and even NLRP3 activation through ASC phosphorylation [11].
Nevertheless, SYK is most frequently identified as a signal trans-
duction molecule in signalling pathways of immunoreceptors
such as T cell receptor (TCR), B cell receptor (BCR), or activating
Fcy receptors (FcyRs), which are associated with cytoplasmic
domains containing immunoreceptor tyrosine-based activation
motifs (ITAMs) that are rapidly phosphorylated following recep-
tor engagement, leading to the recruitment and activation of SYK
[9]. Four different classes of FcyRs, known as FcyRI, FcyRIIB,
FcyRIII, and FcyRIV, and four immunoglobulin G (IgG) sub-
classes (IgG1, IgG2a, IgG2b, and 1gG3), which bind with varying
affinity and specificity to different FcyRs, have been recognised
in mice [12]. FcyRI can engage monomeric IgG with high affinity,
while other FcyRs exhibit low affinity for IgGs and can only
interact with multimeric IgG exposed on IC or opsonised cells,
generated during an infectious challenge [13]. The Fc regions of
antibodies on IgG-coated targets, such as opsonised pathogens or
IC, cross-link with FcyRs on immune cells, leading to the target’s
internalisation with associated activation of downstream sig-
nalling cascades [14]. In detail, recognition of multiple IgGs and
cross-linking of FcyRs cause receptor clustering and aggregation,
leading to the ITAM domain’s phosphorylation by SRC family
kinases, then the recruitment and activation of SYK kinase [13].
Internalisation by activating FcyRs favours a degradative route for
antigen processing and presentation that leads to T cell activation.
Antigen uptake through distinct FcyRs may define its processing
pathway and the repertoire of antigen epitopes presented [15].
Although FcyR signalling and pathogen opsonisation, usually, are
related to pathogen uptake, degradation, and local inflammation,
it was reported that IgG auto-antibodies and the uptake of
antibody-opsonised virus by FcyR cause severe SARS-CoV-2
infection and systemic inflammation, which could be blocked
by SYK inhibition [16]. Moreover, in cases of severe SARS-CoV-
2 infection, activation of the NLRP3 inflammasome was also
suggested as one of the key mediators of inflammation [17, 18].
Although there is a lack of research that links FcyRs signalling
with NLRP3 inflammasome, these findings suggest that SYK
might be involved in NLRP3 activation by FcyRs ligation with
IC formed by viral antigens. However, detailed SYK-dependent
signalling pathways are unknown.

We have shown earlier that, depending on structural properties
and features of antigen-antibody interaction, formation of IC can

significantly enhance the inflammatory response induced by viral
antigens and activate NLRP3 inflammasome in macrophages [19].
In this study, we employed virus-like particles (VLPs) derived
from the major capsid protein VP1 of human polyomavirus as
a model viral antigen. VLPs mimic the native structure of the
virus. Here, we aimed to elaborate on the latter research and
analyse SYK activation by VLPs and their IC with VLP-specific
1gG, focusing on the inflammasome activation and antigen pre-
sentation in macrophages. We used recombinant VLPs assembled
from the VP1 protein of human polyomavirus and a collection of
murine VLP-specific monoclonal antibodies (mAbs) of different
subtypes.

2 | Materials and Methods

2.1 | Materials

Dulbecco’s modified Eagle’s medium (DMEM; 31966047), Dul-
becco’s Phosphate Buffered Saline (DPBS; #14190250), fetal
bovine serum (FBS; #10500-064), penicillin/streptomycin (P/S;
#15140122) were obtained from Gibco, Thermo Fischer Scientific.
Cell culture plates: Cell Culture Flasks, 250 mL, 75cm? Cellstar
(#658175) were from Greiner, Thermo Fischer Scientific; 3cm?
cell culture dish plate TPP Multi-well tissue culture plates and
dishes (#92006, #92012, #92024, #92048, #93040) were from TPP
Techno Plastic Products AG; 8-well u-slides (#80826, #80841,
#80827) were from Ibidi. SYK kinase inhibitor R406 (#inh-r406),
NLRP3 inhibitor MCC950 (#inh-mcc), and Zymosan (#tlrl-zyn)
were from Invivogen. Cytochalasin D (#C8273) from Sigma-
Aldrich. Hoechst 33342 Fluorescent Nucleic Acid Stain (Hoechst,
#260-639) and Propidium Iodide Stain (PI, #260-638) from
ImmunoChemistry Technologies. Dimethylsulfoxide (DMSO;
#A3672) was from PanReac AppliChem and the ITW Reagents.
Halt Protease/Phosphatase Inhibitor Cocktail (100X, #78400)
and chemiluminescent substrate SuperSignal West Pico PLUS
(#34577) were from Thermo Fisher Scientific. Cell Lysis Buffer
(#9803) was from Cell Signaling Technology. “NeA-Blue” 3,3',5,5’-
Tetramethylbenzidine (TMB) substrate (#01016-1-1000) was from
Clinical Science Products. Bovine Serum Albumin (BSA, #P06-
1391000) from PAN-Biotech. RC syringe filter (cat#PA49.1),
Tween-20 (#9127.1), and sulphuric acid (#X873.1) were from
CarlRoth. Mouse IL-1 f Uncoated ELISA Kit (#88-7013-77), TNF
alpha Uncoated ELISA Kit (#88-7324-76), pHrodo iFL Green
STP ester amine-reactive dye (#P36013), and pHrodo iFL Red
STP ester amine-reactive dye (#P36010) were from Invitrogen,
Thermo Fischer Scientific.

2.2 | Cell Culture

Primary mouse microglia culture was prepared as mentioned
before [19]. For macrophage culture preparation, C57BL/6 new-
born mice (1-3 days old) were received from Life Sciences Center
of Vilnius University (Vilnius, Lithuania), which has State Food
and Veterinary Service permissions to breed and use experimental
animals for scientific purposes (Veterinary certificate No. LT 59—
13-001 and Permission No. LT 61-13-004). Mature microglia were
collected by shaking them off the glial cell monolayer. The cells
were seeded at a 1 X 10°/cm? density with 50% of old medium
(conditioned medium in which microglia grew), and 50% new
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DMEM medium complemented with 10% FBS, 1% P/S. Microglia
collection was repeated up to three more times, 2-3 days apart.
The next day, seeded microglia were washed and treated with
serum-free DMEM complemented with 1% P/S. MAbs, VLPs, and
their IC were used for microglia treatment. For IC formation,
20 pg/mL (500 mM) of VLPs and 7.5 pg/mL (50 mM) of VLP-
specific IgG were mixed in serum-free medium and incubated
for 30 min at 37°C. We also used 1 uM working concentration of
SYK kinase inhibitor R406 or NLRP3 inhibitor MCC950 1 h before
microglia treatment. Cytochalasin D was used for phagocytosis
analysis and was added 30 min before treatment. After 24 h or
3 h incubation with treatment factors, cell supernatants were
collected for ELISA or LDH analysis, and microglia were either
lysed for Western blot or stained for Flow cytometry analysis and
fluorescent microscopy.

2.3 | Preparation of VLPs and Antibodies

For microglia treatment, we used recombinant VLPs derived
from Washington University human polyomavirus (WUPyV)
composed of 360 monomers of WUPyV recombinant major capsid
protein VP1 (MW 40 kDa) and a collection of in-house-generated
murine monoclonal antibodies (mAbs) against WUPyV VLPs.
The VLPs were produced in the S. cerevisiae yeast expression
system and purified by CsCl density gradient centrifugation
as described previously [20]. The mAbs—#11D2 clone of IgG1
isotype, #12F8, #4EI12 clones of IgG2a isotype, and #5H10 clone
of IgG2b isotype, were purified from hybridoma growth medium
as described previously and stored in DPBS solution [19]. Cell
culture-grade water was used in each purification step. Negative
VLPs control—disassembled VLPs (VP1 pentamers) were also
prepared. Non-denaturing purification buffers lacking L-arginine
[21] were used to produce disassembled VLPs (VP1 pentamers).
The methodology was identical to that described by Norkiene
et al. [20] for VLP generation, except that L-arginine was omit-
ted from all buffers. The formation of VP1 pentamers, rather
than higher-order VLP capsomers, was confirmed by electron
microscopy (Figure S1B).

2.4 | Staining of VLPs and mAbs With pHrodo
Amine-Reactive Dyes

Phagocytosis analysis was performed with VLPs stained with
the amine-reactive pH-sensitive pHrodo iFL Green STP ester,
amine-reactive dye, and mAbs stained with pHrodo iFL Red
STP ester, amine-reactive dye. Labeling was performed according
to the manufacturer’s protocol. Briefly, pHrodo Green dye was
mixed with VLPs at a 5X molar excess. After 1 h incubation
in the dark, the conjugate was dialysed overnight in DPBS.
A 600-fold conjugate volume of DPBS was used for dialysis.
After dialysis, the conjugate was diluted in glycerol 1:1 and
stored at —20°C.

2.5 | Cytokine Detection

The concentrations of cytokines (IL-15 and TNF-) in cell culture
supernatants were measured using Uncoated ELISA kits (Mouse

TNF alpha Uncoated ELISA kit and Mouse IL-1 beta Uncoated
ELISA kit). The assays were based on the sandwich ELISA, and
all procedures were performed according to the manufacturer’s
protocol. Supernatants were diluted up to 1:20. In the last step, 1 M
H,SO, solution was added to neutralize the HRP and substrate
reaction. The plates were read at 450 nm wavelength with a
Multiskan Go microplate spectrophotometer.

2.6 | Western Blot

Western blot assay was applied to determine SYK, phosphorylated
SYK (pSYK), and NLRP3 protein expression. Sample preparation
and Western blotting were done as described previously [19].
After protein transfer, membranes were incubated with primary
antibodies against NLRP3 or pSYK diluted 1:1000 in TBST
with 1% BSA overnight at 4°C. Primary antibodies used: anti-
NLRP3 (D4DS8T) rabbit mAb (#15101), Phospho-Syk (Tyr525/526)
(C87C1) Rabbit mAb (#2710), and Phospho-Zap-70 (Tyr319)/Syk
(Tyr352) rabbit pAb (#2701) from Cell Signaling Technology.
Then, secondary antibodies—goat Anti-rabbit IgG, HRP-linked
#7074 (Cell Signaling Technology) diluted 1:3000 in TBST with
1% BSA were applied for 1 h at room temperature. The HRP
enzymatic reaction was developed using SuperSignal West Pico
PLUS chemiluminescent substrate. For loading control detection,
primary anti-3-Actin (BA3R) mouse mAb (#MA5-15739) from
Invitrogen, Thermo Fisher Scientific, and Goat anti-Mouse IgG
(H+L)-HRP conjugate (#1721011) from Bio-Rad, diluted at a ratio
0f1:1000 and 1:4000, respectively, in TBST with 1% BSA. The HRP
reaction was developed as mentioned above. Chemiluminescent
detection was performed with the Azure 280 imaging system.
The Image] program was used to analyse Western blot data
quantitatively.

2.7 | Immunocytochemistry for ASC Speck, pSYK,
and Lipid Raft Detection

Microglia preparation for immunocytochemical staining was
the same as described previously [19]. After blocking, the cells
were stained with rabbit anti-ASC polyclonal antibodies (#AL177,
Adipogen) or pSYK (Tyr525/526) (C87C1) Rabbit mAb (#2710)
ON at 4°C. The next day, cells were washed with DPBS and
incubated for 1 h with goat anti-rabbit IgG antibodies conjugated
with Alexa Fluor 488 (# A11029, Invitrogen). For lipid raft staining
before fixation, cells were incubated for 10 min on ice and stained
with Cholera Toxin Subunit B (Recombinant) Alexa Fluor 594
Conjugate (#C34777, Invitrogen), 1:500 diluted in PBS for 30 min
on ice in the dark. Then, cells were washed with DPBS, fixed
with 4% PFA, blocked with 2% BSA in DPBS, and stained with
Goat anti-Mouse IgG (H+L) Secondary Antibody, Alexa Fluor
488 (#A11029, Invitrogen) diluted 1:1000 in DPBS for an hour
to detect colocalisation of lipid rafts and immune complexes
on the cell surface. Nuclei were stained with Hoechst 33342
1 pg/mL (H3570, Invitrogen) for 20 min at room temperature.
After staining, the cells were washed twice and analysed under
a fluorescent microscope. For ASC speck analysis, EVOS FL Auto
microscope, and for the lipid raft colocalisation or pSYK analysis,
LEICA TCS SP8 confocal and Nikon Eclipse Ti-2E wide-field
microscopes were used.
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2.8 | Flow Cytometry

After treatment, cells were washed with DPBS once and incu-
bated with Versen (Gibco) for 10 min at 37°C. Then, the cells were
scraped, collected into a V-shaped 96-well plate, and centrifuged
at 400 g for 10 min. After centrifugation, cells were washed
and blocked with TruStain FcX anti-mouse CD16/32 antibody
(#101319, BioLegend) for 15 min. Then, cells were stained with
Anti-MHC Class II (I-A/I-E) (M5/114.15.2) Rat mADb redFluor 710
Conjugate (#29097S, Cell Signaling) 1:50, Anti-CD86-PE, clone
GL1 (#A16385, Life Technologies) 1:100, and Anti-CD11b- Brilliant
Violet 786 (BV786), clone M1/70 (#417-0112-82, Life Technologies)
1:50 for 2 h on ice. After staining, cells were washed, centrifuged,
resuspended, stained with 7AAD viability staining solution (#00-
6993-50, Life Technologies) for 5 min, and analysed with the BD
Symphony Al flow cytometer. Data analysis and visualisation
were done with FlowJo v10.10.0 software.

2.9 | Statistical Analysis

Statistical analysis was performed with GraphPad Prism 10.1.0
software (GraphPad Software, Inc., La Jolla, CA). The data are
presented as box plots (showing minimum, first quartile, median,
third quartile, and maximum) or bar graphs (mean and SD) with
individual data points of at least four independent experiments
(N) indicating the number of independent cell culture prepara-
tions. A normality test was conducted to test whether the values
came from a Gaussian distribution. Statistical comparisons of
treatments were performed with one-way ANOVA in conjunction
with Tukey’s multiple comparison test or Student’s t-test. A
Kruskal-Wallis test with Dunn’s post hoc test was used for
non-parametric data. Differences with p valuesless than 0.05
were considered statistically significant: *p <0.05, **p <0.01,
**%p < 0.001, ****p < 0.0001.

3 | Results

3.1 | SYK-Dependent NLRP3 Activation by Viral
IC in Primary Mouse Microglia

To unravel the SYK role in macrophage activation, we first
analysed SYK activation by IC composed of VLPs and their
specific mAbs. We chose primary mouse microglia as a model
for innate immune responses because microglia responses are
analogous to tissue macrophages, one of the first responders
to any pathogen [22]. Immunocytochemical staining of pSYK
and fluorescent microscopy were applied to determine SYK
activation. From microscopy data, it was evident that VLPs and
their IC initiate SYK phosphorylation (Figure 1A). Western blot of
the phosphorylated SYK showed similar results (Figure 1B; full-
size image in Figure S4B). Quantitative analysis of Western blot
data (Figure 1C) showed that both VLPs and IC cause a significant
increase in SYK activation. However, none of the IC induced
higher SYK phosphorylation level as compared with VLPs alone
(Figure 1C).

One of the key markers of NLRP3 inflammasome activation is
cytokine IL-13. To validate our IC model, we used the specific
NLRP3 inhibitor MCC950 in IL-18 secretion analysis. Results

showed that inhibition of NLRP3 abrogates cytokine secretion
(Figure 2D) and confirmed that inflammasome activation in our
model is NLRP3-dependent. As our IC model consisting of VLPs
and VLP-specific mAbs has been shown to activate the NLRP3
inflammasome, we induced NLRP3 inflammasome activation by
IC to analyse SYK involvement [19]. First, we analysed NLRP3
receptor expression by Western blot (Figure 2A; full-size image in
Figure S4A) and observed that reduced SYK phosphorylation was
associated with decreased NLRP3 synthesis. Quantitative West-
ern blot analysis of NLRP3 revealed that SYK inhibition causes
a significant reduction of NLRP3 level in all microglia lysates
treated with VLPs or any of the IC (Figure 2B). Another essential
protein for the NLRP3 inflammasome assembly is adaptor protein
ASC, which forms easily visible 1 uM speck-like structures [23].
We used immunocytochemical staining and observed cells under
a fluorescent microscope to detect ASC specks. The results
showed that both VLPs and their IC significantly increased ASC
speck count per cell (Figure 2C-G). Additionally, SYK inhibition
stopped ASC speck formation—the inhibitor reduced ASC speck
count almost to control levels (Figure 2C).

To confirm SYK involvement in NLRP3 inflammasome acti-
vation, we also analysed changes in inflammatory cytokine
secretion after SYK inhibition. The level of IL-13 secreted in
cell growth medium was significantly reduced by the SYK
inhibitor (Figure 2E). R406 reduced IL-13 concentration in all
supernatants of microglia treated with either VLPs or their
IC, except for IC formed by 11D2 mAbs (Figure 2E). More-
over, SYK inhibition caused a significant decrease in TNF-
a secretion in both VLP- and IC-treated cells (Figure 2F).
Together, these results demonstrate that both VLPs and their
IC activate the NLRP3 inflammasome in a SYK-dependent
manner. Additionally, given that VLPs are produced in yeast,
we wanted to exclude a possible contribution of $-glucans in
SYK activation. We used disassembled VLPs (VP1 pentamers)
as a control prepared under the same conditions as the VLPs
used in the experiments. We measured IL-15 secretion in the
supernatants and pSYK expression in lysates of cells treated
with disassembled VLPs (VP1 pentamers), zymosan, or ICs. The
results revealed that disassembled VLPs (VP1 pentamers) do
not induce IL-13 secretion or pSYK activation (Figures SIA and
S3A), excluding the potential contribution of $-glucans from
the VLP solution to SYK activation. This confirms that, in our
model system, VLPs and their ICs are responsible for microglial
response.

3.2 | The Role of SYK in Antigen Presentation and
IC Phagocytosis

Further, we investigated whether SYK is involved in any func-
tional properties of microglia, such as phagocytosis of VLPs
and IC, and antigen presentation. We used pH-sensitive dye—
pHrodo—to stain VLPs and then applied flow cytometry to
analyse the uptake of stained VLPs and IC formed by stained
VLPs and mAbs. Endocytosis inhibitor—cytochalasin D (Cyt D)
was used as a negative control. As expected, VLPs and IC were
effectively phagocytosed by microglia cells—a fluorescent signal
was observed within the cells, and CytD diminished the pHrodo
signal (Figure 3B,C). This proves that both VLPs and IC enter the
cells through the phagocytosis mechanism.
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FIGURE 1 | SYK phosphorylation induced by VLPs and IC. Cells were treated with VLPs (20 pg/mL) and VLP-specific mAbs (7.5 ug/mL) for
24 h, and 1 uM of SYK inhibitor R406 was added 1 h before treatment. (A) Fluorescent microscopy images of stained pSYK (green) and nuclei with

Hoechst33342 (blue), pSYK was stained with primary Ab anti-pSYK Y525/526 and secondary Ab-AlexaFluor 488. The experiment was repeated four

times, and representative composite images and MFI + SD per cell of 30 frames are shown. The scale bar is 10 um. (B) Western blot data show the

expression of the indicated protein in primary microglia lysates, with representative images of four to six independent experiments. (C) Quantification

of pSYK expression from Western blot data normalised to a loading control, N = 4-6. Data are represented using a box plot with dots showing the number

of individual experiments. Significance was established using one-way ANOVA followed by Tukey’s test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

As the uptake of the VLPs and IC was confirmed, we examined
whether the impact of SYK on macrophage activation was related
to phagocytosis. The results showed that inhibition of SYK does
not affect phagocytosis of VLPs or any of the IC (Figure 3D).
Subsequently, we analysed the antigen presentation by measuring
the major histocompatibility class II complex (MHC II) and
CD86 molecule expression on the cell surface. MHC II presents
peptide fragments derived from processed antigens to CD4"
T cells, and CD86 is a costimulatory molecule that interacts
with CD28 on CD4* T cells. Interaction between these markers
and T cell receptors is necessary for an effective CD4% T cell
response [24, 25]. We found that VLPs and all tested IC cause
a significant increase in CD86 expression compared with the
controls (Figure 3E). The MHC II expression levels were diverse,
with different IC: its significant increase was observed when the
IC was formed by mAb 11D2 (IgGl) and mAb 5H10 (IgG2b).
Interestingly, both IC formed by IgG2a subclass mAbs (clones

12F8 and 4E12) did not induce MHC II expression, and its level
was equal to the control level (Figure 3F). Furthermore, SYK
inhibition significantly reduced CD86 and MHC II levels on the
cell surface (Figure 3E,F). Consequently, these results indicate
that antigen presentation depends on SYK signalling pathways,
although SYK does not impact the phagocytosis of VLPs or their
IC in microglia.

3.3 | Lipid Raft Formation in IC-Activated
Microglia

Lipid rafts are highly organised membrane domains enriched
with cholesterol/sphingolipids, which perform essential func-
tions in immune cells as forming signalling platforms and
participating in various types of endocytosis in the initial binding
steps [26, 27]. Additionally, the signalling platforms formed of
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FIGURE 3 | Theimpact of SYK inhibition on phagocytosis and antigen presentation. Cells were treated with pHrodo-stained VLPs (10 ug/mL) and
mAbs (7.5 ug/mL) for 3 h, 1 uM of SYK inhibitor R406 was added 1 h before treatment, and endocytosis inhibitor CytD was added for 30 min before
treatment. pHrodo-stained VLP and IC phagocytosis, CD86, and MHC II expression were measured by flow cytometry. (A) The representative gating
strategy is shown. (B) Representative histograms of phagocytosis inhibited by CytD. (C) pHrodo mean fluorescent intensity (MFI) values normalised
to isotype control, N = 3. (D) Phagocytosis index of pHrodo particles: data are presented as mean fluorescent intensity multiplied by % of cells with
phagocytosed pHrodo particles, N = 7. (E, F) CD86 and MHC II MFI values normalised to isotype control of each experiment, (E) N =38, (F) N=11.In
(C), data are represented as a bar graph as mean + SD with dots showing the number of individual experiments. Statistical significance was established
using Student’s t-test. In (D-F), data are represented using box plots with dots showing the number of individual experiments. Statistical significance
was established using one-way ANOVA followed by Tukey’s test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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lipid rafts concentrate the immunoreceptors and initiate various
signalling pathways [28]. Consequently, we examined whether
lipid rafts are also involved in the cellular uptake of IC. Cholera
toxin subunit B (CTxB) with high affinity to the GM1 ganglioside
was used as a stain for lipid rafts and plasma membrane, while IC-
forming mAbs were also stained with anti-mouse IgG antibodies
conjugated to AlexaFluor488. Microglia were analysed under
the confocal microscope after immunocytochemical staining of
lipid rafts and mAbs. In control wells, where cells were treated
only with medium, there was little to no antibody signal, and
more homogenous membrane staining with CtxB was observed,
contrary to IC-activated cells, which displayed distinct clusters
stained with CTxB and mAbs (Figure 4A). The colocalisation
analysis of IC and CtxB lipid raft staining suggests that microglia
form lipid raft-like structures upon activation by IC (Figure 4B).
We also analysed raft formation under the wide-field microscope
to visualize the overall distribution and clustering of lipid rafts
in microglia. Wide-field imaging revealed that IC-treated cells
show more clustered CtxB staining, which complies with the
stained mAbs signal and significantly increased fluorescence
intensity (Figure 4C,D). These results suggest that lipid rafts are
involved in immune signalling induced by viral IC. Finally, to
clarify the relationship between SYK and lipid raft formation,
SYK inhibitor conditions were applied. The results showed
that lipid raft clustering is independent of SYK activity, as raft
formation did not change in the presence of the inhibitor (Figure
S2). Therefore, lipid raft clustering occurs upstream of SYK
activation.

4 | Discussion

Our study focused on macrophage activation by VLPs and
their IC and the processes involved in inflammasome activa-
tion. We used the IC model, composed of viral proteins and
their specific mAbs of different IgG subtypes that resemble
naturally occurring IC, while more extensively used IC models
are albumin conjugated to IgG and streptavidin conjugated to
IgG [29]. Our cell model was microglia, which, compared with
monocytes or monocyte-derived macrophages, also encounter
IC. Microglia represent a relevant model for analysing tissue-
resident macrophage response, as microglia have the same
defence mechanisms, a high activation threshold, and a longer
lifetime [30, 31]. Consequently, we observed that both VLPs and
their IC cause an inflammatory response in microglia and activate
the NLRP3 inflammasome. In this study, NLRP3-dependent IL-
18 secretion in the presence of IC was determined using the
specific NLRP3 inhibitor MCC950, which significantly reduced
cytokine secretion. These findings coincide with previous results
[19]. Besides, we recorded elevated phagocytosis, which might act
as a contributor to the second signal for NLRP3 inflammasome
activation.

FcyRs are broadly expressed on the surface of myeloid cells,
including microglia. The presence of opsonised pathogenic
triggers induces FcyRs crosslinking and downstream immune
signalling. The receptor engagement leads to activation of Src
family kinases and phosphorylation of ITAM, which activates
SYK, leading to phosphorylation of its downstream substrates
such as phosphoinositide 3-kinase, extracellular regulated kinase,
protein kinase C-8, or phospholipase Cy [32, 33]. One of the

final effects of SYK downstream signalling is NF-kB factor
activation. The substrates of SYK phosphorylation, such as
phospholipase Cy or protein kinase C-6, transfer a signal down-
stream to CARDY, which induces NF-kB activation [33, 34]. This
mechanism is usually related to pathogen-induced inflammatory
response and explains SYK involvement in NLRP3 activation.
However, whether this mechanism would apply to IC-induced
inflammation in myeloid cells is unclear. Therefore, we aimed
to investigate SYK involvement in the pathway of inflammasome
activation by IC. We found that phosphorylation of SYK is
important in NLRP3 activation by IC. Moreover, we observed
that inhibition of SYK reduces NLRP3 synthesis, ASC speck
formation, and IL-13 secretion, all the major markers of the
inflammasome activation. Previously, using small interfering
siRNA to silence NLRP3, we showed that the increase in IL-18
mediated by VLPs and IC indeed depends on the NLRP3 [19].
Therefore, reduced IL-13 secretion and ASC speck formation after
inhibition of SYK reveal that SYK plays a significant role in
NLRP3 activation by viral IC. Furthermore, we showed that the
inhibition of SYK significantly affects TNF-a secretion. NLRP3
inflammasome activation is typically described as a two-step
process: priming and activation. Priming usually involves NF-
xB signalling downstream of Toll-like receptors or other signals
that lead to increased protein synthesis of NLRP3 and pro-IL-
15. Then the NLRP3 inflammasome can be activated by a wide
range of triggers, such as PAMPs and DAMPs [6, 35]. NF-xB is
a key transcription factor for genes regulating TNF-a cytokine
secretion, which in turn may activate NF-xB [36]. Therefore, a
reduction in TNF-«a secretion combines SYK activation and NF-
xB activity. This suggests that after activation by IC, SYK activates
NF-xB, which then initiates NLRP3 expression, leading to NLRP3
inflammasome activation and IL-18 secretion. However, SYK
inhibition does not entirely block NLRP3 activation. Persistent
NLRP3 expression suggests SYK-independent priming pathways
in NLRP3 activation, as other signal transduction pathways may
activate NF-xB and the NLRP3 inflammasome. For instance,
earlier we showed that VLPs activate the NLRP3 inflammasome
via lysosomal rupture and the release of cathepsins [37]. This
aligns with other literature describing processes in which acti-
vators (cholesterol crystals, nanoparticles) trigger an interplay
with pathways, such as lysosomal damage, oxidative stress, that
assemble to NLRP3 activation [38, 39].

Macrophages contribute to immune response via NLRP3 inflam-
masome activation and act as antigen-presenting cells to CD4*
T cells [40]. MHC II molecule presents antigens degraded in
phagolysosomes to CD4* T cells. However, efficient T cell
activation requires not only the direct contact with the antigen
peptide in the MHC II complex but also the involvement of CD28
[41]. Absence of this costimulatory signal leads to T cell anergy
[42]. CD86 is one of the costimulatory molecules constitutively
expressed by antigen-presenting cells (APCs), which is thus
important in the early interactions of T cells and APCs [42]. The
FcyRs are key regulators in antigen presentation, and SYK plays
an essential role in the signalling cascade initiated by FcRs [14,
43]. However, there is insufficient data on the impact of different
IC on antigen presentation in macrophages and the involvement
of SYK in this process. Thus, we analysed SYK’s involvement
in the expression of molecules related to antigen presentation
on microglia cells treated with different IC formed by VLPs and
1gG of different subtypes. We showed that both VLPs and their
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FIGURE 4 | Visualisation of lipid rafts and IC interaction on the cell surface. Cells were treated with VLPs (20 ug/mL) and mAbs (7.5 ug/mL) for

3 h. Lipid rafts were stained with CTxB-AF594 (cyan) 30 min before fixation. IC on fixed cells were stained with secondary Ab-AF488 (magenta). (A)
Representative fluorescent microscopy images of lipid rafts and IC taken with the LEICA Sp8 confocal microscope. Representative composite images of
32 steps are shown. The scale bar is 50 um. (B) Quantified colocalisation to CTxB shows the fraction of CTxB signal overlapping with IC signal. Mander’s
overlap coefficient was calculated with the Image]J Fiji BIOP JACoP plugin, N = 3. (C) Representative fluorescent microscopy images of lipid rafts and IC
taken with a Nikon Eclipse Ti-2E wide-field microscope. The scale bars are 100 pm in the large images and 50 um in the magnified images. (D) Relative
MFI of CTxB signal per picture was calculated with NIS-elements and normalised to controls, N = 3. (A, C) The experiments were repeated at least three
times, and representative images are shown. In (B, D), data are presented using a bar graph as mean + SD with dots showing the number of individual

experiments. Statistical significance was established using Student’s t-test, **p < 0.01, ***p < 0.001.

IC induce antigen presentation in microglia, as the expression
of CD86 and MHC II molecules significantly increases upon
treatment with VLPs and IC formed by VLP-specific mAbs of
IgGl1 and IgG2b subclasses. Although IgG2a is mainly related to
proinflammatory signalling compared with other IgG molecules
in mice, and IC formed by IgG2a mAbs (clones 12F8 and 4E12)
induced higher CD86 expression on the surface of microglia,
these IC did not affect MHC II expression. Previously, we have
shown that the same IgG2a mAbs have the highest affinity to
the VLPs, form complexes of relatively bigger size, and enhance

inflammation in microglia [12, 19]. Thus, the properties of the
IC may influence antigen presentation in APCs. Moreover, we
showed that SYK also influences the antigen presentation, as
the inhibition of SYK reduced MHC II and CD86 expression
to control levels. Usually, costimulatory molecule expression
is upregulated through PRR-mediated signalling, and MHC II
expression is related to NF-xB activation [44, 45]. This may
suggest that SYK blocking interferes with signal transduction
downstream to NF-xB and causes a reduced MHC II and CD86
expression.

European Journal of Immunology, 2026

90f12



Further, we analysed lipid raft formation in IC-activated
microglia and the involvement of SYK in this process. Lipid
rafts are dynamic plasma membrane microdomains rich in
cholesterol, sphingolipids, and proteins [46]. They are critical for
cellular processes, especially for immune cells, as they participate
in endocytosis, immune signalling, compartmentalisation, and
host-pathogen interaction [47, 48]. Most immune cells have their
receptors localised in lipid rafts, as they can concentrate signalling
molecules and create signalling platforms [48, 49]. Lipid raft
signalling platforms are also enriched in SRC kinases, which
operate upstream of SYK in signal transduction pathways [10,
28]. Additionally, antigen capture and endocytosis often occur at
lipid raft domains, as rafts contain many receptors of pathogens
and vesicle-forming proteins [28, 50]. When analysing microglia
activation by IC formed by VLPs and VLP-specific mAbs, we
observed lipid raft colocalisation with IC. This suggests that IC
activates macrophages through a lipid raft signalling platform
where SYK and other signal transduction molecules are located.
Upon SYK activation, the signal is transferred to NF-xB, leading
to gene expression of NLRP3, IL-13, and TNF-« that initiate the
inflammatory response.

Summarising, we showed that after being phagocytosed through
lipid rafts, IC activate primary microglia and cause NLRP3
inflammasome activation, including NLRP3 expression, ASC
speck formation, and cytokine secretion dependent on SYK sig-
nalling. SYK is also involved in the ability of microglia to present
antigens via up-regulation of MHC II and CD86 molecule expres-
sion. Interestingly, IC formed by IgG2a subclass antibody did not
affect MHC II exposure on the cell surface, contrary to IC formed
by IgG1 and IgG2b antibodies that significantly increased MHC
IT expression. Our previous studies and the current data show
that characteristics of IC-forming antibody can shape the effector
functions of macrophages, demonstrating the role of a particular
IgG subclass in FcyR activation. Together, these findings give
insights into IC-mediated inflammatory responses induced by
viral antigens and their specific antibodies consequently to viral
infections, vaccination, or antibody-based therapies.
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