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Abstract

Microglia are resident macrophages in the central nervous system that are involved in immune responses driven by Toll-like
receptors (TLRs). Microglia-mediated inflammation can lead to central nervous system disorders, and more than one TLR
might be involved in these pathological processes. The cysteine peptidase cathepsin X has been recognized as a pathogenic
factor for inflammation-induced neurodegeneration. Here, we hypothesized that simultaneous TLR3 and TLR4 activa-
tion induces synergized microglia responses and that these phenotype changes affect cathepsin X expression and activity.
Murine microglia BV2 cells and primary murine microglia were exposed to the TLR3 ligand polyinosinic-polycytidylic acid
(poly(I:C)) and the TLR4 ligand lipopolysaccharide (LPS), individually and simultaneously. TLR3 and TLR4 co-activation
resulted in increased inflammatory responses compared to individual TLR activation, where poly(I:C) and LPS induced
distinct patterns of proinflammatory factors together with different patterns of cathepsin X expression and activity. TLR co-
activation decreased intracellular cathepsin X activity and increased cathepsin X localization at the plasma membrane with
concomitant increased extracellular cathepsin X protein levels and activity. Inhibition of cathepsin X in BV2 cells by AMS36,
cathepsin X inhibitor, significantly reduced the poly(I:C)- and LPS-induced production of proinflammatory cytokines as
well as apoptosis. Additionally, inhibiting the TLR3 and TLR4 common signaling pathway, PI3K, with LY294002 reduced
the inflammatory responses of the poly(I:C)- and LPS-activated microglia and recovered cathepsin X activity. We here pro-
vide evidence that microglial cathepsin X strengthens microglia activation and leads to subsequent inflammation-induced
neurodegeneration. As such, cathepsin X represents a therapeutic target for treating neurodegenerative diseases related to
excess inflammation.
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NO Nitric oxide

PAMPs Pathogen-associated molecule patterns
PBS Phosphate-buffered saline

PI3K Phosphoinositide 3 kinase

Poly(I:C) Polyinosinic-polycytidylic acid

RT Room temperature

siRNA Small interfering RNA
TLR Toll-like receptor
TNF Tumor necrosis factor
Introduction

Innate immune pathways are early responses that are impor-
tant for pathogen control. They can be activated by specific
pattern recognition receptors that recognize pathogen-asso-
ciated molecule patterns (PAMPs) or danger-associated mol-
ecule patterns [1-3]. In the central nervous system (CNS),
microglia are resident innate immune cells that provide the
first line of defense against pathogens [4]. In the steady-state,
microglia secrete neurotrophic factors that regulate normal
brain functions. Upon pathogen recognition, homeostatic
microglia are transformed into their activated phenotype,
which can lead to neuronal tissue damage and the expression
of genes related to neuroinflammation [5—7]. This phenotype
includes the expression of the cell surface receptors, which
make these cells highly reactive to a variety of stimuli [2, 8].
Several pattern recognition receptors have been described,
including Toll-like receptors (TLRs), C-type lectins, cyto-
plasmic retinoic acid-inducible gene-I-like receptors, and
nucleotide oligomerization domain-like receptors [9-11].
The evolutionarily conserved TLRs are the best charac-
terized pattern recognition receptors, and they can initiate
long-standing and protective immunity through presenting
antigen motifs to the cells of the adaptive immune system.
To date, 10 functionally active TLRs have been identified in
humans, and 12 in mice. These are most commonly divided
into two groups according to their cellular localization and
PAMP ligands [12]. The PAMPs that are frequently used
to study various activation pathways of antigen-presenting
cells, including microglia, are lipopolysaccharide (LPS) and
polyinosinic-polycytidylic acid (poly(I:C)) [13, 14]. LPS
is a major component of the cell wall of Gram-negative
bacteria and is recognized by a receptor complex that con-
sists of TLR4/myeloid differentiation protein 2 and CD14
[15—17]. Conversely, poly(I:C) is a synthetic analog of dou-
ble-stranded RNA and can be generated during the replica-
tion of RNA and DNA viruses [18]. This PAMP is mainly
recognized by the TLR3 receptor [19, 20]. Stimulating the
TLRs on murine microglia by these PAMPs initiates signal-
ing cascades that ultimately lead to the activation of nuclear
factor kappa B (NF-xB) [19, 21]. This, in turn, induces the

production of proinflammatory cytokines, such as tumor
necrosis factor (TNF)-a and interleukin (IL)-6 [3, 22].

In addition to proinflammatory cytokines, activated
microglia also synthesize and secrete lysosomal peptidases
[23-31]. This especially occurs at the early stages of inflam-
mation and triggers signaling pathways in a pathological
cascade that aggravates neuroinflammation. Exposure to
TLR4 agonist LPS leads to an increase in cathepsins B, L, K,
S, H, and X [26, 28, 31]. Additionally, cathepsins have been
linked with regulating TLR3, which is processed by cath-
epsins within Loopl of leucine-rich repeat 12. When proteo-
lytic cleavage is inhibited by either a cathepsin inhibitor or
Loopl deletion, TLR3 can still be activated by poly(I:C) in
many types of cell lines that express transiently transfected
TLR3 [32]. Among cathepsins, cysteine cathepsin X has
been intensively studied in association with TLR4 agonist-
induced neuroinflammation [26, 31, 33, 34], whereas the
association with TLR3 is unknown.

Cathepsin X is a carboxypeptidase expressed predomi-
nantly in immune cells [35] but also in brain cells [30, 36].
In recent years, an increasing number of studies have linked
increased cathepsin X expression and activity in brain cells
with neurodegenerative processes in the CNS. A comprehen-
sive comparative gene expression analysis of murine models
of CNS disorders, i.e., Alzheimer’s disease, multiple sclero-
sis, and stroke, revealed that the cathepsin X gene Ctsz is one
of the 18 genes that show increased expression [37]. High
levels of cathepsin X mRNA and protein have been reported
for glial cells of degenerating brain regions in the transgenic
murine models of amyotrophic lateral sclerosis and Alzhei-
mer’s disease as well as around senile plaques in the brains
of Alzheimer’s disease patients [30, 36]. In a rat brain with
Alzheimer’s disease pathology, cathepsin X upregulation
was restricted to the microglia surrounding amyloid plaques
in which it co-localized with its target, y-enolase [30]. Addi-
tionally, cathepsin X is disproportionately expressed and
secreted by microglia and astrocytes in response to neuronal
damage and inflammatory stimulus, both in vitro and in vivo
[26, 31, 38, 39]. Furthermore, dendritic cells in the brain of
older mice have increased cathepsin X protein levels that
correlate with markers of neuroinflammation [33]. Allan
et al. showed that cathepsin X-deficient mice have reduced
neuroinflammation-related markers and particularly low cir-
culating levels of IL-1p during experimental autoimmune
encephalomyelitis [40].

The significant role of cathepsin X in neuroinflammation
has been further demonstrated with the irreversible cathep-
sin X inhibitor AMS36, which suppressed proinflammatory
molecule production and attenuated cytokine release from
activated microglia, thus also reducing microglia-mediated
neurotoxicity [31]. In vivo studies have shown that unilat-
eral intrastriatal injection of LPS induces strong upregula-
tion of cathepsin X expression and activity in the ipsilateral
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striatum, which is predominately restricted to activated
microglia and reactive astrocytes. Additionally, continuous
administration of AMS36 along with LPS injection indi-
cated moderate protective effects against LPS-induced stri-
atal degeneration [34]. These data indicate that cathepsin X
is a key player in microglia-mediated neuroinflammation;
however, its mode of action in microglia remains unclear.
Although both LPS and poly(I:C) trigger inflammatory
responses, the intracellular signaling pathways and patterns of
proinflammatory cytokines triggered by their corresponding
TLRs may differ [13] and has not been yet studied as other
pairwise stimulation of TLRs [41]. Furthermore, to the best of
our knowledge, no reports have investigated cathepsin X activ-
ity during the proinflammatory responses in microglia induced
by simultaneous stimulation with LPS and poly(I:C). Therefore,
in the present study, we compared first the impact of sole and
pairwise TLR3 and TLR4 activation by their respective ligands,
poly(I:C) and LPS on microglia activation, and further evalu-
ated cathepsin X expression patterns and cellular localization,
in response to TLR3/TLR4 co-activation. As such, we have
addressed the involvement of cathepsin X in the underlying
mechanisms of LPS/poly(I:C)-induced microglia inflammation.

Materials and Methods

Ethical approval

The experimental procedures performed on the animals for the
establishment of primary murine microglia were approved by
the Ethics Review Committee for Animal Experimentation of
the Faculty of Biology, University of Belgrade, and Ministry of
Agriculture and Environmental Protection, Republic of Serbia,
Veterinary Directorate No. 323-07-618,012,019-05.

Cell Cultures

The murine microglia BV2 cells were a generous gift from
Dr. Alba Minelli (University of Perugia, Perugia, Italy).
The SH-SY5Y human neuroblastoma cells were purchased
from American Type Culture Collection (ATCC CRL-2266;
VA, USA). The BV2 and SH-SYS5Y cells were cultured in
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% fetal bovine
serum (HyClone, UT, USA), 2 mM L-glutamine, 50 U/mL
penicillin, and 50 pg/mL streptomycin (Sigma-Aldrich). The
cells were maintained at 37 °C in a humidified atmosphere
0f 95% air and 5% CO, and grown to 80% confluence. These
cells were subcultured two or three times per week using
0.25% trypsin (Sigma-Aldrich).
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Primary Murine Microglia Isolation

Primary mixed glial cultures were prepared from postnatal
day 2 C57BL/6 mice pups, as previously described [42] with
some adjustment. In brief, brain cortices from 2 to 3 pups
were isolated in cold phosphate-buffered saline (PBS), and
then the tissue was minced and digested in 1 mg/mL trypsin
(Sigma-Aldrich, USA) at 37 °C for 10 min. After digestion,
complete culture media was added, consisting of Dulbecco’s
modified Eagle’s medium (Thermo Fischer Scientific, USA),
supplemented with 10% fetal bovine serum (Thermo Fischer
Scientific, USA), D-glucose up to a final concentration of
25 mM (Sigma-Aldrich, USA), 100 U/mL penicillin, and
100 pg/mL streptomycin (Thermo Fischer Scientific, USA);
the tissue was centrifuged at 500 X g for 8 min. The pel-
let was resuspended in complete culture medium, passed
through needles of decreasing diameter, and centrifuged at
500 g for 8 min. The pellet was resuspended in complete
culture medium, and the cells were cultured in flasks and
maintained at 37 °C in a humidified 5% CO, atmosphere.
Every third day, 50% of the existing medium was replaced
with fresh medium. Within 10-14 days after plating, mixed
glial cultures formed confluent monolayers with microglia
cells growing on top. To obtain pure cultures of microglia
from these initial co-cultures, flasks with cultivated cells
were shaken for 2 h at 250 rpm on an orbital shaker at 37 °C.
The medium containing the detached microglia was col-
lected and centrifuged at 500 X g for 5 min. The supernatants
were replaced with fresh culture medium, and the resus-
pended microglia were seeded into subcultures. The flasks
were refilled with culture medium, and microglia harvesting
was repeated after 5 days. For the experiments with these
purified microglia, the cells were seeded as subcultures in
24-well culture plates (2 X 10* cells/mL).

Cell Treatments

BV2 microglia and primary murine microglia were stimu-
lated with 1 pg/mL LPS (L6529; Escherichia coli 055:B5;
Sigma-Aldrich) and/or 10 pg/mL poly(I:C) (Sigma-Aldrich)
in serum-free medium for 24 h, unless otherwise indicated.
Successful activation was checked routinely by measuring
nitrite in the culture supernatants with Griess reagent kits,
as described below.

Additionally, microglia were pre-treated 1 h prior to LPS
and/or poly(I:C) stimulation with the following experimen-
tal agents: the specific, irreversible inhibitor of cathepsin
X AMS36 (10 uM; synthesized as reported [43, 44]); the
phosphoinositide 3 kinase (PI3K) inhibitors LY294002
(10 uM; Sigma-Aldrich) or wortmannin (1 uM; Sigma-
Aldrich); the pan-caspase inhibitor carbobenzoxy-valyl-
alanyl-aspartyl-[O-methyl]-fluoromethylketone (Z-VAD-
FMK; 10 uM; Bachem, Switzerland); the cathepsin B
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inhibitor N-[[(25,35)-3-[(propylamino)carbonyl]-2-oxiranyl]
carbonyl]-L-isoleucyl-L-proline (CA-074; 10 uM; Bachem);
the cathepsin L inhibitor (from the Katunuma (CLIK) series)
CLIK-148 (1 uM; a generous gift from Prof. Nobuhiko Katu-
numa, University of Tokushima, Tokushima, Japan); or the
cathepsin S inhibitor leucine-homophenylalanine-vinyl phe-
nyl sulfone (LHVS; 10 uM; a generous gift from Dr. James
McKerrow, University of California, San Francisco, CA,
USA). The experiments were generally terminated within
24 h of these treatments.

After stimulation, the microglia were harvested and fur-
ther processed for ELISA, enzyme activity assays, immuno-
fluorescence staining, flow cytometry, and western blotting.
For co-cultures, the supernatants from the microglia were
collected, centrifuged at 1200 rpm for 5 min to remove any
cellular material, and transferred to cultured SH-SYS5Y neu-
roblastoma cells.

Microglia Culture Supernatant Transfer Model

To investigate the effects of potential soluble factors secreted
by activated microglia, SH-SY5Y cells were treated with
the supernatants from microglia BV2 cells stimulated for
24 h with 1 pg/mL LPS and/or 10 pg/mL poly(I:C) in the
absence or presence of 10 uM AMS36 (pre-treatment). The
SH-SYS5Y cells were examined for neuronal viability 24 h
and 48 h after transferring the microglia culture supernatant.

Cell Viability

Cell viability was evaluated using the [3-(4,5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium (MTS) assay. The SH-SYSY cells were
seeded into 96-well culture plates with complete medium in
quadruplicate (2 x 10* cells/mL). The next day, the cells were
treated as described above, and after the times indicated, the
cell viability was determined using the CellTiter 96 Aqueous
One Solution Cell Proliferation Assay (Promega, WI, USA)
in accordance with the manufacturer’s instructions. Absorb-
ance was measured at 490 nm with an automatic microplate
reader (Tecan Safire?, Switzerland). Data are expressed as
proportions (%) relative to the untreated control cells.

Transfection

Cathepsin X was silenced using small interfering RNA
(siRNA) oligonucleotides that target cathepsin X mRNA
(siRNA-CatX; sc-44661; Santa Cruz Biotechnology, TX,
USA). The BV2 cells were transiently transfected with
siRNA-CatX using Lipofectamine 2000 (Invitrogen, CA,
USA), according to the manufacturer’s protocol. Briefly, the
BV2 cells were seeded into 12-well culture plates (5x 10*
cells/well) in 1 mL growth medium without antibiotics. For

transfection, Lipofectamine 2000 was gently mixed before
use, diluted in Opti-MEM I medium without serum (Invit-
rogen), and left for 5 min at room temperature (RT). The
diluted Lipofectamine 2000 was then combined with the
diluted siRNA oligomer (to 40 nM RNA) in Opti-MEM I
medium, gently mixed, and left for a further 20 min at RT.
Next, 200 pL of transfection complex was added to each of
the wells, containing BV2 cells and medium, and incubated
at 37 °C in a humidified atmosphere of 95% air and 5% CO,
for 6 h. Afterwards, the medium with the transfection com-
plex was replaced with complete growth medium for 24 h.
Control siRNA (siRNA-Ctrl; sc-37007; Santa Cruz Biotech-
nology) was used as the negative transfection control. The
effects of siRNA silencing after 48 h were analyzed by flow
cytometry, as described previously [45], using a specific
cathepsin X antibody (AF934; R&D Systems, MN, USA).

Quantification of Nitrite

After the LPS and/or poly(I:C) stimulation described above,
aliquots of the cell supernatants were obtained by centrifu-
gation at 1200 rpm for 5 min and were then either stored
at — 80 °C or used immediately to determine the nitrite
content, an indicator of nitric oxide (NO) production [46].
The accumulation of NO in culture supernatants was deter-
mined using Griess reagent kits (Promega), according to
the manufacturer’s instructions. Absorbance was measured
at 550 nm using an automatic microplate reader (Tecan
Safire?). NaNO, was used as the standard to calculate nitrite
concentrations (in uM).

Cytokine Assay

Cells were centrifuged at 1200 rpm for 5 min, and the culture
supernatants were either stored at— 80 °C or used immediately
to measure the released cytokines. Cytokine production was
determined by flow cytometry using cytometric bead arrays:
mouse inflammatory cytokine kits containing beads for IL-2,
IL-4, IL-6, IL-10, IL-17A, interferon-y (IFN-y), and TNF-o
(BD Biosciences, CA, USA). A flow cytometer (FACS Cali-
bur, BD Biosciences) with a four-color sorting option and the
CELLQuest software (BD Biosciences) was used. Standard
curves generated using the recombinant cytokines provided in
the kits (0-5000 pg/mL) were used to define the cytokine con-
centrations (in pg/mL). Data were analyzed using the FlowJo
software (Tree Star, Inc., OR, USA).

ELISA

Culture supernatants and cell lysates were prepared for the
analysis of cathepsin X protein levels. BV2 cells were seeded
into 6-well culture plates (5 X 10° cells/mL) and stimulated
as described above. Primary murine microglia isolation and
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stimulation were performed as described above. The micro-
glia culture supernatants were then collected, centrifuged,
and stored at — 80 °C. The cells were washed with PBS (pH
7.4), harvested in cell lysis buffer (0.05 M sodium acetate
buffer, pH 5.5, 1 mM EDTA, 0.1 M NaCl, 0.25% Triton
X-100), and stored at — 80 °C. Total protein concentrations
were determined using assay kits (DC Protein Assay; Bio-
Rad, CA, USA). Cathepsin X protein levels were deter-
mined by ELISA, as reported previously [35], using a goat
anti-cathepsin X antibody (AF934; R&D Systems) as the
capture antibody and a mouse anti-cathepsin X monoclonal
antibody (3B10; produced in-house) conjugated with horse-
radish peroxidase as the detection antibody. The amount of
cleaved 3,3’,5,5’-tetramethylbenzidine substrate (Bio-Rad)
was determined by measuring the absorbance at 450 nm, and
the cathepsin X protein levels are expressed relative to those
in the untreated control cells.

Cathepsin X Activity

Cathepsin X activity in cell lysates and culture supernatants
of activated microglia were measured using the cathepsin-
X-specific, intramolecularly quenched fluorogenic substrate
Abz-Phe-Glu-Lys(Dnp)-OH (Jiangsu Vcare Pharmatech Co.,
China), as described previously [44]. Briefly, the BV2 cells
were seeded into 6-well culture plates (5 10° cells/mL),
and primary murine microglia were isolated and stimulated
as described above. After stimulation, the culture super-
natants were collected, centrifuged, and stored at — 80 °C
until use. Cell lysates were prepared using cell lysis buffer
(0.05 M sodium acetate, pH 5.5, 1 mM EDTA, 0.1 M NaCl,
0.25% Triton X-100), and the protein concentrations were
determined as indicated above. The following was mixed and
incubated at 37 °C for 10 min: microglia culture supernatant
(100 pL), activation buffer (150 puL; 100 mM sodium acetate,
pH 5.5, 0.1% polyethylene glycol 8000, 5 mM dithiothreitol,
1.5 mM EDTA), and lysate protein (50 pg in 200 uL activa-
tion buffer). Next, cathepsin X activity was measured using
10 uM Abz-Phe-Glu-Lys(Dnp)-OH. The fluorometric reac-
tion was quantified at 37 °C at an excitation wavelength of
320 nm and emission wavelength of 420 nm with a micro-
plate reader (Tecan Safire?). Data are presented as changes
in fluorescence as a function of time (AF/At), and cathepsin
X activity is expressed relative to that of the untreated con-
trol cells.

RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted from BV2 cells using the Ribo-
Zol reagent (VWR Life Science) and purified using SPrime
Phase Lock Gel tubes (Qunatabio) before ethanol precipi-
tation. Total RNA (1 pg) was reverse transcribed using
oligo(dT)18 primers with the RevertAid First Strand cDNA
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Synthesis Kit (Thermo Scientific) according to manufac-
turer’s instructions. qPCR was performed using 0.6 ng
of cDNA per 10 pL of reaction with the Maxima SYBR
Green/ROX qPCR Master Mix 2X (Thermo Scientific) on
LightCycler 480 (Roche) under the following conditions:
10 min at 95 °C; 40 cycles of denaturation at 95 °C, 15 s,
and annealing at 60 °C, 1 min. Primers (Table 1) were vali-
dated by melting curve analysis, and reaction efficiencies
were confirmed to be within 90-110%. Among the three
reference genes tested (ACTB, RPLPO, and ATP5B), RPLPO
was selected for normalization by NormFinder [47]. Rela-
tive gene expression was calculated according to the 2724
method.

Immunofluorescence Staining

Next, CD11b expression and co-localization of cathepsin X
with the lysosomal marker LAMP1 and the plasma mem-
brane marker cadherin were investigated. BV2 cells were
cultured on glass coverslips (2 x 10* cells/mL) in 24-well cul-
ture plates; the next day, they were stimulated as described
above. The cells were then fixed with 5% formalin in PBS at
RT for 30 min and permeabilized with 0.05% Tween 20 in
PBS for 10 min. Nonspecific staining was blocked with 3%
bovine serum albumin in PBS (pH 7.4) for 30 min. The cells
were then incubated with mouse anti-CD11b (1:100; Abcam,
UK), goat anti-cathepsin X (1:500; R&D System), rabbit
anti-LAMP1 (1:100; Sigma-Aldrich), or rabbit anti-cadherin
(1:1000; Abcam) antibodies in blocking buffer for 2 h at RT.
The cells were washed with PBS and further incubated for
an additional 1.5 h with Alexa 488- and Alexa 555-labeled
secondary antibodies (Molecular Probes, OR, USA). After
washing with PBS, the ProLong Gold Antifade Mountant
with DAPI (Invitrogen) was used to mount the coverslips
onto glass slides. Fluorescence microscopy was performed
using a confocal microscope (LSM 710; Carl Zeiss, Ger-
many) with the ZEN 2011 image software. For each treat-
ment, more than 10 images were taken, with cells selected at
random and the relative co-localization areas were analyzed.
Quantification of the co-localization areas is presented as the

Table 1 List of primers used for quantitative real-time PCR analysis

Gene Primer pair Sequence (5'—3")
CTSZ F ACCAGGCCGTTATCAACCACA
R CATCCAGCCTTTCTCACCCCAG
ACTB F GGCTGTATTCCCCTCCATCG
R CCAGTTGGTAACAATGCCATGT
RPLPO F AGATTCGGGATATGCTGTTGGC
R TCGGGTCCTAGACCAGTGTTC
ATP5B F ACCACCACCAAGAAGGGATCG
R GGGTCAGTCAGGTCATCAGCA
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average pixels in the third quadrant in the scatter plot of the
two fluorescence intensities (n > 10). All images were cap-
tured under the same exposure time settings. To improve the
signal/noise ratio, 4 frames/image were averaged. Secondary
antibody controls were also performed in parallel with each
experiment (data not shown).

Western Blotting

The protein levels of inducible nitric oxide synthase (iNOS)
were determined by Western blotting, as described previ-
ously [48]. Briefly, the BV2 cells were seeded into 6-well
culture plates (5 X 10° cells/mL). After stimulation, cell
lysates were prepared using cell lysis buffer (50 mM HEPES
(pH 6.5) 150 mM NaCl, 1 mM EDTA, 1% Triton X-100)
supplemented with a cocktail of protease and phosphatase
inhibitors. The protein concentrations were determined as
indicated above. The separated proteins were transferred to
nitrocellulose membranes and immunoblotted with rabbit
anti-iNOS (1:500; Abcam) and mouse anti-p-actin (1:500;
Sigma-Aldrich) antibodies. Signals from the horseradish-
peroxidase-conjugated anti-rabbit (1:3000; Cell Signaling
Technology, MA, USA) and anti-mouse (1:5000, Merck
Millipore, MA, USA) secondary antibodies were visualized
using enhanced chemiluminescence detection kits (Thermo
Fisher Scientific, IL, USA). The band intensities were quan-
tified using the Gene Tools software (Sygene, UK), and the
data are expressed relative to the controls.

Staining with Propidium lodide

Cytotoxicity was determined using the propidium iodide flu-
orescence method. The BV2 cells were seeded into 24-well
culture plates (5x 10* cells/well); the next day, they were
treated as described above. After the 24 h treatments, the
cells were labeled with 30 uM propidium iodide (Invitro-
gen) for an additional 30 min at 37 °C. The cells were then
analyzed for cytotoxicity by flow cytometry (Attune NxT;
Thermo Fisher Scientific). The proportions (%) of propid-
ium-iodide-positive cells were evaluated using FlowJo soft-
ware, and data are presented relative to the controls.

Detection of Apoptosis

Apoptosis was detected and quantified using the Annexin-
FITC Apoptosis Detection Kit (Sigma-Aldrich), according
to the manufacturer’s instructions. Briefly, the BV2 cells
were seeded into 24-well culture plates (5 x 10* cells/well);
the next day, they were treated as described above. Fol-
lowing stimulation, the cells were washed with cold PBS
and resuspended in 500 pL of binding buffer. Then, 5 uL
of FITC-labeled annexin V and 10 pL of propidium iodide
were added to the cells, which were incubated for 15 min in

the dark. Cell apoptosis was analyzed using a flow cytometer
(FACS Calibur; BD Bioscience). The proportions (%) of
apoptotic (annexin-V-positive) cells were determined using
FlowJo software.

Caspase 3/7 Activity Assay

The activities of caspases 3 and 7 were determined in total
cell lysates of the BV2 cells stimulated as described above.
These cells were seeded into 6-well culture plates (5x 10°
cells/mL). After stimulation, the cell lysates were prepared,
and the caspase 3/7 activities were measured using a fluores-
cent peptide substrate (N-acetyl-L-a-aspartyl-L-a-glutamyl-
L-valyl-N-[2-o0x0-4-(trifluoromethyl)-2H-1-benzopyran-
7-yl]-L-a-asparagine [Ac-DEVD-AFC]; Bachem), as
described [49]. Fluorescence was monitored continuously
for 30 min at an excitation wavelength of 405 nm and an
emission wavelength of 535 nm using a fluorescence micro-
plate reader (Tecan Safire?). Data are changes in fluores-
cence as a function of time (AF/At); caspase 3/7 activities
are expressed as DEVDase activities relative to the untreated
control cells.

Flow Cytometry Analysis of Phosphorylated Proteins

To determine the active form of Akt, the BV2 cells were
plated into 24-well plates (5x 10* cells/mL); the next day,
they were treated as described above. After 30 min of stimu-
lation, the cells were harvested and washed with PBS. The
cells were then fixed with 5% formalin for 10 min at RT
and further permeabilized with ice-cold methanol for 20 min
at 4 °C. Nonspecific staining was blocked with 3% bovine
serum albumin in PBS for 30 min. Next, the cells were
incubated with specific antibodies that recognize Akt phos-
phorylated at Ser473 (phospho-Akt[Ser473]; Santa Cruz
Biotechnology) in blocking buffer for 45 min at 4 °C. Next,
the cells were incubated with Alexa-Fluor-488-conjugated
secondary antibodies for an additional 30 min at RT in the
dark. Finally, the cells were washed twice with PBS and
analyzed by flow cytometry (Attune NxT; Thermo Fisher
Scientific). The data were analyzed using FlowJo software
and are presented relative to the control cells.

Statistical Analysis

The data are presented as means + SD and are representative
of at least two independent experiments, each performed
in at least duplicate. Statistical analysis was performed
by one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test using GraphPad Prism, version 6. A
value of p <0.05 was considered as the level of statistical
significance.
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tion of these TLRs on microglia activation are not known. s N
Therefore the release of proinflammatory factors into the i Cased .
culture medium by murine microglia BV2 cells was com- ~ 10000+ *
pared after individual and co-stimulation with LPS and o ; .
poly(I:C). LPS alone significantly increased NO produc- Control LPS  poly(l:C) LPS/poly(i:C)
tion in the medium of BV2 cells in a time-dependent man- C 100000+ P
ner (Fig. 1A). The increase in NO production was lower F s = 24h
after stimulation with poly(I:C) alone, and only reached % == 4s8h
significance after 24 h and 48 h (Fig. 1A). However, when £ 60000
BV2 cells were simultaneously stimulated with both of E o
these TLR4 and TLR3 ligands, a synergistic effect on NO 3
production was observed, with significantly higher values :é_' 20000
than those of LPS and poly(I:C) alone after 24 h and 48 h "

of stimulation (Fig. 1A).

Increased expression of CD11b, the B-integrin marker
of microglia, represents microglial activation during neu-
rodegenerative inflammation and it has been shown that
NO induces the expression of the cell surface microglia
marker CD11b during microglia activation [52], therefore
immunofluorescence staining of the activated BV2 cells was
further performed. Compared to non-stimulated BV2 cells
with low CD11b surface expression, stimulation with LPS
alone or poly(I:C) alone increased CD11b surface expres-
sion. Co-activated (LPS plus poly(I:C)) BV2 cells exhibited
an additional increase in CD11b expression (Supplementary
Figure S1), which coincides with the results of elevated NO
levels after simultaneously stimulated BV2 cells.

These data were supported by the measurements of the
released proinflammatory cytokines in the culture medium
of the BV2 cells stimulated in the same manner. As we
reported previously [31], LPS significantly increased the
cytokine IL-6 (Fig. 1B) and TNF-a (Fig. 1C) medium lev-
els, with the most pronounced increases after 48 h. Con-
versely, poly(I:C) did not increase IL-6 levels, whereas
it only significantly increased TNF-a levels after 48 h.
Compared to LPS alone, the simultaneous stimulation
with LPS and poly(I:C) significantly enhanced IL-6 lev-
els after 24 h and 48 h (Fig. 1B), whereas TNF-a levels
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Control LPS poly(l:C) LPS/poly(l:C)

Fig.1 The effects of eimultaneous TLR3/4 activation on the inten-
sity of microglia activation. BV2 cells were stimulated with 1 pug/mL
LPS and/or 10 pg/mL poly(I:C) in serum-free medium for the times
indicated. A Nitrite concentrations in the culture supernatants of the
control and stimulated BV2 cells, determined using the Griess assay.
Data are presented as means =+ standard deviation of five independ-
ent experiments, each performed in duplicate. B, C Release of the
cytokines IL-6 (B) and TNF-a (C) into the culture supernatants of the
control and stimulated BV2 cells, determined using flow cytometry.
Data are presented as means + standard deviation of two independent
experiments, each performed in duplicate. *p < 0.05

were increased to a lesser extent (Fig. 1C). These results
indicate that the simultaneous activation of TLR4/TLR3
receptors strengthens microglia activation and results in
more potent proinflammatory responses than those of the
individual ligands alone.

Co-stimulation with LPS and Poly(l:C) Affects
Cathepsin X Expression and Activity Patterns more
than Individual Stimulation

LPS-induced alterations in the activity and localization of
cathepsin X in BV2 cells have been reported previously
[31]. Therefore, we investigated here whether co-activation
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of these cells by both LPS and poly(I:C), which strengthens
microglia activation, could further alter the expression and
activity of cathepsin X. For this purpose, BV2 cells were
stimulated with LPS and poly(I:C) alone and simultaneously
for the time periods indicated in Fig. 2. Afterwards, the total
cathepsin X protein levels and activities in cell lysates were
determined using ELISA and enzymatic activity analysis,
respectively. The cathepsin X protein levels after LPS stim-
ulation were similar to those reported previously, with no
significant changes except for a trend of decreased protein
expression at 48 h that did not reach statistical significance
(Fig. 2A). Similarly, poly(I:C) did not significantly affect
cathepsin X expression levels, and only a trend of decreased
protein expression at 24 h and 48 h was observed (Fig. 2A).

Fig.2 The effects of simultane- A

Conversely, co-stimulation with both LPS and poly(I:C)
increased protein levels at 24 h, but not significantly. Due
to the noticeable difference at 24 h of co-stimulation, we
further examined the cathepsin X expression pattern in
activated primary microglia. Although no differences were
observed compared to control cells of primary microglia,
co-stimulation with both LPS and poly(I:C) significantly
reduced the protein levels compared to LPS alone in primary
microglia cultures (Fig. 2B). Additionally, we also deter-
mined the cathepsin X mRNA levels upon co-stimulation
of microglial TLR4 and TLR3. Indeed, LPS and poly(I:C)
alone or together increased cathepsin X mRNA levels at
24 h in BV2 cells, and co-stimulation revealed a trend of
increased cathepsin X mRNA levels compared to each of the
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individual treatments (Supplementary Figure S2), which in
turn correlates with the cathepsin X protein level at 24 h of
co-stimulation of BV2 cells.

In contrast, LPS or poly(I:C) alone significantly decreased
intracellular cathepsin X activity compared to the control
BV2 cells, and these effects were even more pronounced
after co-stimulation. Compared to LPS alone, co-stimulation
further decreased cathepsin X activity in BV2 cells after
24 h and 48 h (Fig. 2C). Similarly, co-stimulation of primary
microglia cultures for 24 h significantly decreased cathepsin
X activity (Fig. 2D), which additionally confirms the effect
of TLR3/4 receptor co-activation on decreased cathepsin X
activity and suggests its secretion from activated microglia.

Due to these alterations in intracellular cathepsin X activ-
ity, the subcellular localization of cathepsin X was studied
using the plasma membrane marker cadherin (Fig. 2E). In
control BV2 cells, the co-localization of cathepsin X with
cadherin was relatively weak, whereas after stimulation with
LPS or poly(I:C) alone, the localization of cathepsin X at the
plasma membrane was more apparent, although to a lesser
extent for poly(I:C)-activated microglia. Co-stimulation
strongly increased the localization of cathepsin X at the
plasma membrane, as observed by increased co-localization
of cathepsin X with cadherin (Fig. 2E). Additionally, the
vesicular localization of cathepsin X in BV2 cells was ana-
lyzed using the lysosomal marker LAMP1. LPS or poly(I:C)
stimulation alone for 24 h resulted in similar co-localization
patterns of cathepsin X and LAMPI; the co-localization
was less prominent than in the control cells. Co-stimulation
further decreased the co-localization of cathepsin X and
LAMPI1 (Supplementary Figure S3), which further suggests
peptidase secretion from activated microglia.

Therefore, we further studied cathepsin X release into the
culture medium after co-stimulation of TLR4 and TLR3.
Cathepsin X protein levels and activity were thus determined
in the culture medium obtained after stimulating BV?2 cells

>
)

w
1

-
1

Cathepsin X level
(Relative to Control)
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Fig.3 Simultaneous TLR3/4 activation affects cathepsin X release
and localization in microglia. BV2 cells were stimulated with 1 pg/
mL LPS and/or 10 pg/mL poly(I:C) for 24 h. A Cathepsin X pro-
tein levels in culture supernatants of control and stimulated BV2
cells were measured by ELISA, using a goat anti-cathepsin X cap-
ture antibody (AF934) and a mouse anti-cathepsin X detection anti-
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with LPS and poly(I:C) alone or simultaneously. As already
shown [31], LPS alone and poly(I:C) alone significantly
increased extracellular cathepsin X protein levels after 24 h
(Fig. 3A). Compared with these individual treatments, co-
stimulation further increased cathepsin X secretion into the
medium of BV2 cells after 24 h (Fig. 3A). A similar trend
was also observed for stimulated and co-stimulated primary
microglia cultures (Supplementary Figure S4). These results
from the ELISA assays regarding the extracellular levels of
cathepsin X were further supported by the extracellular
activities of cathepsin X after 24 h. Cathepsin X activity
was similarly increased in the culture medium of BV2 cells
after individual LPS and poly(I:C) stimulation and further
increased after co-stimulation (Fig. 3B), indicating on a
significant role of secreted cathepsin X in the neurotoxic
potential of strengthened microglia activation.

Inhibiting Cathepsin X Activity Reduces LPS/
Poly(I:C)-Enhanced Microglia Activation

Inhibiting cathepsin X activity has been shown to reduce
the production of proinflammatory mediators from LPS-
activated BV2 cells [31]. To determine whether cathepsin
X is also involved in LPS/poly(I:C)-enhanced microglia
activation, BV2 cells were incubated with the cathepsin
X inhibitor AMS36 prior to stimulation with LPS and/or
poly(I:C). AMS36 alone did not affect NO levels in the
culture medium. However, pre-treatment with AMS36 sig-
nificantly decreased the NO levels in the culture medium of
activated BV2 cells after 24 h and 48 h (Fig. 4A). A similar
effect of AMS36 was observed in primary microglia cul-
tures, as AMS36 inhibited the LPS- and poly(I:C)-induced
increase in NO levels (Fig. 4B).

To confirm the role of cathepsin X, its expression in BV2
cells was reduced by transfection with specific siRNA oli-
gonucleotides that target cathepsin X mRNA (siRNA-CatX)
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three independent experiments. B Cathepsin X activity in the culture
supernatants was determined using the cathepsin X-specific substrate
Abz-Phe-Glu-Lys(Dnp)-OH. Data are presented as means + standard
deviation of three independent experiments
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Fig.4 The effects of cathepsin X inhibition on the TLR3/4-mediated
inflammatory response in microglia. BV2 cells or primary micro-
glia cultures were pre-treated with cathepsin X inhibitor AMS36
(10 uM) for 1 h and then stimulated with 1 pg/mL LPS and/or 10 pg/
mL poly(I:C) for the indicated times. A Nitrite concentrations in the
culture supernatants of the control and stimulated BV2 cells, deter-
mined using the Griess assay. Data are presented as means + standard
deviation of five independent experiments, each performed in dupli-
cate. B Nitrite concentrations in the culture supernatants of the con-
trol and stimulated primary microglia cultures for 24 h, determined
using the Griess assay. Data are presented as means + standard devia-

(Supplementary Figure S5A). siRNA-CatX significantly
reduced NO production in co-stimulated cells compared to
siRNA-Ctrl (Supplementary Figure S5B). Additionally, to
exclude the involvement of other cysteine cathepsins, such
as cathepsins B, L, and S, cells were pre-incubated with
specific inhibitors against cathepsin B (CA-074; [53]), cath-
epsin L (CLIK-148; [54]), and cathepsin S (LHVS; [55]).
Significant anti-inflammatory effects against LPS/poly(I:C)-
induced microglia activation were observed for the cathepsin
X inhibitor AMS36 (24 h). A smaller, but significant, effect
was also observed for the cathepsin B inhibitor CA-074,
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tion of two independent experiments, each performed in duplicate. C
Western blotting for iNOS expression in the BV2 cell lysates (above).
The iNOS levels in the control and stimulated BV2 cells were quanti-
fied and normalized to the respective total p-actin, used as the loading
control. Semi-quantitative densitometry analysis for the iNOS pro-
tein levels (below). Data are means of two independent experiments
and are expressed relative to the control cells. D, E Release of the
cytokines IL-6 (D) and TNF-a (E) into the culture supernatants of the
control and stimulated BV2 cells, determined using flow cytometry.
Data are means of two independent experiments, each performed in
duplicate. *p <0.05

but only after 24 h. None of the other cysteine cathepsin
inhibitors exerted any effects (Supplementary Figure S6),
indicating on the specific role of cathepsin X in the neuro-
toxic potential of activated microglia.

We then analyzed the effects of AMS36 on iNOS expres-
sion following LPS and poly(I:C) co-stimulation. In line with
the changes in NO production, pre-treatment with AMS36
decreased LPS/poly(I:C)-induced iNOS protein levels after
24 h (Fig. 4C). Furthermore, the effect of AMS36 on the
enhanced production of the proinflammatory cytokines IL-6
and TNF-a following LPS and poly(I:C) co-stimulation was
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analyzed. Indeed, AMS36 significantly decreased co-stimu-
lation-enhanced IL-6 (Fig. 4D) and TNF-« (Fig. 4E) protein
levels in the culture medium after 24 h. However, this pro-
tective effect of AMS36 was only significant after 24 h of co-
stimulation. After 48 h, these inhibitory effects of AMS36
on the cytokine levels in the medium were less prominent
compared to stimulation with LPS alone (Fig. 4D, E).

Additionally, AMS36 was neuroprotective against neu-
ronal cell death induced by microglia culture supernatants
after LPS and poly(I:C) co-stimulation. When SH-SY5Y
cells were treated with the culture medium from the BV2
cells co-stimulated with LPS and poly(I:C), they showed
time-dependent decreases in cell viability. However, fol-
lowing pre-treatment of the BV2 cells with AMS36, the
cytotoxic effects of the microglial culture medium on the
SH-SYSY cells were abrogated (Fig. 5), showing beneficial
effect of microglia cathepsin X inhibition during microglia
activation.

Cathepsin X Inhibition Reduces LPS/
Poly(l:C)-Enhanced Microglia Apoptosis

Microglia undergo apoptosis upon inflammatory activation
in a manner similar to activation-induced lymphocyte death
[56]. We have previously shown that inhibiting cathepsin X
reduces LPS-induced microglia apoptosis in terms of cas-
pase-3 activity and apoptotic cell staining [31]. Therefore,
propidium iodide staining of microglia was also assessed
here to compare this effect with that of cathepsin X inhi-
bition with AMS36 after simultaneous TLR4 and TLR3
activation. AMS36 pre-treatment of BV2 cells almost com-
pletely prevented LPS-induced cell death (observed as pro-
pidium-iodide-positive cells) after 24 h. This protection was
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Fig.5 Neuroprotective effects of the cathepsin X inhibitor AMS36
on LPS/poly(I:C)-induced microglia-mediated neurotoxicity in
SH-SY5Y cells. Microglia BV2 cells were pre-treated with 10 uM
AMS36 for 1 h, followed by stimulation with 1 pug/mL LPS plus
10 pg/mL poly(I:C) for 24 h. Microglia culture supernatants were col-
lected and incubated with neuronal SH-SYSY cells for the times indi-
cated. Neuronal cell viability was determined using the MTS assay.
Data are presented as means + standard deviation of two independent
experiments, each performed in quadruplicate. *p 0.05; **p < 0.01
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Fig.6 The effects of cathepsin X inhibition on TLR3/4-mediated
apoptosis in microglia. BV2 cells were pre-treated with the cath-
epsin X inhibitor AMS36 (10 uM) for 1 h and then stimulated with
1 yg/mL LPS and/or 10 pg/mL poly(I:C) for the indicated times. A
Cell death (apoptosis) of the control and stimulated BV2 cells was
determined using propidium iodide (PI) and flow cytometry. Data
are relative percentages of PI-positive (PIP*) cells normalized to the
appropriate control, presented as means =+ standard deviation of four
independent experiments. B The proportions (%) of apoptotic cells
determined using Annexin V and PI staining and flow cytometry.
The quadrant threshold was set according to the control BV2 cells,
and the quantitative analysis indicates the proportion (%) of the cells
showing apoptosis (i.e., annexin-V?** and PIP*). Data are presented
as means +standard deviation of two independent assays. C Cas-
pase-3/7 activities in cell lysates of the control and stimulated BV2
cells, determined fluorometrically using the specific substrate for cas-
pase 3/7, Ac-DEVD-AFC. Data are presented as rates of fluorescence
changes (AF/At) with means + standard deviation of four independent
experiments, each performed in duplicate. *p < 0.05
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smaller after poly(I:C) treatment and was further reduced
after co-stimulation after 24 h (Fig. 6A). However, after 48 h
of stimulation, AMS36 still prevented cell death induced by
the ligands individually but did not prevent cell death after
co-stimulation. These effects were then further analyzed
using a combination of annexin V and propidium iodide
staining. These data were in agreement with the propidium
iodide data; AMS36 did not prevent microglia apoptosis
(observed as annexin-V-positive and propidium-iodide-pos-
itive staining) after 48 h of co-stimulation (Fig. 6B). These
results were consistent with the caspase-3 activity measure-
ments; AMS36 pre-treatment prevented cell apoptosis due
to LPS/poly(I:C) co-stimulation after 24 h, but this protec-
tive effect was lost after 48 h of co-stimulation (Fig. 6C).
Therefore, these data indicate an active role of cathepsin X
in at least the early stages of activation-induced microglia
apoptosis.

To further investigate the effects of cathepsin X inhibi-
tion, we considered the additional receptor-interacting pro-
tein kinase-3-mediated programmed cell death pathway in
TLR-activated microglia that was recently identified and
termed necroptosis [57]. The zVAD-fmk inhibitor reduced
intracellular cathepsin X activity in BV2 cells after 24 h of
LPS/poly(I:C) co-stimulation but not after 48 h (Supple-
mentary Figure S7).

PI3K Inhibition Reduces the LPS/Poly(l:C)-Enhanced
Proinflammatory Response and Affects Cathepsin X
Activity Regulation

The common signal transduction pathway activated through
TLR4 and TLR3 includes PI3K/Akt, whereby NF-kB acti-
vation further downstream has an important role in micro-
glia activation and neuroinflammation [58]. Therefore, we
investigated the effects of inhibitors of the PI3K pathway
on this pronounced LPS/poly(I:C)-induced proinflamma-
tory response in relation to cathepsin X regulation. BV2
cells were pre-treated with the reversible and irreversible
PI3K inhibitors LY294002 and wortmannin, respectively,
followed by stimulation with LPS and poly(I:C) individu-
ally and simultaneously. Then NO production was assessed.
Following pre-treatment with LY294002, NO production
was reduced after LPS treatment, completely blocked after
poly(I:C) treatment, and reduced by their combination after
24 h (Fig. 7A). In contrast, pre-treatment with wortman-
nin exerted no effects on LPS- and LPS/poly(I:C)-induced
NO production; however, wortmannin reduced NO levels
after stimulation with poly(I:C) alone (Fig. 7A). Similarly,
the LPS/poly(I:C)-induced levels of IL-6 and TNF-a in the
culture medium of BV2 cells co-activated for 24 h were
also reduced by LY294002, whereas wortmannin exerted
no effects (Fig. 7B, C).

Furthermore, the effects of the two PI3K inhibitors on
intracellular cathepsin X activity were evaluated. Pre-treat-
ment of BV2 cells with LY294002 reversed the reduced
cathepsin X activity as a response to LPS/poly(I:C) co-stim-
ulation (Fig. 7D). In contrast, wortmannin had no effect on
intracellular cathepsin X activity (Fig. 7D).

Finally, we investigated whether cathepsin X activity
affects the PI3K/Akt pathway. We quantified the phospho-
rylation levels of the downstream target of PI3K, Akt, in
its active form [59], in BV2 cells. The phosphorylated Akt
levels were significantly increased after 30 min of LPS/
poly(I:C) co-stimulation; however, this phosphorylation of
Akt was completely blocked by pre-treatment with AMS36,
i.e., by cathepsin X inhibition (Fig. 7E). These results indi-
cate that cathepsin X is involved in regulating the PI3K/
Akt signaling pathway that is activated by TLR4 and TLR3
ligands, which trigger microglia activation and inflamma-
tory responses.

Discussion

Microglia are immune-like cells in the brain that play an
important role in inflammatory responses in the CNS.
Although there is a great body of evidence that shows that
TLR signaling has beneficial effects in the CNS, it has
become evident that TLR-induced activation of microglia
and the release of proinflammatory molecules are respon-
sible for neurotoxic processes in various CNS diseases [3].
Thus, inhibiting microglia activation represents a promising
strategy in treating inflammation-associated neurodegenera-
tive disorders.

We have previously shown that cathepsin X is a key medi-
ator in neurodegeneration mediated by microglia activation
and that cathepsin X inhibition reduces LPS-induced micro-
glia activation [31]. In the current study, we first analyzed
the effect of simultaneous TLR4 and TLR3 activation with
LPS and poly(I:C) on microglia-mediated proinflammatory
responses. Second, we further examined the involvement of
cathepsin X in enhanced microglia activation caused by LPS
and poly(I:C) co-stimulation.

TLR activation can contribute to both infectious and
noninfectious CNS diseases [60]. Approaches to unravel
the influence of TLR activation in the CNS that are based
on cell models have mainly used single ligands that are
highly specific for the activation of their respective TLR.
However, microglia constitutively express mRNA of most
of the TLRs identified to date [61], and TLR expression
appears to be regulated by the engagement of its ligands
[62]. Therefore, it can be reasonably assumed that more
than one TLR is involved in physiological and pathological
processes within the CNS, and that the ligands that activate
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Fig.7 LY29004 modulates

the LPS/poly(I:C)-induced
proinflammatory response and
cathepsin X activity. A-D BV2
cells were pre-treated with

10 uM LY29004 or 1 uM
wortmannin for 1 h and then
stimulated with 1 ug/mL LPS
and/or 10 ug/mL poly(I:C) for
24 h. A Nitrite concentrations
in the culture supernatants of
the control and stimulated BV2
cells, determined using the
Griess assay. Data are presented
as means + standard deviation of
two independent experiments,
each performed in duplicate.

B, C Levels of the cytokines
IL-6 (B) and TNF-a (C) in

the culture supernatants of the
control and LPS/poly(I:C)-stim-
ulated BV2 cells, determined
using flow cytometry. Data

are means of two independent
experiments, each performed
in duplicate. D Cathepsin X
activity in cell lysates was
determined using the cathepsin
X-specific substrate, Abz-Phe-
Glu-Lys(Dnp)-OH. Data are
presented as means + standard
deviation of two independent
experiments, each performed
in duplicate. E Analysis of

Akt activation. BV2 cells were
pre-treated with the cathepsin
X inhibitor AMS36 (10 uM)
for 1 h, followed by 1 ug/mL
LPS and 10 pg/mL poly(I:C)
stimulation for 30 min. Flow
cytometry analysis of Akt acti-
vation was performed using a
specific antibody against phos-
phorylated Ser473 of Akt. Data
are means of two independent
experiments, each performed in
duplicate. *p < 0.05
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the various TLRs are likely present as a mixture at any one
point in time. Indeed, Rosenberg et al. demonstrated the
effect of simultaneous TLR activation on neuroinflammation
and neurodegeneration [41]. Co-stimulation of microglial
TLR4 and TLR2, TLR4 and TLRY, and TLR2 and TLR9
by their respective specific ligands resulted in increased
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inflammatory responses compared to activating their respec-
tive individual TLRs. However, not all these TLRs act in
synergy, as they showed that combined stimulation of TLR3
and TLR4 did not affect the TNF-a response [41]. In the
present study, however, we have shown that co-stimulation
of TLR4 and TLR3 by their respective ligands LPS and
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poly(I:C) results in increased secretion of the inflammatory
molecule NO from microglia, unlike the activation of the
respective individual TLRs. Additionally, greater secre-
tion of the proinflammatory molecules IL-6 and TNF-«a
was induced by LPS and poly(I:C) combined, as compared
with TLR3 activation alone, which induced only minimal
increases in NO, IL-6, and TNF-a levels. The differences
between the effects of LPS and poly(I:C) on proinflamma-
tory responses are in line with other reports, which have
emphasized that these responses exhibit distinct intensity
patterns [13, 14]. Here, we have further demonstrated that
co-stimulation of microglia with LPS and poly(I:C) further
increases IL-6 secretion after 24 h and 48 h. This effect was
observed to a lesser extent for TNF-« secretion.

The synergy of TLR3 and TLR4 activation on cathepsin
X expression and localization patterns in microglia was also
shown in this study. To date, no reports have assessed the
effects of simultaneously activating different TLRs on the
regulation of cysteine cathepsins. Stimulation of microglia
with LPS alone has been shown to increase the expression,
release, and activity of certain cathepsins, such as cathepsin
B [23, 63], cathepsin C [29], cathepsin H [28], and cathepsin
X [26, 31, 34]. In BV2 cells, we previously demonstrated
that LPS increases cathepsin X levels and activity in the
culture medium and decreases the intracellular activity of
cathepsin X without altering the intracellular levels [31]. In
the present study, similar intracellular cathepsin X protein
levels were observed in BV2 cells after stimulation with
either poly(I:C) or LPS alone. LPS/poly(I:C) co-stimulation
did not affect cathepsin X protein expression but increased
cathepsin X mRNA levels after 24 h. Individual stimulation
with LPS and poly(I:C) reduced intracellular cathepsin X
activity in a time-dependent manner. Simultaneously acti-
vating both TLR4 and TLR3 by these respective ligands for
24 h resulted in synergistic effects, as intracellular cathepsin
X activity was additionally reduced compared to the effects
of the individual ligands. The same effects were observed
in the primary microglia cultures. However, the intracellular
cathepsin X protein levels were not in agreement with the
intracellular cathepsin X activity after TLR stimulation. The
latter is in line with a regulation of cysteine cathepsins dur-
ing TLR responses in macrophages with increased activities
of cathepsins B, L, and S after the individual activation of
TLR2, TLR3, and TLR4, whereas the levels of the tran-
scripts encoding the cathepsins were unchanged [64].

Conversely, in the present study, we show that the
mRNA cathepsin X levels are increased and that the
cathepsin X protein levels correlate well with cathepsin
X activity in culture supernatants (i.e., secreted cathep-
sin X). Both the extracellular protein and activity levels
of cathepsin X were increased after individual stimula-
tion with LPS or poly(I:C). Co-stimulation with LPS and
poly(I:C) further increased cathepsin X protein secretion.

Likewise, the proteolytic activity of cathepsin X in the
culture supernatant of the co-activated BV2 cells was more
pronounced than the activities stimulated by the individual
ligands. Similarly, inducible effect on release and enzy-
matic activity of cathepsin X in primary microglia has
been observed; however, it is modest compared to the
response of the BV2 microglia. Similarly, other studies
also showed lower protein levels of some cysteine cath-
epsins, as such cathepsins C and H, in the culture medium
of primary microglia than of BV2 cells following LPS
stimulation, suggesting that the difference reflects biologi-
cal characteristics of two types of cells [28, 29]. Addition-
ally, subcellular localization of cathepsin X at the plasma
membrane following LPS/poly(I:C) co-stimulation was
more prominent than that following stimulation by the
individual ligands. In contrast, the intensity of the cathep-
sin X signal in the lysosomal vesicles in the co-stimulated
BV2 cells was decreased. This decrease is in line with the
increased release of cathepsin X from activated microglia
as a response to the synergy of TLR3 and TLR4 activa-
tion. These findings correlate with other studies as it has
been already shown that cathepsins are either localized
intracellularly (within lysosomes) or extracellularly [25]
and are differentially expressed in microglia in response
to pro-inflammatory stimuli [65, 66]. Factors released by
microglia can kill neurons directly by promoting neuronal
self-destruction or indirectly by promoting non-neuronal
cells to produce other factors that induce neuronal death
[66]. In vitro exposure to inflammatory stimuli (e.g., LPS)
increases the levels of certain cysteine cathepsins in cul-
ture supernatants of the microglia cell line BV2 [26, 67].
For cathepsin B, it has been shown that upon pro-inflam-
matory stimulation, it is secreted from activated micro-
glia, which has been shown to be a major causative factor
of microglia-induced neuronal apoptosis [23]. Similarly,
cathepsin X is strongly associated with microglia polari-
zation towards the neurotoxic phenotype. The proteolytic
activity of cathepsin X in culture supernatants of activated
microglial cells can be evoked by LPS stimulation and
can lead to neurotoxicity mediated by microglia activa-
tion [26, 31]. First, cathepsin X promotes 6-hydroxydo-
pamine-induced apoptosis of PC12 and SH-SYSY cells
through caspase cascade and NF-kB activation. [44]. Sec-
ond, cathepsin X is a modulator of the mitogen-activated
protein kinase signaling pathway in activated microglia
[31]. This pathway plays a critical role in the production
of cytokines and mediators associated with the pathogen-
esis of inflammation [68] and inhibition of cathepsin X
proteolytic activity by AMS36 in LPS-activated BV2 cells
markedly blocked LPS-induced p38 and c-Jun N-terminal
kinase activation and reduced LPS-induced phosphoryla-
tion of extracellular signal-regulated kinases 1 and 2,
suppressing the increased cytokine release from activated
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microglia [31]. Therefore, increased expression and secre-
tion of cathepsin X support roles of neurotoxic phenotype
of activated microglia as has been also discussed for vari-
ous cathepsins (reviewed in [69]).

Activated microglia should initially protect neurons
during induced degeneration. However, the inflammatory
products derived from microglia have been implicated in the
neuronal destruction that is commonly observed in various
neurodegenerative diseases [70]. Activated microglia also
synthesize and secrete cathepsins, particularly during the
early stage of inflammation, triggering signaling pathways
in a pathological cascade that aggravates neuroinflammation
[26-28, 31, 71]. Additionally, the autocrine and/or paracrine
features of the secreted proinflammatory molecules might
also contribute to enhanced inflammatory responses [22,
72]. Therefore, better regulation of microglia activation and
inactivation of cathepsins might represent a key strategy in
treating inflammation-associated neurodegeneration. Inhibit-
ing cathepsin X has been shown to successfully reduce the
increased release of NO and other proinflammatory mol-
ecules from LPS-activated microglia, reducing microglia-
mediated neurotoxicity [31]. Here, inhibiting cathepsin X
with AMS36 also reduced the enhanced release of NO from
microglia resulting from the co-stimulation of TLR4 and
TLR3 by their respective ligands. However, except for small
(but significant) effects of the cathepsin B inhibitor CA-074,
the cathepsin L and S inhibitors CLIK-148 and LHVS,
respectively, did not exert anti-inflammatory effects against
this increased microglia activation. Increased NO is due to
enhanced iNOS expression [73], which occurs primarily in
microglia in response to extracellular stimuli, including LPS,
IL-1p, IFN-y, and TNF-« [74, 75]. Indeed, here we observed
increased iNOS expression after LPS and poly(I:C) co-stim-
ulation compared to individual ligand stimulation; these
increased iNOS levels were reduced after AMS36 pre-treat-
ment. Likewise, inhibiting cathepsin X with AMS36 reduced
the LPS/poly(I:C)-induced increase in IL-6 and TNF-a lev-
els in the culture supernatants, with a greater effect after
24 h than after 48 h of co-stimulation. Furthermore, inhibit-
ing cathepsin X not only suppressed microglia activation,
and consequently the inflammatory response through NO,
but also affected the viability of microglia. The synergy of
this TLR4 and TLR3 co-activation of microglia resulted in
increased cell death compared to the individual TLR ligands.
Thus, inhibiting cathepsin X protected the microglia against
LPS/poly(I:C)-induced cell death. However, this protection
was only observed after 24 h of co-stimulation and not after
48 h. This correlates with the AMS36-induced suppression
of proinflammatory responses observed after 24 h.

When microglia are activated by inflammatory stim-
uli, they can undergo apoptosis as a possible autoregula-
tory mechanism for their own activation state. Indeed, the
NO produced by such activated microglia is the primary
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cytotoxic mediator in this process. Inflammatory stimuli
like LPS play multiple roles in microglia apoptosis. LPS
not only induces cytotoxic NO production but also initiates
the NO-independent apoptotic pathway through stimula-
tion of the caspase cascade [56]. The synergistic effects
of TLR4 and TLR3 activation were also observed for this
increased apoptosis. Co-stimulation with LPS and poly(I:C)
increased apoptosis of BV2 cells more than individual
ligands. Cysteine cathepsins have been suggested to inter-
fere with the apoptotic cascade in microglia by activating
caspases [76]. Indeed, pre-treatment with the cathepsin X
inhibitor AMS36 decreased the level of apoptosis after 24 h
of co-stimulation, but this protection against apoptosis was
lost after 48 h. These effects on apoptosis were therefore
also examined in terms of the caspase cascade. The NO-
independent cytotoxic mechanism involves up-regulation of
caspase-11, which is autoactivated in microglia and triggers
an activation cascade of downstream caspases, ultimately
leading to cell apoptosis [56]. Caspase-3 is the final executor
of this caspase-dependent apoptotic damage, and its activ-
ity was significantly increased in microglia upon individual
stimulation with LPS and poly(I:C). This increased cas-
pase-3 activity was more pronounced after LPS/poly(I1:C)
co-stimulation. However, the reduced caspase-3 activity due
to cathepsin X inhibition was only observed after 16 h, and
not afterwards.

However, the effects of cathepsin X inhibition, mediated
through reduced proinflammatory factors, are not congruent
with the protective role of cathepsin X inhibition against
microglia cell death that arises from the simultaneous
activation of TLR4 and TLR3. Thus, cathepsin X might
be involved in RIP3-mediated programmed necrosis. This
additional RIP3-mediated programmed cell death pathway in
TLR-activated microglia was recently identified and is also
termed necroptosis [57]. It was shown that microglia acti-
vated by TLR4 or TLR3 ligands (such as LPS or poly(I:C),
respectively) undergo RIP1/RIP3-dependent necroptosis
when exposed to the pan-caspase inhibitor ZVAD-fmk [57].
In the present study, exposing BV2 cells to zVAD-fmk
reduced the intracellular cathepsin X activity observed after
24 h of LPS/poly(I:C) co-stimulation, but not after 48 h. This
thus defines a time-dependent effect of cathepsin X inhibi-
tion on microglia apoptosis.

The intensity of the inflammatory response elicited by
simultaneous TLR3 and TLR4 activation appears to result
from the common regulatory adaptor protein and/or signal-
ing pathway. There is evidence that after TLR3 or TLR4
activation, Akt is activated downstream via the TRIF path-
way of TLR signaling [77]. Akt is a serine/threonine protein
kinase that is activated during cytokine stimulation [78]. In
addition, Akt might also regulate the activity of transcription
factors, including NF-kB [79], and LPS-induced NF-«B acti-
vation in microglia is directly regulated by phosphorylation
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of Akt through the PI3K/Akt pathway [80]. For this rea-
son, we investigated the PI3K/Akt pathway as a possible
underlying mechanism of the synergy of TLR4 and TLR3
co-activation.

Treatment with the reversible PI3K inhibitor LY294002
before LPS and poly(I:C) individual stimulation or co-
stimulation resulted in decreased NO levels in the cul-
ture supernatants of BV2 cells. In contrast, the alternative
PI3K inhibitor, wortmannin, did not reduce the LPS- or
co-stimulation-induced NO levels but did inhibit the NO
levels induced by poly(I:C) alone. These observations are
in line with other reports that have shown differential
effects of LY294002 and wortmannin on proinflammatory
factors resulting from LPS stimulation [58, 81]. Addition-
ally, the enhanced levels of the cytokines IL-6 and TNF-a
following simultaneous TLR3 and TLR4 activation were
reduced by LY294002 but not by wortmannin, as observed
in other studies [58, 82—-84]. We noted that LY294002, but
not wortmannin, modulated the activity of cathepsin X,
as LY294002 reversed the reduced cathepsin X activity
following LPS/poly(I1:C) co-stimulation. Tsai et al. also
showed differential effects of LY294002 and wortmannin
on inducible nitric oxide synthase expression in glomeru-
lar mesangial cells. LY294002 showed a more-significant
inhibitory effect on LPS/IFN-y-induced NO production
and exhibited a more-significant inhibitory effect on
NF-kB luciferase activities than wortmannin in LPS/
IFN-y-stimulated MES-13 cells. Moreover, LY294002,
but not wortmannin, accelerated iNOS protein degrada-
tion and reduced the iNOS dimer/monomer ratio in MES-
13 cells, which indicates that the effects of LY294002
on inhibiting NF-kB activation and accelerating iNOS
protein degradation are through a mechanism independ-
ent of PI3K [81]. Additionally, Zhao et al. showed that
LY294002 inhibited LPS- and poly(I:C)-induced inter-
feron P transcription and secretion from macrophages. In
contrast, wortmannin could not inhibit interferon f pro-
duction. Furthermore, interferon regulatory factor 3 tran-
scriptional activation and binding to interferon § promoter
were found to be inhibited by LY294002. Therefore, find-
ings demonstrate LY294002 negatively regulates LPS-
and poly(I:C)-induced interferon f production through
inhibition of interferon regulatory factor 3 activation in a
PI3K-independent manner [58].

Nevertheless, in the present study cathepsin X inhibi-
tion decreased the activation of the PI3K/Akt signaling
pathway resulting from LPS/poly(I:C) co-stimulation.
Kim and Li proposed that microglia activated through
TLRs can undergo apoptotic self-elimination or RIP3-
mediated programmed necrosis when sensitized by the
pan-caspase inhibitor zZVAD-fmk [57]. Recently, by tar-
geting RIP3, Hu et al. reported that PI3K is essential for

TNF-induced necroptosis [85]. The data obtained in the
present study demonstrate that the PI3K/Akt pathway is
important for the inflammatory activation of microglia,
in which cathepsin X might play an important role. How-
ever, further investigations are needed to unambiguously
define the involvement of cathepsin X in necroptosis in
activated microglia.

Conclusions

In the present study, we tested the hypothesis that co-
stimulation of microglia with TLR3 and TLR4 ligands can
provide synergism in the microglia inflammatory response.
Indeed, our data show that LPS and poly(I:C) individually
induce distinct intensities of proinflammatory factor release,
while together (i.e., co-stimulation), they strengthen the acti-
vation of microglia. More importantly, we provide evidence
that cathepsin X is involved in the increased activation of
microglia and subsequent neuroinflammation, as the cath-
epsin X inhibitor AMS36 protected neuronal cells against
microglia-mediated neurotoxicity. These data help to clarify
the role of these different TLRs in microglia activation and
pave the way towards new therapeutic strategies. Given the
pathogenic role of cathepsin X in neuroinflammation, cath-
epsin X inhibitors could be helpful in alleviating the neuro-
degenerative processes associated with microglia-mediated
inflammation.
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