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Monosodium Urate Activates Src/Pyk2/PI3
Kinase and Cathepsin Dependent
Unconventional Protein Secretion From
Human Primary Macrophages*s

Elina Valimakit§, Juho J. Miettineng, Niina Lietzénf, Sampsa Matikainen§,

and Tuula A. Nymanitq|

Monosodium urate (MSU) is an endogenous danger signal
that is crystallized from uric acid released from injured
cells. MSU is known to activate inflammatory response in
macrophages but the molecular mechanisms involved
have remained uncharacterized. Activated macrophages
start to secrete proteins to activate immune response and
to recruit other immune cells to the site of infection and/or
tissue damage. Secretome characterization after activa-
tion of innate immune system is essential to unravel the
details of early phases of defense responses. Here, we
have analyzed the secretome of human primary macro-
phages stimulated with MSU using quantitative two-di-
mensional gel electrophoresis based proteomics as well
as high-throughput qualitative GeLC-MS/MS approach
combining protein separation by SDS-PAGE and protein
identification by liquid chromatography-MS/MS. Both
methods showed that MSU stimulation induced robust
protein secretion from lipopolysaccharide-primed human
macrophages. Bioinformatic analysis of the secretome
data showed that MSU stimulation strongly activates un-
conventional, vesicle mediated protein secretion. The un-
conventionally secreted proteins included pro-inflamma-
tory cytokines like IL-18 and IL-18, interferon-induced
proteins, and danger signal proteins. Also active forms of
lysosomal proteases cathepsins were secreted on MSU
stimulation, and cathepsin activity was essential for MSU-
induced unconventional protein secretion. Additionally,
proteins associated to phosphorylation events including
Src family tyrosine kinases were increased in the secre-
tome of MSU-stimulated cells. Our functional studies
demonstrated that Src, Pyk2, and PI3 kinases act up-
stream of cathepsins to activate the overall protein secre-
tion from macrophages. In conclusion, we provide the
first comprehensive characterization of protein secretion
pathways activated by MSU in human macrophages, and
reveal a novel role for cathepsins and Src, Pyk2, PI3 ki-
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The innate immune system is activated in response to micro-
bial infection and tissue damage. Macrophages are the central
players of the innate immunity and detect the presence of
pathogen-associated molecular patterns (PAMPs)! and dam-
age-associated molecular patterns (DAMPs) with their pattern
recognition receptors. This recognition results in the activation
of antimicrobial defense, inflammatory response, tissue regen-
eration, and recruitment of other inflammatory cells to the site of
infection and/or tissue damage (1). Proper innate immune re-
sponse is essential for the activation of the adaptive immune
system. At present it is thought that the activation of innate
immunity is most effective when both signals of microbial origin
and damage are perceived at the same time (2, 3).

Monosodium urate (MSU) is an endogenous DAMP that is
crystallized from uric acid released by injured cells (4). Uric acid
is a byproduct of purine degradation, and abnormally high levels
of uric acid in serum, or hyperuricemia, is a hallmark of meta-
bolic disorders where balance between intake of purines via
food and excretion of uric acid is distorted. A well-known dis-
ease associated to hyperuricemia is gouty arthritis, in which
deposits of MSU can be found in synovial fluid of peripheral
joints, and MSU-induced inflammation is the initial trigger of
symptoms (5). Hyperuricemia is also linked to other inflamma-

' The abbreviations used are: PAMP, pathogen-associated molecular
pattern; 2-DE, two-dimensional gel electrophoresis; ASC, Apoptosis-
associated speck-like protein containing a CARD; DAMP, damage-
associated molecular pattern; ER, endoplasmic reticulum; GO, Gene
Ontology; HSP90, Heat shock protein HSP 90; IFIT-3, Interferon-in-
duced protein with tetratricopeptide repeats 3; IFN, interferon; IRF-3,
Interferon regulatory factor 3; KEGG, Kyoto encyclopedia of genes and
genomes; LAMP-1, Lysosome-associated membrane glycoprotein 1;
LPS, lipopolysaccharide; MSU, monosodium urate; MxA, Interferon-
induced GTP-binding protein Mx1; NLRP3, NACHT, LRR and PYD
domains-containing protein 3; NMWL, Nominal molecular weight limit.
PI3K, Phosphatidyl-inositol 3-kinase; Pyk2, Protein-tyrosine kinase
2-beta; Src, Proto-oncogene tyrosine-protein kinase Src.
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tory diseases, like metabolic syndrome (6, 7), type 2 diabetes
(8), and cardiovascular disease (9). MSU-induced inflammation
is driven by the innate immune system. MSU engages antigen-
presenting cells, macrophages, and dendritic cells. It is a potent
adjuvant, initiating a robust adaptive immune response (4). Re-
cently it has been shown that the adjuvant properties of alum
are dependent on release of uric acid in vivo (10).

It is unclear how cells detect the presence of MSU. It has
been suggested that MSU activates intracellular signaling
pathways in dendritic cells by directly engaging cellular mem-
branes, particularly the cholesterol-rich components of the
plasma membrane (11). Recently Uratsuji and coworkers
showed that MSU activates inflammatory response in kerati-
nocytes and monocytic THP-1 cells through membrane-as-
sociated P2Y6 (12). It is also well-documented that MSU
activates the NLRP3 inflammasome in macrophages (13). The
NLRP3 inflammasome is a multiprotein complex comprising
of NACHT, LRR, and PYD domains-containing protein 3
(NLRP3), Apoptosis-associated speck-like protein containing
a CARD (ASC) and cysteine protease Caspase-1. Activation
of NLRP3 inflammasome results in the autocleavage of
Caspase-1. The activated Caspase-1 then in turn cleaves
pro-inflammatory cytokines IL-13 and IL-18 into their biolog-
ically active forms, which are then readily secreted (14-17).
However, the signaling pathways that are involved in MSU-
induced NLRP3 inflammasome activation have remained only
partially characterized.

Macrophages respond to activating stimuli by producing
inflammatory mediators that are delivered to neighboring cells
through multiple protein secretion pathways including both
conventional and unconventional protein secretion (18). Con-
ventionally secreted proteins contain an N-terminal signal
peptide, which directs their transport to the plasma mem-
brane through the well-characterized endoplasmic reticulum
(ER)-Golgi pathway. In contrast, mediators and regulators of
unconventional protein secretion pathways are less well un-
derstood. At present, different proteomic techniques allow for
in-depth analysis of the secretome, the global pattern of se-
creted proteins. Secretome analysis is important in revealing
complex cellular processes that require communication and
signaling between the cells, and it has recently been applied to
analyze the signaling pathways related to cell differentiation (19,
20), cancer (21, 22), and immune responses (23-25). In the
present work we have characterized the secretome of human
primary macrophages that have been activated simultaneously
by microbial signal lipopolysaccharide (LPS) and endogenous
danger signal MSU to get a global view of macrophage re-
sponse to combined PAMP and DAMP stimulation.

EXPERIMENTAL PROCEDURES

Culturing of Human Macrophages and Stimulations—Human pe-
ripheral blood-derived monocytes were isolated from leukocyte-rich
buffy coats from healthy blood donors (The Finnish Red Cross Blood
Transfusion Service) and differentiated to macrophages for 6 days as
previously described (26). The cells used in the experiments express

macrophage-specific genes including CD14, CD163, and FcyR1A
(27). For proteomic analysis of the secretome, macrophages were
primed with 100 ng/ml LPS from Escherichia coli 0111:B4 (Sigma) in
Macrophage-SFM (Invitrogen, Carlsbad, CA) supplemented with 10
ng/ml GM-CSF (Biosource International Inc., Camarillo, CA) and an-
tibiotics. After 21 h cell culture media was discarded, cells were
washed three times with PBS and RPMI 1640 (supplemented with 10
mM Hepes, L-glutamine, and antibiotics (all from Invitrogen)) was
added. Cells were stimulated with 100 ng/ml MSU (Enzo Life Sci-
ences, Farmingdale, NY). After 3 h cell culture supernatants of cells
from two to three blood donors were pooled together and part was
taken for ELISA or Luminex assay. Cells were collected for Western
blotting. The supernatants from same amount of cells in each group
were concentrated with Amicon Ultra-15 (Millipore) centrifugal filter
devices with a cutoff of 10 kDa NMWL (nominal molecular weight
limit). Exosomal fractions were enriched using centrifugal filter units
(100 kDa NMWL) and the flow-through was further concentrated with
10 kDa-centrifugal filter units. CA-074 Me (25 um, Calbiochem, San
Diego, CA), PP2 (10 um, Sigma), PF-431396 (10 um, Sigma), or
LY-294002 (100 um, Sigma) were added to cells in 1 h before MSU
stimulation.

For quantitative real-time PCR analysis, cells were primed with LPS
(100 ng/ml) for 21 or 18 h. Stimulation with MSU (100 pg/ml) for 3 or
6 h was performed in fresh Macrophage-SFM without GM-CSF. Cells
were collected using Eurozol or EuroGold RNA Pure (EuroClone,
Milan, Italy) according to manufacturer’s instructions.

2-DE Analysis and SDS-PAGE for GeLC-MS/MS—For two-dimen-
sional gel electrophoresis (2-DE), 100 ul of concentrated cell culture
supernatants were purified using 2-D Clean-Up kit (GE Healthcare)
according to manufacturer’s instructions. Proteins were resuspended
in 200 wl of rehydration buffer (7 m urea, 2 m thiourea, 4% CHAPS,
0.6% dithiothreitol, 0.5% IPG-buffer 3-10, 0.004% bromphenol blue)
and the sample was loaded onto 11 cm pH 3-10 ReadyStrip IPG
strips (Bio-Rad, Hercules, CA). Strips were left to rehydrate for 24 h at
room temperature and then isoelectric focusing was performed for a
total of 63.3 kVh using Ettan IPGphor Il (GE Healthcare). Focused
strips were equilibrated at room temperature for 15 min in SDS-
equilibration buffer (6 m urea, 50 mm Tris-HCI pH 8.8, 30% glycerol,
2% SDS, 0.004% bromphenolblue) supplemented with 10 mg/ml
dithiothreitol, following similar equilibration in SDS-equilibration
buffer supplemented with 25 mg/ml iodoacetamide. Then SDS-PAGE
was run at 200 V for 1 h using Criterion 10-20% Tris-HCI gels
(Bio-Rad). Gels were mass spectrometry compatibly silver stained
(28). Spot detection, matching and intensity-based quantitation were
performed using ImageMaster 2D Platinum version 6.0 (GE Healt-
care). The number of replicate gels analyzed was three in both
groups. Statistically significant differences (p < 0.05) in spot intensi-
ties based by spot volumes were analyzed by Student’s t test.

For GeLC-MS/MS, 20 ul of concentrated cell culture supernatants
were loaded onto Criterion 10—20% Tris-HCI gel (Bio-Rad) and pro-
teins were separated at 200 V for 1 h. After that the gel was silver
stained (28). Also GeLC-MS/MS analyses were performed on three
biological replicate samples.

Protein Identification— For identification, the protein spots were cut
out from 2-DE gels, and in GeLC-MS/MS, whole sample lanes were
cut into 15 pieces of equal size followed by in-gel digestion with
trypsin (29). The resulting peptides were analyzed with Ultimate 3000
nano-LC (Dionex) and a QSTAR Elite hybrid quadrupole time-of-flight
mass spectrometer (AB Sciex, Foster City, CA) with nano-ESI ioniza-
tion. Samples were first loaded on a ProteCol C18 trap column (10
mm X 150 um, 3 um, 120 A) (SGE), and then separated on a
PepMap100 C18 analytical column (15 cm X 75 um, 5 um, 100 A) (LC
Packings/Dionex) at 200 nl/min. MS data were acquired using Analyst
QS 2.0 software (AB Sciex). The information-dependent acquisition
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method consisted of a 0.5 s TOF-MS survey scan of m/z 400-1400.
From every survey scan two most abundant ions with charge states
+2 to +4 were selected for product ion scans. lons selected for
MS/MS fragmentation were put to exclusion list for 60 s.

The obtained LC-MS/MS data was searched with in-house Mascot
search engine version 2.2 through the ProteinPilot 2.0.1 interface
against SwissProt 57.12 (20329 H. sapiens protein entries) for 2-DE
data or through ProteinPilot 4.0.8085 interface against the SwissProt
database 2011 (20245 H. sapiens protein entries) for GeLC-MS/MS
data. The search criteria for Mascot searches were: Homo sapiens as
taxonomy; trypsin digestion with one missed cleavage allowed; car-
bamidomethyl modification of cysteine as a fixed modification and
oxidation of methionine as a variable modification. Peptide mass
tolerance was 50 ppm and fragment mass tolerance was 0.2 Da.
Protein identifications that had probability-based Mascot Mowse
scores = 50 and p < 0.05 were considered reliable high-confidence
identifications. False discovery rates (FDR) were calculated using a
concatenated normal and reversed sequence database, and a previ-
ously reported method (30), and were 1.5-4% in the GeLC-MS/MS
data sets.

Protein Classification—The identified proteins were classified
based on Gene Ontology (GO) (31) terms cellular component and
biological process with GoMiner (32) using Uniprot, ENSEMBL, LMP,
and PDB as data sources and H. sapiens as organism. GO database
version for all queries was 2011-01. The identified proteins were also
analyzed with GeneTrail (33) to recognize functional Kyoto Encyclo-
pedia of Genes and Genomes (KEGG, (34)) categories that were over
or under-represented among data. Analysis was performed using all
genes from H. sapiens as a reference set, significance threshold 0.05,
p value adjustment FDR and two as minimum number of genes per
pathway. Protein identifications were analyzed with prediction tool
SignalP 4.0 to find the proteins having a possible signal peptide (35).
The identified proteins were also compared with ExoCarta database
version 4.1 containing known exosomal proteins (36), and with Inter-
ferome database containing known interferon (IFN) regulated genes
37).

ELISA and Luminex—IL-1B3 from cell culture supernatants was
analyzed with human IL-1 Eli-pair ELISA (Diaclone, Tepnel Research
Product & Services) according to manufacturer’s instructions. Secre-
tion of CCL2, CCL3, CCL4, CCL5, and CXCL10 from cell culture
supernatants was measured with Luminex system Bio-Plex 200 (Bio-
Rad) using Bio-Plex Manager 4.1.1 software (Bio-Rad). Custom-made
Bio-Plex Pro Assay (Bio-Rad) was used according to manufacturer’s
instructions.

Western Blotting—For Western blotting, cells were lysed in total
cell lysis buffer (10 mm Tris pH 7.4, 150 mm NaCl, 25% ethylene
glycol) supplemented with Complement Mini protease inhibitor
(Roche Applied Science)) and homogenized by ultrasound sonication.
Concentrated cell culture supernatants were further purified with 2-D
Clean-Up Kit (GE Healthcare). Ten micrograms protein of cell lysates,
or alternatively a protein amount that was equal to 10% of the cell
culture supernatants, were loaded on a Mini-Protean TXG precast gel
(Bio-Rad) for SDS-PAGE and subsequently transferred to Immo-
bilon-P Transfer Membranes (Millipore). Incubation with primary an-
tibodies was performed overnight at 4 °C. Incubation with appropriate
HRP-conjugated secondary antibodies (Dako) was performed at RT
for 1 h. Proteins were visualized with Western Lightning Plus ECL
system (Perkin Elmer), and images were captured with ImageQuant
LAS 4000 mini CCD camera (GE Healthcare). Antibodies against
HSP90 (Cell Signaling Technology, Danvers, MA), IFIT-3 (also known
as RIG-G) (BD Biosciences), Annexin-1, Cathepsin B (Calbiochem),
Cathepsin D, Galectin-3, LAMP-1 (all from Santa Cruz Biotechnology,
Santa Cruz, CA), and ASC (Millipore) were purchased. IL-1p, IL-18,
and MxA antibodies have been previously described (26, 38, 39). To

verify equal loading of cell lysate proteins, blotted membranes were
stained with Sypro ruby protein blot stain (Bio-Rad) according to
manufacturer’s instructions.

RNA Extraction, cDNA Synthesis and Quantitative Real-time PCR—
Total cellular RNA was extracted from the cells with Eurozol or Euro-
Gold RNA Pure (EuroClone, Siziano, ltaly) according to manufactur-
er's instructions. High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA) was used in cDNA synthesis.
Quantitative real-time PCR was performed with ABI Prism 7500 Fast
Sequence Detector (Applied Biosystems) controlled with 7500 Fast
System SDS Software v1.4 (Applied Biosystems). Reaction was set
up in PerfeCta gPCR FastMix (Quanta BioSciences) with predevel-
oped TagMan Gene Expression Assay primers and probes (CCL2:
Hs00234140_m1, CCL3: Hs00234142_m1, CCL4: Hs99999148_m1,
CCL5: Hs00174575_m1, CXCL10: Hs00171042_m1, Applied Biosys-
tems). For each sample PCR amplification of 18S rRNA was deter-
mined (4319413E, Applied Biosystems) and it was used as an endog-
enous control to normalize the amount of cDNA between samples.
Relative quantification was performed using a comparative C;
method according to manufacturer’s instructions (Applied Biosys-
tems). Gene expression values are presented as fold change relative
to controls.

RESULTS

MSU Activates Unconventional Protein Secretion From
Macrophages—The secretomes from human monocyte-de-
rived macrophages activated with LPS and stimulated with
MSU were characterized using quantitative two-dimensional
gel electrophoresis (2-DE) based proteomics as well as high-
throughput; qualitative GeLC-MS/MS approach combining
protein separation by SDS-PAGE and protein identification by
LC-MS/MS (Fig. 1). Both methods showed that MSU stimu-
lation induced robust protein secretion from LPS-primed hu-
man macrophages. Image analysis of the 2-DE gels revealed
that a total of 238 protein spots were more abundant in the
secretome of LPS-primed and MSU-stimulated cells com-
pared with the secretome of only LPS-primed cells (Fig. 1).
From these 238 spots we could identify proteins from 132
spots. More than one protein was identified from 81 spots,
resulting in the identification of a total of 172 distinct proteins
(supplemental Fig. S1 and supplemental Table S1). With the
GeLC-MS/MS approach we identified altogether 428 proteins
from the secretome of LPS-primed macrophages, and 937
proteins from the LPS-primed and MSU-stimulated macro-
phage secretomes. From these, 203 and 372 proteins from
the secretome of LPS-primed, and LPS-primed and MSU-
stimulated cells, respectively, were identified in at least two
biological replicates (Fig. 1). We used primary cells in our
studies, so the starting material for proteomics studies is
much less uniform than when using cell lines most likely
reflecting also the differential number of proteins identified in
the three experiments.

The proteins identified from 2-DE gels and from at least two
biological replicates in GeLC-MS/MS were first classified
based on their GO term cellular component. This revealed
increases mainly in the secretion of intracellular proteins (Fig.
2A). MSU stimulation increased the secretion of proteins as-
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Fic. 1. Secretome analysis of MSU-stimulated human primary macrophages. Human macrophages were primed with LPS (100 ng/ml)
for 21 h, after which they were stimulated with MSU (100 wg/ml) for 3 h. Cell culture supernatants were collected and secreted proteins were
analyzed using two different proteomics methods, quantitative 2-DE based proteomics and qualitative, high-throughput GeLC-MS/MS. In
2-DE, the proteins were separated using 11 cm 3-10 IPG-strips in the first dimension followed by second dimension separation with 10-20%
Tris-HCI gradient gels. The protein spots were visualized using silver-staining, and after image analysis the differentially secreted proteins were
in-gel digested into peptides and identified using LC-MS/MS. In GeLC-MS/MS the proteins were separated using 10-20% Tris-HCI gradient
gel and visualized with silver-staining. To identify all the secreted proteins the lanes were cut into 15 pieces, and proteins were identified using
a combination of in-gel digestion and LC-MS/MS analysis.
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GeLC-MS/MS identifications unique in LPS+MSU (207 proteins)

Proteasome <0,0001 10
Pathogenic Escherichia coli infection <0,01 8
Bacterial invasion of epithelial cells <0,01 8
Viral myocarditis <0,01 8
Lysosome <0,01 10
Shigellosis <0,01 7
Phagosome <0,05 11
Galactose metabolism <0,05 4
Amino sugar and nucleotide sugar metabolism  <0,05 5

Fic. 2. Classification of the secretome proteins. A, B, Classification of the secreted proteins based on their GO term cellular component.
C, Venn diagrams of the proteins identified having a predicted N-terminal signal peptide and/or being known to be exosomal proteins. D,
Classification of the secreted proteins based on the GO term biological process. E, More detailed analysis of the enriched subclasses of
biological processes for the proteins identified with GeLC-MS/MS based on comparing the number of proteins with assigned GO terms in
MSU-stimulated and LPS-primed to LPS-primed cell secretomes. The vertical line denotes the ratio of proteins in MSU-stimulated and
LPS-primed to LPS-primed cell secretomes. F, Over and under-representation analysis of KEGG pathways for the identified proteins.

sociated to all of the main organelles, with the largest relative
increase in the number of proteins related to ribosome, lyso-
some, cytosol, and intracellular proteins that were not asso-
ciated to any of the main organelles (Fig. 2B). To confirm that
the proteins identified from the secretomes are not leaking
from the cells because of cell death we performed Western
blot analysis with Caspase-3 antibody from total cellular ly-
sates, and measured the amount of apoptotic cells with the
Apopersentage assay after MSU stimulation (supplemental
Fig. S2). We also measured the lactate dehydrogenase activ-
ity in cell culture supernatants. We did not detect Caspase-3

activity in total cellular lysates, apoptotic cells, or increasing
activity of lactate dehydrogenase in cell culture supernatants
on MSU stimulation (supplemental Fig. S2), indicating that the
increased protein secretion is not a result of on-going apo-
ptosis or necrotic rupture of the stimulated cells.

Proteins are released from cells through various mecha-
nisms including conventional, signal peptide-dependent se-
cretion and unconventional, vesicle-mediated mechanisms
(40). We next analyzed the identified proteins using SignalP to
determine the presence of signal peptide sequence: 26% of
the proteins identified from the secretome of LPS-primed cells
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had a predicted signal peptide, and only 18% of the proteins
identified from the secretomes of LPS-primed and MSU-stim-
ulated macrophages contained signal sequence (Fig. 2C and
supplemental Table S2). Exosomes are vesicles known to be
secreted in immune reactions (41, 42), so we next compared
the identified proteins with an exosomal protein database,
ExoCarta (36): 72% of proteins identified from 2-DE gels, and
82 and 78% of proteins identified with GeLC-MS/MS from
LPS-primed and LPS-primed and MSU-stimulated cells, re-
spectively, were found in ExoCarta (Fig. 2C and supplemental
Table S2). Taken together, our data strongly suggests that
MSU activates unconventional, vesicle-mediated protein se-
cretion pathways in macrophages.

The Secretion of Proteins Involved in Inflammatory Re-
sponse is Induced on MSU Stimulation From LPS-primed
Cells—The identified proteins were next classified based on
GO term biological process. This showed that the number of
proteins involved in a metabolic process increased the most
in the secretome on MSU stimulation (Fig. 2D). More detailed
classification based on biological processes showed that pro-
teins related to processes such as regulation of leukocytes
and lymphocyte activation, regulation of mononuclear cell
proliferation, and regulation of locomotion and cytoskeletal
organization increased in the secretome on MSU stimulation.
Also the secretion of metabolic proteins related to RNA pro-
cessing, regulation of ubiquitin-protein ligase activity, and
protein phosphorylation were clearly increased on MSU stim-
ulation (Fig. 2E). Pathway analysis showed that the mostly
enriched KEGG categories identified from 2-DE analysis were
pentose phosphate pathway (p < 0.001), glutathione metab-
olism (p < 0.001), and proteasome (p < 0.001) (Fig. 2F). The
enriched pathways from GeLC-MS/MS data included protea-
some (p < 0.0001), lysosome (p < 0.01), and phagosome (p <
0.05). The enriched pathways indicate that defense responses
like inflammatory processes and phagocytosis were activated
on MSU-stimulation.

One major group of inflammatory proteins found in our
secretome data was the danger signal proteins. These pro-
teins are preformed endogenous molecules, usually with a
well-defined intracellular function, released or exposed fol-
lowing an injury or a stress (43, 44). The identified danger
signal proteins included several annexins, galectins, heat
shock proteins, and S100 proteins (Table I). Most of these
proteins did not contain a signal peptide suggesting that they
are released from MSU-stimulated macrophages through an
unconventional protein secretion pathway. Instead, most of
these danger signal proteins were found in ExoCarta indicat-
ing that they are secreted through exosomes. To confirm the
exosomal protein secretion of danger signal proteins in MSU-
stimulated macrophages, we enriched the fraction containing
extracellular vesicles from the growth media. Western blot
analysis demonstrated the presence of Annexin-1, Galectin-3,
and Heat shock protein HSP 90 (HSP90) in the exosomal
fraction (Fig. 3A).

LPS Priming Induces the Gene Expression of Cytokines,
Chemokines, and Interferon-induced Proteins, but MSU Stim-
ulation is Needed for Their Robust Secretion— Cytokines and
chemokines are small cell signaling proteins that are involved
in the activation of inflammatory response. We identified sev-
eral cytokines and chemokines from the secretomes of LPS-
primed and/or from LPS-primed and MSU-stimulated macro-
phages (Table I). For example IL-6 and IL-8 were identified
from both secretomes, and several chemokines like CCL5,
CCL24, CXCL1, and CXCL10 were identified only from the
secretome of MSU-stimulated cells. To quantify the secreted
chemokines we used fluorescent bead-based immunoassay
Luminex (Fig. 3B): all the quantified chemokines (CCL2-5 and
CXCL10) were clearly more efficiently secreted after LPS
priming and MSU stimulation compared with control cells,
whereas MSU or LPS stimulation alone had only a modest
effect on chemokine secretion. Next, we studied whether
stimulation with MSU and/or LPS alone induces also the
transcription of CCL2-5 and CXCL10 genes in human macro-
phages. Stimulation with MSU alone for 3 or 6 h had little
effect on the transcription of chemokines in macrophages,
whereas LPS priming alone and in combination with MSU
stimulation clearly induced the transcription of these genes
(Fig. 3C).

Interferon (IFN) signaling is an important defense response
in microbial infections. We next compared our identification
results with Interferome database, which consists of IFN-
regulated gene and protein data collected from public data-
bases (37). We identified more than 200 proteins reported to
be IFN-regulated from the LPS-primed and MSU-stimulated
macrophage secretomes, and from these 21 proteins have
been reported to be regulated by type I IFNs in five or more
different studies (Table I). The secretome data was verified
using Western blot analysis of two of the proteins, Interferon-
induced protein with tetratricopeptide repeats 3 (IFIT-3) and
Interferon-induced GTP-binding protein Mx1 (MxA). IFIT-3
and MxA were clearly more abundant in the supernatants of
LPS-primed macrophages stimulated with MSU than in the
supernatants of LPS-primed cells (Fig. 3D). In contrast, West-
ern blot analysis of total cellular lysates showed that the
intracellular amounts of IFIT-3 and MxA were higher in LPS-
primed macrophages compared with LPS-primed and MSU-
stimulated cells (Fig. 3D). Taken together our results show
that LPS priming is able to induce the gene expression, but
MSU stimulation is needed to induce robust secretion of
cytokines, chemokines, and IFN-induced proteins from hu-
man macrophages.

MSU-induced Unconventional Protein Secretion is Depen-
dent on Cathepsin Activity— Secretome analysis revealed the
release of ASC, Caspase-1, and IL-18 in LPS-primed and
MSU-stimulated macrophages demonstrating the activation
of NLRP3 inflammasome. Inflammasome activation was ver-
ified by measuring enhanced secretion of IL-18 and IL-18 in
response to LPS priming and MSU stimulation (supplemental
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TABLE |
Proteins related to inflammation in secretomes identified by 2-DE and GeLC-MS/MS (identified at least in one experiment). Human macro-
phages were primed with LPS (100 ng/ml) for 21 h, after which they were stimulated with MSU (100 ug/mi) for 3 h. Cell culture supernatants
were collected and secreted proteins were analyzed using two different proteomics methods, quantitative 2-DE based proteomics and
qualitative, high-throughput GeLC-MS/MS. Abbreviations: Y, present in a database; N, not present in a database

Uniprot GeLC-MS/MS

Protein - ————————— 2-DE signalP  Exocarta
accession | pPS  LPS+MSU
Danger Signal Proteins
Annexin A4 P09525 - + - N Y
Annexin A6 P08133 - + - N Y
Galectin-9B Q3B8N2 - + - N N
Heat shock protein 105 kDa Q92598 - + — N Y
Putative heat shock protein HSP 90-alpha A4 Q58FG1 - + - N Y
60 kDa heat shock protein, mitochondrial P10809 — + — N Y
Protein S100-A10 P60903 - + - N Y
Thymosin beta-4-like protein 3 ABMWO06 - + - N N
Parathymosin P20962 - + - N N
Hepatoma-derived growth factor P51858 - + - N N
Putative annexin A2-like protein ABNMY6 - - + N N
Annexin A5 P08758 + + + N Y
Annexin A11 P50995 + + + N Y
Galectin-1 P09382 + + + N Y
Galectin-7 P47929 + + + N Y
Heat shock protein beta-1 P04792 + + + N Y
Protein S100-A4 P26447 + + + N Y
Protein S100-A11 P31949 + + + N Y
Endoplasmin P14625 + + + Y Y
Annexin A1 P04083 + + - N Y
Annexin A2 P07355 + + - N Y
Galectin-3 P17931 + + - N Y
Galectin-3-binding protein Q08380 + + - Y Y
Galectin-9 000182 + + - N N
Heat shock cognate 71 kDa protein P11142 + + - N Y
Heat shock protein HSP 90-beta P08238 + + - N Y
Heat shock protein HSP 90-alpha P07900 + + - N Y
Heat shock 70 kDa protein 1A/1B P08107 + + - N Y
Heat shock 70 kDa protein 4 P34932 + + - N Y
78 kDa glucose-regulated protein P11021 + + — Y Y
Putative heat shock 70 kDa protein 7 P48741 + + - N Y
Heat shock 70 kDa protein 6 P17066 + + - N Y
Heat shock-related 70 kDa protein 2 P54652 + + - N Y
Protein S100-A8 P05109 + + - N Y
Protein S100-A6 P06703 + + - N Y
Protein S100-A9 P06702 + + - N Y
Protein S100-A7 P31151 + + - N N
Prothymosin alpha P06454 + + - N N
Cathelicidin antimicrobial peptide P49913 + + - N Y
Neutrophil defensin 1 P59665 + + = Y Y
Heat shock 70 kDa protein 1-like P34931 + - - N Y
Protein S100-A7-like 2 Q5S8Y68 + - - N Y
Chemokines and cytokines
C-C motif chemokine 5 (CCL5) P13501 — + - Y N
C-C motif chemokine 22 (CCL22) 000626 - + - Y N
Growth-regulated alpha protein (CXCL1) P09341 - + - Y N
Macrophage inflammatory protein 2-beta (CXCL3) P19876 - + - Y N
Platelet basic protein (CXCL7) P02775 — + - Y N
C-X-C motif chemokine 10 (CXCL10) P02778 - + - Y N
C-C motif chemokine 24 (CCL24) 000175 - + - Y N
Platelet factor 4 (CXCL4) P02776 - + - Y N
Macrophage migration inhibitory factor (MIF) P14174 — + - N Y
Interleukin-18 Q14116 - + - N N
Interleukin-12 subunit beta P29460 + + + Y N
Interleukin-1 receptor antagonist protein (IL-1ra) P18510 + + + Y Y
C-C motif chemokine 3 (CCL3) P10147 + + - Y N
C-C motif chemokine 8 (CCL8) P80075 + + - Y N
C-X-C motif chemokine 5 (CXCL5) P42830 + + - Y N
C-X-C motif chemokine 6 (CXCL6) P80162 + + - Y N
Interleukin-6 P05231 + + - Y N
Interleukin-8 P10145 + + - Y Y

Molecular & Cellular Proteomics 12.3 755



Secretome Analysis of Macrophages Exposed to MSU

TABLE |—continued

Uniprot M
accession | pS  LPS+MSU

Protein 2-DE  signalP  Exocarta

Interferon-responsive proteins?®

Caspase-1 P29466 - + + N N
Interferon-induced GTP-binding protein Mx1 (MxA) P20591 - + — N Y
Interferon-induced GTP-binding protein Mx2 (MxB) P20592 - + - N N
Interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) P09914 - + - N N
Interferon-induced protein with tetratricopeptide repeats 2 (IFIT2) P09913 - + - N N
Interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) 014879 - + — N N
Interferon-induced guanylate-binding protein 1 (GBP1) P32455 - + - N N
Interferon-induced guanylate-binding protein 2 (GBP2) P32456 - + - N N
Interferon-induced 17 kDa protein (ISG15) P05161 - + - N N
Interferon-induced 35 kDa protein (IFI35) P80217 - + — N N
Signal transducer and activator of transcription 1-alpha/beta (STAT1) P42224 - + - N Y
C-X-C motif chemokine 10 (CXCL10) P02778 - + — N N
Ubiquitin/ISG15-conjugating enzyme E2 L6 014933 - + - N N
Indoleamine 2,3-dioxygenase 1 P14902 - + - N N
Galectin-9 000182 - + - N N
Tryptophanyl-tRNA synthetase, cytoplasmic P23381 + + + N Y
C-C motif chemokine 8 (CCLS8) P80075 + + - N N
Plasma protease C1 inhibitor P05155 + + - Y Y
Galectin-3-binding protein Q08380 + + - N Y
Interleukin-6 P05231 + + - N N
Proteasome subunit beta type-8 P28062 + + - N Y

@ Based on Interferome database, minimum of 5 IFN type 1-related occurrences in database was required.
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Fic. 3. The secretion of danger signal proteins, chemokines and interferon-induced proteins is induced on MSU stimulation from
LPS-primed macrophages. A, Human macrophages were left unstimulated or primed with LPS for 21 h. After this macrophages were left
untreated or activated with MSU for 3 h and the cell culture supernatants were collected. Exosomal fractions were enriched as depicted in
Materials and Methods, and Western blotting analysis of danger signal proteins Annexin-1, Galectin-3 (Gal-3), and HSP90 was performed.
B, Human macrophages were stimulated as in (A), and the secretion of chemokines CCL2, CCL3, CCL4, CCL5, and CXCL10 was quantified
by Luminex assay. Representative data from one experiment is shown; n = 2 independent experiments. C, Macrophages were left untreated
or primed with LPS after which they were stimulated with MSU for 3 and 6 h. Total cellular RNA was isolated, and expression of chemokine
genes was analyzed with quantitative RT-PCR as depicted in Materials and Methods. The data are reported as fold induction compared with
controls. Mean with S.D. of two independent experiments is shown. D, Western blot analysis of IFIT-3 and MxA expression from total cellular
lysates and cell culture supernatants of untreated and LPS-primed macrophages with and without MSU stimulation.
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Fic. 4. Cathepsin activity is required for unconventional protein secretion on MSU stimulation. A, Macrophages were left untreated or
LPS-primed after which they were activated with MSU for 3 h. Cathepsin B and D expression in total cellular lysates and secretion to
supernatants was analyzed with Western blotting. B, Untreated and LPS-primed macrophages were activated with MSU for 3 h in the presence
and absence of CA-074 Me. After this IL-13 secretion was measured from supernatants with ELISA. Representative data from one experiment
is shown; n = 4 independent experiments. C, Untreated and LPS-primed macrophages were activated with MSU for 3 h in the presence and
absence of CA-074 Me. Secreted proteins were visualized by silver staining. D, Secretion of IL-1p, IL-18, ASC, IFIT-3, Galectin-3 (Gal-3), and
LAMP-1 was analyzed by Western blotting. E, The secretion of CCL2, CCL3 and CCL4 was quantified with Luminex assay. Representative data

from one experiment is shown; n = 4 independent experiments.

Fig. S3). We also identified lysosomal proteases cathepsins B,
D, S, and Z from both LPS-primed and LPS-primed MSU-
stimulated cell secretomes, and pro-cathepsin H from the
secretome of MSU-stimulated cells using GeLC-MS/MS.
Quantitative 2-DE analysis showed that cathepsins D, S, and
Z were secreted more efficiently after MSU stimulation com-
pared with LPS priming alone (supplemental Table S1). To
study the intracellular levels and secretion of cathepsin B and
D in more detail, we performed Western blot analysis. Matu-
ration of cathepsins proceeds through proteolytic processing

of pro-enzyme to mature forms (45). Mature forms of cathep-
sins B (single-chain form of 31 kDa, and heavy-chain form of 25
kDa) and D (34 kDa) were detected in total cellular lysates from
control macrophages as well as from LPS-primed and/or MSU-
stimulated cells. However, the secretion of mature forms of
cathepsins was detected only after LPS priming and MSU stim-
ulation of the cells. In addition, the mature form of Cathepsin D
was also detectable after MSU stimulation alone (Fig. 4A).
Cathepsin B-specific inhibitor CA-074 Me has been re-
ported to inhibit the activation of NLRP3 inflammasome (46—
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49). In accordance with this, CA-074 Me inhibited the inflam-
masome activation after MSU stimulation as measured by
reduced secretion of IL-18 (Fig. 4B). To characterize the effect
of cathepsin inhibition on overall protein secretion in more
detail, we used silver staining to visualize the secreted pro-
teins from macrophages that had been activated with LPS
and MSU in the presence and absence of CA-074 Me (Fig.
4C). Inhibition of cathepsin activity clearly reduced protein
secretion in LPS-primed and MSU-stimulated macrophages.

To characterize the effect of cathepsin inhibition on uncon-
ventional protein secretion, we performed Western blot anal-
ysis with proteins that do not have a signal peptide including
inflammasome-related IL-13, IL-18 and ASC, IFN-induced
IFIT-3, danger signal protein Galectin-3, and phagolysosomal
lysosome-associated membrane glycoprotein 1 (LAMP-1)
(Fig. 4D). The secretion of mature forms of IL-13 and IL-18 was
completely inhibited, and the secretion of ASC was markedly
reduced in LPS-primed and MSU-stimulated macrophages in
response to CA-074 Me treatment. Similarly, CA-074 Me treat-
ment reduced the secretion of IFIT-3, Galectin-3, and LAMP-1
in LPS-primed and MSU-stimulated macrophages.

Next, we studied whether cathepsin activity is needed for
MSU-induced conventional protein secretion: we quantified
CCL2, CCLS3, and CCL4 from the secretome of LPS-primed
and MSU-stimulated cells treated with CA-074 Me using Lu-
minex assay. The secretion of these chemokines was unaf-
fected by CA-074 Me treatment (Fig. 4E) demonstrating that
cathepsin activity is not essential for MSU-induced conven-
tional protein secretion.

The Activity of Src, Pyk2, and PI3 Kinases is Essential for
MSU-induced Protein Secretion—Protein phosphorylation
has a major role in signal transduction at various cellular
events including innate immune responses. In our experi-
ments, proteins associated with phosphorylation were en-
riched in the secretome of MSU-stimulated cells (Fig. 2E). The
identified kinases include Src family tyrosine kinases Src and
Lyn (supplemental Table S3). We have previously shown that
the activity of Src kinases is essential for inflammasome ac-
tivation during influenza A virus infection of human primary
macrophages (24). Therefore, we wanted to study whether
Src kinase activity is needed for protein secretion and inflam-
masome activation in response to MSU stimulation. We
measured the amount of secreted IL-18 from the cells that
were LPS-primed and MSU-stimulated in the presence and
absence of PP2. Interestingly, PP2 treatment totally abolished
IL-1B secretion from MSU-stimulated cells (Fig. 5A). In addi-
tion to this, PP2 totally abolished MSU-induced overall protein
secretion as assessed by silver staining of secretomes (Fig.
5B). To characterize whether Src kinases function upstream of
cathepsin activity we analyzed secretion of cathepsins B and
D in LPS-primed and MSU-stimulated macrophages in the
presence and absence of PP2. Strikingly, mature forms of
cathepsins B and D were not detectable in cell culture super-

natants that were collected from PP2-treated macrophages
(Fig. 5C).

Src, Pyk2, and PI3 kinases are part of the integrin signaling
cascade both in macrophages and neutrophils (50, 51). Our
current data shows that Src kinases are essential for MSU-
induced protein secretion in human macrophages and there-
fore we were interested whether Pyk2 and PI3 kinases func-
tion also in MSU signaling. We measured the amount of
secreted IL-1B from macrophages that were LPS-primed and
MSU-stimulated in the presence and absence of Pyk2 kinase
inhibitor PF-431396 and PI3 kinase inhibitor LY-294002. Both
inhibitors completely blocked IL-13 secretion in response to
MSU stimulation in LPS-primed macrophages (Figs. 5D and
5G). Similarly, LY-294002 and PF-431396 treatment of
macrophages completely blocked overall protein secretion in
LPS-primed and MSU-activated macrophages (Figs. 5E and
5H). Furthermore, the secretion of mature forms of cathepsins
B and D was also totally abolished on MSU stimulation in
LPS-primed macrophages. (Figs. 5F and 5/). In conclusion,
our data demonstrates an essential role for Src, Pyk2, and PI3
kinases in MSU-induced protein secretion.

DISCUSSION

Inflammatory response is activated on concerted detection
of DAMPs and PAMPs through pattern recognition receptors
of the innate immune system (3). Activated innate immune
cells, including macrophages, start to secrete proteins to
activate the immune response and recruit other immune cells
to the site of infection and/or tissue damage. Secretome
characterization after activation of innate immune system is
essential to unravel the details of early phases of the defense
responses. Monosodium urate is an endogenous DAMP mol-
ecule that activates the innate immune system (4). In this
work, we have characterized the secretome of human macro-
phages stimulated with MSU, when macrophages were al-
ready primed with Gram-negative bacterial cell wall compo-
nent LPS, a well-known PAMP extensively altering the
transcription profile of genes in human macrophages (52).
Importantly, we used primary human macrophages differen-
tiated from PBMCs rather than commonly used, but much
less physiologically relevant, macrophage cell lines in our
studies.

Secretome analysis showed robust protein secretion from
LPS-primed and MSU-stimulated human macrophages,
whereas LPS alone had only a modest effect on protein
secretion in our experimental settings. The majority of the
proteins secreted by MSU-stimulated cells did not have a
signal peptide sequence. We did not detect any sign of cell
death, including apoptosis or necrosis, in MSU-stimulated
cells demonstrating that the observed protein secretion is an
active process involving unconventional protein secretion
pathways. Unconventional protein secretion is mainly vesicle-
mediated, but can also be mediated through specific chan-
nels in plasma membrane (40, 41). Budding of plasma mem-
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Fic. 5. MSU-induced protein secretion is dependent on the activity of Src, Pyk2, and PI3 kinases. Macrophages were left untreated or
primed with LPS after which they were activated with MSU for 3 h in the absence and presence of Src kinase inhibitor PP2 (10 uwm). After this
the cell culture supernatants were collected. A, The secretion of IL-18 was measured by ELISA. The values obtained in LPS and MSU
co-stimulated cells were set at 100%. Representative data from one experiment is shown; n = 3 independent experiments. B, Secreted
proteins were visualized with silver staining and (C) the secretion of Cathepsins B and D was analyzed by Western blotting. Macrophages were
left untreated or primed with LPS after which they were activated with MSU for 3 h in the absence and presence of Pyk2 kinase inhibitor
PF-431396 (10 um). D, The secretion of IL-18 was measured by ELISA. Representative data from one experiment is shown; n = 2 independent
experiments. E, Secreted proteins were visualized with silver staining and (F) the secretion of Cathepsins B and D was analyzed by Western
blotting. Macrophages were activated with LPS and MSU as described with or without PI3K inhibitor LY-294002 (100 uMm). G, The secretion
of IL-1B was measured by ELISA. Representative data from one experiment is shown; n = 2 independent experiments. H, Secreted proteins
were visualized with silver staining, and (/) the secretion of cathepsins was analyzed by Western blotting.

brane microvesicles, release of exosomes from multivesicular
bodies, or exocytosis of secretory lysosomes are different
types of vesicle-mediated unconventional protein secretion.
Exosomes are 40-100 nm diameter vesicles that are secreted
to extracellular space when multivesicular bodies are fused
with plasma membrane and release their cargo (53). Secretion

of exosomes has been associated to situations requiring
communication between cells like antigen presentation, or to
pathological conditions like cancer cell signaling (41, 53).
According to ExoCarta analysis of our data, exosomal protein
secretion was activated in MSU-stimulated human macro-
phages and is the major secretory pathway activated by MSU
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in human macrophages. Macrophages are one of the few cell
types that have secretory lysosomes (54). In our analysis,
KEGG pathway lysosome was enriched in the secretomes of
MSU-stimulated macrophages, and also lysosomal proteins
like cathepsins, v-type ATPases, and LAMP-1 were shown to
be secreted from MSU-stimulated cells (supplemental Table
S3). Our data suggests that MSU stimulation also triggers
exocytosis of secretory lysosomes resulting in the secretion of
lysosomal contents into extracellular space.

Conventional protein secretion machinery mediates traf-
ficking of proteins with N-terminal signal peptide through ER
and Golgi apparatus to the cell surface. Chemokines are
proteins that are typically released from the cells through the
conventional protein secretion pathway. They recruit and at-
tract other immune cells to the site of infection and/or tissue
damage. Here, we show that MSU stimulation activated ro-
bust secretion of chemokines, including CCL2, CCL3, CCL4,
CCL5, and CXCL10, from LPS-primed macrophages. RT-
PCR analysis showed that MSU stimulation of macrophages
did not induce the transcription of chemokine encoding
genes. In contrast, LPS strongly activated the transcription of
chemokine genes. Our data demonstrates that MSU stimula-
tion of macrophages enhances protein secretion also through
conventional ER-Golgi pathway. In addition, the proteins
identified only from the secretomes of LPS-stimulated macro-
phages included many classically secreted proteins like Cal-
reticulin, Lipocalin-1, and Leukosialin demonstrating that LPS
activates classical protein secretion.

IFN-induced proteins are essential for antiviral defense.
They are typically induced on virus infection via production of
IFNs, but they are also induced in bacterial infections (55). Our
results show a robust secretion of IFN-responsive proteins
from LPS-primed macrophages on MSU stimulation. We
identified the secretion of MxA, MxB, IFIT-(1-3), GBP-1,
GBP-2, 1ISG15, and IFI-35 from MSU-stimulated macro-
phages. We identified a range of IFN-induced proteins only
from one biological replicate, which can likely be explained by
higher protein amounts in that set, enabling MS/MS identifi-
cation of these proteins. The secretion of IFN-induced pro-
teins on MSU-stimulation was further verified by Western
blotting of independent secretome samples. LPS binding to
TLR4 leads to signaling cascade which activates transcription
factor Interferon regulatory factor 3 (IRF-3) (56). IRF-3 in turn
activates transcription of IFN-induced genes (57). In accord-
ance with this, LPS induced the expression of IFIT-3 and MxA
proteins in human macrophages. However, LPS was not able
to activate secretion of these proteins. In contrast, MSU stim-
ulation of macrophages triggered secretion of IFIT-3 and
MxA. We have previously shown that IFN-induced proteins
are also secreted during virus infection (24). In a recent report,
it was shown that IFN-inducible proteins IFIT-1 and IFIT-5 can
bind viral double-stranded RNA extracellularly (58) further
demonstrating that IFN-inducible proteins may have impor-
tant extracellular functions. Interestingly, IFN-induced pro-
teins were not found in ExoCarta suggesting nonexosomal
release for these proteins. Future studies are needed to iden-
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tify molecular machinery that mediates secretion of IFN-in-
ducible proteins.

Our secretome data shows that MSU stimulation activates
robust secretion of danger signal proteins from LPS-primed
macrophages. Danger signal proteins are usually constitu-
tively produced and stored in the cytoplasm and/or nucleus,
but on infection-initiated tissue damage, they are actively
secreted by innate immune cells through a nonclassical se-
cretory pathway (2). In accordance with this, our data suggest
that MSU-stimulated macrophages release danger signal pro-
teins through an exosome-mediated protein secretion mech-
anism. Once secreted, danger signal proteins act as modula-
tors of the innate immune system by enhancing inflammatory
response. In addition to this cytokine-like function, several
danger signal proteins have a pattern recognition receptor-
like function. For example, galectins bind carbohydrate struc-
tures found in fungi and bacteria and facilitate their recogni-
tion by membrane-bound pattern recognition receptors (59,
60).

NLRP3 inflammasome assembly activates Caspase-1, and
Caspase-1 has been shown to have a regulatory role in un-
conventional protein secretion of IL-1a and IL-18 (61, 62).
Previous studies have shown that NLRP3 inflammasome ac-
tivation in response to silica (47), cholesterol crystals (49, 63),
B-glucans (48), and influenza A virus (24, 64) infection is
dependent on cathepsin activity. Similarly, it was recently
shown that Cathepsin B is a positive factor in autophagy-
driven IL-1 secretion (65). In our experiments, MSU-induced
secretion of mature IL-13 and IL-18 was completely blocked
by cathepsin specific inhibitor CA-074 Me. Interestingly, inhi-
bition of cathepsin activity clearly decreased total protein
secretion in MSU-stimulated macrophages. However, CA-
074 Me treatment had no effect on chemokine release, which
is mediated by conventional ER-Golgi-mediated pathway,
demonstrating that MSU enhances conventional protein se-
cretion through a cathepsin-independent pathway. In con-
trast, CA-074 Me treatment markedly reduced the secretion of
ASC, IFIT-3, Galectin-3, and LAMP-1 in response to MSU
stimulation. These proteins do not contain a signal peptide
sequence and they are supposed to be released by macro-
phages through an unconventional protein secretion pathway.
Collectively, our data shows an essential role for cathepsins in
the activation of unconventional protein secretion.

MSU-induced protein secretion was completely dependent
on the activity of Src, Pyk2, and PI3 kinases in human macro-
phages. The activity of these kinases was essential for the
secretion of mature forms of cathepsins in response to MSU
stimulation demonstrating that Src, Pyk2, and PI3 kinases act
upstream of cathepsins and before the involvement of lyso-
somes. The function of Src, Pyk2, and PI3 kinases has been
linked to phagocytosis (66-68) and it may be that these
kinases are activated during the phagocytosis of MSU. Inter-
estingly, Src and PI3K signaling is required for the activation
of MSU-induced secretory pathway called degranulation in

neutrophils (69). This suggests that macrophages and neutro-
phils use similar signaling molecules in the activation of pro-
tein secretion.

In conclusion, we show, first, that MSU stimulation induced
robust protein secretion from LPS-primed human primary
macrophages. Both conventional and unconventional protein
secretion pathways were activated on MSU stimulation (Fig.
6). Unconventional protein secretion pathways included exo-
somes and possibly exocytosis of secretory lysosomes. Sec-
ond, we show that pro-inflammatory proteins including mul-
tiple chemokines, IFN-induced proteins, and danger signal
proteins were efficiently secreted from LPS-primed macro-
phages on MSU stimulation. However, MSU did not induce
the transcription of pro-inflammatory proteins, and therefore
synergistic action of PAMP (LPS) and DAMP (MSU) was re-
quired for the activation of a strong inflammatory burst from
human macrophages. Third, cathepsin activity was necessary
for the MSU-induced unconventional protein secretion, but not
for the conventional protein secretion. Finally, we demonstrate
that the activity of Src, Pyk2, and PI3 kinases is required for the
MSU-activated protein secretion. Our data highlights the impor-
tance of secretome analysis to gain in-depth information of
global intercellular signaling mechanisms.
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