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Thymoquinone-induced Neu4 sialidase activates NFkB
in macrophage cells and pro-inflammatory cytokines in vivo
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Abstract Thymoquinone (TQ) derived from the nutraceu-
tical black cumin oil has been reported to be a novel agonist
of Neu4 sialidase activity in live cells (Glycoconj J DOI
10.1007/s10719-010-9281-6). The activation of Neu4 sia-
lidase on the cell surface by TQ was found to involve
GPCR-signaling via membrane targeting of Gai subunit
proteins and matrix metalloproteinase-9 activation. Con-
trary to other reports, TQ had no anti-inflammatory effects
in vitro. Here, we show that MyD88/TLR4 complex
formation and subsequent NFkB activation are induced by
the Neu4 activity associated with TQ-stimulated live
primary bone marrow (BM) macrophage cells from WT
and Neul-deficient mice, HEK-TLR4/MD2 cells and
BMC-2 macrophage cell line but not with primary
macrophage cells from Neu4-knockout mice. Tamiflu
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(oseltamivir phosphate), pertussis toxin (PTX), a specific
inhibitor of Guai proteins of G-protein coupled receptor
(GPCR) and the broad range inhibitor of matrix metal-
loproteinase (MMP) galardin applied to live primary BM
macrophage cells completely block TQ-induced MyD88/
TLR4 complex formation. Using immunocytochemistry
and western blot analyses, Tamiflu, galardin and PTX
inhibit NF«kB activation induced by Neu4 activity associ-
ated with TQ-stimulated BMC-2 cells, HEK-TLR4/MD2
cells and primary BM macrophages from WT mice. EMSA
analyses on HEK-TLR4/MD2 nuclear cell extracts confirm
the nuclear localization and DNA binding of TQ-induced
NFkB activation in a biphasic manner within 30 min. Co-
immunoprecipitation experiments reveal for the first time
that MMP-9 may be an important intermediate link in the
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TQ-induced Neu4 activity circuitously targeting TLR4
receptors. Central to this process is that Neu4 forms a
complex with MMP-9, which is already bound to TLR4
receptors. Fluorescence spectrophotometer analyses of live
CD14-THP1 cells treated with TQ show Neu4 sialidase
activity over 5 min. Using flow cytometry analyses, CD14-
THP1 cells treated with TQ express stable protein levels of
Neud4, TLR4 and MMP9 on the cell surface over 30 min
except for a marked diminution of MMP9 at 15 min. Using
cytokine array profiling analyses of serum, Neu4-knockout
mice respond poorly to TQ in producing pro-inflammatory
cytokines and chemokines after 5-h treatment compared to
the wild-type or hypomorphic cathepsin A mice with a
secondary 90% Neul deficient mice. Our findings establish
an unprecedented signaling paradigm for TQ-induced Neu4
sialidase activity. It signifies that MMP-9 forms an
important molecular signaling platform in complex with
TLR4 receptors at the ectodomain and acts as the
intermediate link for TQ-induced Neu4 sialidase in gener-
ating a functional receptor with subsequent NFkB activa-
tion and pro-inflammatory cytokine production in vivo.

Keywords Thymoquinone - Cell signaling - Receptor
activation - TOLL-like receptor 4 - Neu4 sialidase - Cellular
sialidase - NF«B - Cytokines

Abbreviations

TQ thymoquinone

oseltamivir Tamiflu

phosphate

LPS lipopolysaccharide

BM bone marrow

M-CSF monocyte colony-stimulating factor

4-MUNANA 2'-(4-methylumbelliferyl)-x-D-N-
acetylneuraminic acid

PVDF polyvinylidene fluoride

HEK293 human embryonic kidney 293 cells

Neul KD hypomorphic cathepsin A mice with the
secondary ~90% reduction of the Neul
activity

Neu4 KO Neu4 knockout

EMSA electrophoretic mobility shift assay

Introduction

TOLL-like receptors (TLR) are highly glycosylated with
several N-linked gylcosylation sites located in the inner
concave surface of the ectodomain. The precise role of
these sugar N-glycans in TLR receptor activation was
unknown until now. We recently reported that Neul
sialidase and not Neu—2, —3 and —4 forms a complex with
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TLR-2, =3 and —4 receptors on the cell-surface membrane
of naive and activated macrophage cells [1]. Activation of
Neul is induced by TLR ligands binding to their respective
receptors. Endotoxin lipopolysaccharide (LPS)-induced
MyD88/TLR4 complex formation and subsequent NFkB
activation was also reported to be dependent on the removal
of «2-3 sialyl residue(s) linked to 3-galactoside of TLR4
ectodomain by the Neul activity associated with LPS-
stimulated live macrophage and dendritic cells [2]. Taken
together, these findings support the premise that Neul
desialylation of «2-3 sialyl residues of TLR receptors
enables removing a steric hinderance to receptor association
for TLR activation and cellular signaling.

We also reported an unprecedented activation of Neu4
sialidase on the cell surface of monocytic, dendritic and
fibroblast cells by thymoquinone (TQ) [3], which is derived
from the nutraceutical black cumin oil. These findings
suggested that TQ is a novel agonist of Neud sialidase
activity in live cells. They also provided evidence for the
potentiation of G-protein coupled receptor (GPCR)-signal-
ing via membrane targeting of Gai subunit proteins and
matrix metalloproteinase-9 (MMP-9) activation in inducing
Neu4 sialidase by TQ. Central to this process is that Neu4
in alliance with GPCR-signaling Gai subunit proteins and
MMP-9 is expressed on the cell surface of human
monocytic THP-1 cells, human WT and WG0544 sialidosis
type I fibroblast cells and BMC-2 macrophage cells. This
tripartite alliance actually made Neu4 readily available to
be induced by TQ because the Neu4 sialidase activity
induced by TQ treated live cells occurs within a minute.
How Neu4 sialidase is rapidly induced by MMP-9 together
with GPCR Gai subunit proteins remains unknown.
Perhaps, it can be speculated that TQ binding to the cell
surface GPCR Gai subunit proteins may lead to GPCR-
signaling sufficient to activate MMP. It is well known that
agonist-bound GPCRs have been shown to activate
numerous MMPs [4], including MMP-3 [5], MMPs 2
and 9 [6, 7], as well as members of the ADAM family of
metalloproteases: ADAM10, ADAMI1S5, and ADAMI17 [8,
9]. However, the precise molecular mechanism(s) under-
lying GPCR-mediated MMP activation also remains
unknown.

To gain an insight(s) into the properties of TQ-
induced Neu4 sialidase activity on the cell surface of
macrophage cells, we asked whether TQ-induced Neu4
sialidase activity would actually target TLR receptors,
enabling desialylation of TLR receptors and facilitating
TLR activation and cellular signaling. The findings in
this report indicate this to be the case. TQ-induced Neu4
activity facilitates MyD88/TLR4 complex formation and
subsequent NFkB activation and nuclear localization in
HEK-TLR4/MD2 cells and primary BM macrophages
from WT and Neul-deficient mice but not in primary
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macrophage cells from Neu4-knockout mice. Tamiflu
(oseltamivir phosphate), Gai-sensitive pertussis toxin
(PTX) and the broad range inhibitor of matrix metal-
loproteinase (MMP) galardin applied to live HEK-TLR4/
MD2 cells and primary BM macrophage cells completely
block TQ-induced MyD88/TLR4 complex formation.
The data with co-immunoprecipitation of Neu4 and
MMP-9 reveal that Neud4 forms a complex with MMP-
9, which is already bound to TLR4. This tripartite
alliance would make TQ-induced Neu4 activity readily
available to target sialyl residues of TLR4 receptors. In
addition, Neu4-knockout mice respond poorly to TQ in
producing pro-inflammatory cytokines and chemokines
after 5-h treatment compared to the wild-type or
hypomorphic cathepsin A mice with a secondary 90%
Neul deficient mice. The findings in this report suggest
that TQ-induced Neu4 sialidase activity on the cell
surface circuitously targets TLR4 receptors through a
molecular signaling platform of MMP-9 in complex with
TLR4 in generating a functional receptor.

Materials and methods

Reagents Thymoquinone (TQ, 99% pure, Aldrich, St. Louis,
MO, USA) was reconstituted in 1x Tris buffered saline (TBS)
containing 57% dimethyl sulfoxide (DMSO, Bio Shop
Canada Inc., Burlington, ON, Canada), and used at indicated
optimal dosage as described previously [3]. TLR4 ligand
lipopolysaccharide (LPS, 5 pg/mL, from Serratia marces-
cens and purified by phenol extraction; Sigma, St. Louis,
MO) and TLR2 ligand, killed Mycobacterium butyricum
(Myco, 5 pg/mL, DIFCO) were used at indicated optimal
dosage.

The sialidase substrate, 2'-(4-methylumbelliferyl)-o-D-
N-acetylneuraminic acid (98% pure, 4-MUNANA, Bio-
synth International Inc., Itasca, IL, USA) was used at
optimal concentration of 0.318 mM for the live cell
sialidase assay as described previously [1-3].

Tamiflu (99% pure oseltamivir phosphate, Hoffmann-La
Roche Ltd., Mississauga, Ontario, Lot # BS00060168) was
used at indicated concentrations.. Pertussis toxin (PTX, from
Bordatella pertussis, in buffered aqueous glycerol solution,
Sigma-Aldrich Canada Ltd., Oakville, Ontario, L6H 6J8)
catalyzes the ADP-ribosylation of the o subunits of the
heterotrimeric G proteins G;, G,, and G;. This prevents the G
protein heterotrimers from interacting with receptors, thus
blocking their coupling and activation. Galardin (GM6001;
molecular formula C,oH,gN4O4, N-[(2R)-2-(Hydroxamido-
carbonylmethyl)-4-methylpentanoyl]-L-tryptophan methyla-
mide; Cat# 364205, Calbiochem-EMD Chemicals Inc.,
Darmstadt, Germany) is a potent, cell-permeable, broad-
spectrum hydroxamic acid inhibitor of matrix metalloprotei-

nases (MMPs); (IC50=400 pM for MMP-1; IC5,=500 pM
for MMP-2; IC5p=27 nM for MMP-3; 1C5,=100 pM for
MMP-8; and IC50=200 pM for MMP-9).

Cell lines BMC-2 or BMA macrophage cells [10] were
obtained from Dr Ken L. Rock, University of Massachusetts
Medical School, Worcester, MA. Stable HEK-TLR4 cells
were obtained by calcium phosphate transfection of a
pCDNA3 expession vector for a specific chimeric TLR4
with an in frame C-terminal YFP and selection in 0.8 pg/ml
G418. The HEK-TLR4/MD2 cell line was generated by
additional co-transfection of an expression plasmid for
human MD2. All cells were grown at 37°C in 5% CO, in
culture media containing DMEM (Gibco, Rockville, MD)
supplemented with 5% horse serum (Gibco) and 3% fetal
calf serum (FCS) (HyClone, Logan, Utah, USA). THP-1
cells, a promonocytic cell line, were transfected with a
plasmid containing CD14 cDNA sequences (CD14-THP1)
as described elsewhere [11]. CD14-THP1 cells were cultured
in Iscove’s modified Dulbecco’s medium (Sigma) supple-
mented with 10% FCS and selection in 100 pg/ml G418.

Mouse models Wild-type (WT), Neu4 KO (Neu4 knockout)
[12] and Neul-CathA KD (Neul deficient and cathepsin A
deficient) [13] mice were obtained from Dr. Alexey
Pshezhetsky’s laboratory (Departments of Pediatrics and
Biochemistry, Montreal University, Service de Genetique,
Ste-Justine Hospital, 3175 Cote-Ste-Catherine, H3T1CS5,
Montreal, QC, Canada). The Neul-CathA KD mice have a
hypomorphic cathepsin A phenotype with a secondary ~90%
reduction of the Neul activity [13].

Primary mouse bone marrow macrophage cells Bone marrow
(BM) cells were flushed from femurs and tibias of mice with
sterile Tris-buffered saline (TBS) solution. The cell suspen-
sion was centrifuged for 3 min at 900 rpm, and the cell pellet
resuspended in red cell lysis buffer for 5 min. The remaining
cells were washed once with sterile TBS, and then resus-
pended in RPMI conditioned medium supplemented with
10% FCS and 20% (v/v) of L929 cell supernatant as a source
of monocyte colony-stimulating factor (M-CSF) according to
Alatery and Basta [14] and 1x L-glutamine-penicillin-
streptomycin (Sigma-Aldrich Canada Ltd., Oakville,
Ontario) in sterile solution. The primary BM macrophages
were grown on 12 mm circular glass slides in RPMI
conditioned medium for 7-8 days in a humified incubator
at 37°C and 5% CO,. By day 7 these primary macrophage
cells are more than 95% positive for macrophage marker F4/
80 molecule as detected by flow cytometry [14].

Fluorescence spectrophotometer analysis of TQ-induced

sialidase activity in cell suspensions of human monocytic
CDI14-THPI cells Cells at 90% confluence in 25-cm?
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flasks were resuspended in 5 mL of serum-free Tris-
buffered medium pH7.4. To 50 uL of cell suspension (0.5
or 1.0x10% cells/mL) in MicroFluor black 96-well flat
bottom microtiter plates (Thermo Electron, Fisher Scientific
Company, Ottawa, Ontario, K2E 7 L6) was added
0.318 mM final concentration of 4-MUNANA with or
without the presence of 100 pg/mL TQ. The fluorescence
intensity readings were immediately taken over 4.5 min
using the Varioskan Fluorescence Spectrophotometer
(Type 3001, Microplate Instrumentation, Thermo Electron
Corporation, Vantaa, Finland) at emission 450 nm follow-
ing an excitation at 365 nm. The sialidase activity in the
live cell samples corrected for background endogenous
sialidase activity in untreated cells was calculated from a
standard neuraminidase activity curve, and expressed as
milli Units per mg of 4-MUNANA for the indicated cell
concentrations.

NFkB activation HEK-TLR4/MD2 cells were treated with
either TLR4 specific endotoxin lipopolysaccharide (LPS) for
15-45 min or TQ for 15-60 min. Cells were fixed,
permeabilized, and immunostained with rabbit anti-
NFkBp65 or rabbit anti-IkBoc antibodies followed with Alexa
Fluor594 goat anti-rabbit IgG. In addition, cells were fixed,
permeabilized, and immunostained with phospho-specific
polyclonal rabbit antibody against the human NFkB p65
(Rel A) phospho specific pS529 (pNFkB; Rockland Immu-
nochemicals, Inc., Gilbertsville, PA) with minimal reactivity
with non-phosphorylated p65 followed with Alexa Fluor594
goat anti-rabbit IgG. Stained cells were visualized by epi-
fluorescence microscopy using a 40x objective. Quantitative
analysis was done by assessing the density of cell staining
corrected for background in each panel using Corel Photo
Paint 8.0 software. Each bar in the figures represents the mean
corrected density of staining + SEM for all cells within the
respective images.

Nuclear extracts and electrophoretic mobility shift (EMSA)
Nuclear extracts of HEK-TLR4/MD?2 cells were prepared by
harvesting the cells before and after treatment with TQ as
described. Cells were lysed in a buffer consisting of 100 mM
HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic ac-
id), 100 mM KCI, 100 EDTA (ethylenediamine tetraacetic
acid), 100 mM DTT (dithiothreitol), protease inhibitors and
10% NP-40 (Nonidet-P40). The lysates were incubated on ice
for 10 min and centrifuged at 13,000 rpm for 3 min. The
pellets were resuspended in 100 mM Hepes, 2 M NaCl, 5 mM
EDTA and 50% glycerol, incubated on ice again for 2 h and
then centrifuged at 13,000 rpm for 5 min. The supernatant
containing the nuclear extracts were stored at —80°C.

Electrophoretic mobility shift assay (EMSA) detects NF-xB
DNA binding activity using a 3’ biotinylated double-
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stranded oligonucleotide sequence 5 AGT TGA GGG
GAC TTT CCC AGG C 3’ (Operon Biotechnologies Inc.,
Huntsville, AL) against the NF-kB binding site. The
reaction volumes were 20 pl comprising of 20 pg of
nuclear extract incubated at room temperature for 30 min
with 5 ng of the biotinylated oligonucleotide probe in
binding buffer (Pierce Lightshift Chemiluminescent EMSA
kit, Rockford, USA). The NF-kB bound to oligonucleotide
was resolved on a 5% polyacrylamide gel in Tris/Glycine
running buffer at 20 mA constant current. The gel was
transferred onto a PVDF membrane and cross-linked by
UV radiation for 3 min. The blot was probed with
Streptavidin-HRP at a dilution of 1:300 for 15 min at
room temperature followed with Western Lighting Chemi-
luminescence (PerkinElmer Life Sciences, Boston). For
supershift of nuclear NFkB, supernatants containing the
nuclear extracts from TQ-treated HEK-TLR4/MD?2 cells at
different time intervals were analyzed by EMSA to detect
NF-kB DNA binding activity using a 3’ biotinylated
double-stranded oligonucleotide (oligo) sequence 5 AGT
TGA GGG GAC TTT CCC AGG C 3’ against the NF-«kB
binding site. Non-biotinylated oligo probe was used as a
NF-kB binding competitor. Anti-NFkBp65 antibody at
5 pg/ul, 250 pg/ul and 500 pg/ul was used to block
NF-kB binding to probe. The blot was probed with
Streptavidin-HRP followed with Western Lighting Chemi-
luminescence (PerkinElmer Life Sciences, Boston).

Co-immunoprecipitation and Western blots Primary BM
macrophages or HEK-TLR4/MD2 cells are left cultured in
media, pretreated with 200 pg/mL Tamiflu for 30 min or in
media containing 100 pg/mL TQ for 5 min. Cells (1x10’
cells) are pelleted and lysed in lysis buffer (50 mM Tris, pH
8, 150 mM NaCl, 1% NP-40, 0.2 mg/ml leupeptin, 1% f3-
mercaptoethanol, and 1 mM phenylmethanesulfonyl fluo-
ride (PMSF)). Cell lysate proteins are resolved by 8% gel
electrophoresis (SDS-PAGE). Proteins are transferred to
polyvinylidene fluoride (PVDF) transfer membrane blot.
The blot is probed for NFkB pS529 (65 kDa) with anti-
pS529 antibody (Rockland Immunochemicals, Inc.) fol-
lowed by HRP conjugated secondary IgG antibody and
Western Lightning Chemiluminescence Reagent Plus. The
initial blot is stripped and further probed for (3-actin with
monoclonal mouse anti-B-actin (Sigma-Aldrich Canada
Ltd., Oakville, Ontario). For immunoprecipitation, Neu4,
MMP-9, and TLR4 in cell lysates from HEK-TLR4/MD?2
cells are immunopreciptated with either 0.69, 0.35 and
0.17 ug of rabbit anti-human Neu4, 1.0, 0.5 and 0.25 pg of
rabbit anti-human MMP-9, 2 pg of mouse anti-human
TLR4 antibodies or 2 pg of IgG isotype control for 24 h.
Following immunoprecipitation, complexes are isolated
using protein A or G magnetic beads, washed 3% in buffer
(10 mM Tris, pH8, 1 mM EDTA, 1 mM EGTA, 150 mM
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NacCl, 1% Triton X-100 and 0.2 mM sodium orthovanadate)
and resolved by 8% gel electrophoresis (SDS-PAGE).
Proteins are transferred to polyvinylidene fluoride (PVDF)
transfer membrane blot. The blots are probed for either
Neu4 (53 kDa) with anti-Neu4 (ProteinTech Group, Inc.,
Chicago, USA), MMP-9 (78 or 84 kDa active) with anti-
MMP-9 (H-129, Santa Cruz Biotechnology, Inc. CA) or
TLR4 (88 kDa) with anti-human TLR4 (HTA125, Santa
Cruz) followed by HRP conjugated secondary IgG anti-
bodies or Clean-Blot IP Detection Reagent for IP/Western
blots (Pierce Biotechnology, Thermo Fisher Scientific,
Rockford, IL) and Western Lightning Chemiluminescence
Reagent Plus. The chemiluminescence reaction was ana-
lyzed with x-ray film. Sample concentration for gel loading
was determined by Bradford reagent (Sigma-Aldrich
Canada Ltd., Oakville, Ontario).

MyD88 colocalization with TLR4 Primary BM macro-
phages obtained from normal, wild-type (WT), Neul-
CathA KD (Neul deficient and cathepsin A deficient) or
Neud KO (Neud-knockout) mice were cultured in RPMI
medium supplemented with 20% M-CSF, 10% FCS and
Penn/Strep/Glut for 8 days on circular glass slides in 24
well tissue culture plates. HEK-TLR4/MD2 cells were
cultured in DMEM medium with 10% FCS and 100 pg/
mL G418 selection reagent. Cells were pretreated with
either 400 uM Tamiflu, 500 nM galardin or 100 ng/ml
pertussis toxin (PTX) for 5 min followed with either 5 pg/
mL LPS for 5 min, 100 pg/mL TQ for 5 min or left
untreated as controls. Cells were fixed, permeabilized, and
immunostained with rabbit anti-MyD88 (HFL-296, Santa
Cruz Biotech, Santa Cruz, CA, USA) or rat anti-TLR4/
MD2 (MTS510, Santa Cruz Biotech) followed with Alexa
Fluor594 goat anti-rabbit IgG or Alexa Fluor488 rabbit
anti-rat IgG. Stained cells were visualized using a confocal
inverted microscope (Leica TCS SP2 MP inverted Confocal
Microscope) with a 100x oil objective. Images were
captured using a z-stage of 810 images per cell at 0.5-
mm steps and were processed using Image J 1.38% software
(NIH, USA). To calculate the amount of colocalization in
the selected images, the Pearson correlation coefficient was
measured and expressed as a percentage using Image J
1.38x software.

Cell viability BMA cells were grown overnight in 24 well
plates on 12 mm circular glass cover slides in DMEM
medium containing 5% fetal bovine serum at 37°C in 5%
CO,. After removal of medium, cells were left untreated as
no ligand control or pretreated with 400 puM Tamiflu,
500nM Galardin, or 100 ng/ml Pertussis toxin (PTX) for
30 min followed with 200 pg/mL TQ for 30 min. Positive
control for non-viable cells was treated with 100 pl of
1 mM hydrogen peroxide (H,O,) 30 min at 37°C. Stain

mixture for cell viability was prepared using 1 uL of
200 pg/mL acridine orange and 1 plL of 200 pg/mL
ethidium bromide solution (Sigma-Aldrich) in 998 pL of
sterile 1x TBS. After removing media or reagents, cells on
circular glass slides were quickly rinsed in 1x Tris buffered
saline and added to 1 pL of stain mixture mixed with 4 pL
of fluorescence mounting medium (DAKO, USA). This
stain combination shows non-viable cells to appear red and
viable cells, green. Stained cell images were taken using
epi-fluorescent microscopy (40x objective).

Flow cytometry of cell surface Neud4 and MMP-9 in live
human monocytic CDI14-THP-1 cells Cells were grown in
25-cm? flasks at 90% confluence. For cell surface staining,
live cells in serum free cold phosphate-buffered saline
(PBS) were stained for Neu4 (53 kDa) with PerCP/Cy5.5
tandem conjugated rabbit polyclonal anti-Neu4 (Protein-
Tech Group, Inc., Chicago, USA), R-Phycoerythrin (R-PE)
conjugated anti-CD14 antibody or fluorescein conjugated
anti-TLR4 antibody for 30 min on ice. Lightning-link™
PerCP-Cy5.5 tandem conjugation kit (Innova Biosciences
Ltd., Cedarlane Canada, Burlington, Ontario, Canada L7L
5R2) was used to conjugate the primary antibody as
described above. The PerCP is excited at 482 nm and
functions as an energy donor for the CyS5.5. Energy is
transferred from the PerCP to the Cy5.5 via energy
resonance transfer. The Cy5.5 emits the energy received
from the PerCP in the form of long wavelength light at
700 nm. After washing with cold PBS buffer, the cells were
prepared for flow cytometry analysis. 15,000 cells were
acquired on a Beckman Coulter (Miami, FL) Epics XL-
MCL flow cytometer and analyzed with Expo32 ADC
software (Beckman Coulter). The mean channel fluores-
cence (MCF) for each histogram is indicated for 50% gated
cells.

Cytokine array profiling Mice were bled before (no TQ)
and 5 h after i.p. injection with 2.5 mg of TQ per mouse.
Serum was extracted and immediately analyzed for cyto-
kine array profiling with R&D System Cytokine Array
Profiling ARY066 kit (R&D Systems, Inc., Minneapolis)
according to kit protocol. The chemiluminescence reaction
is analyzed with either a Fluorochem HD2 Imaging System
(Alpha Immunotech, San Leandro, CA, USA) or x-ray film.
For x-ray film, quantitative analysis was done by assessing
the density of staining corrected for background in each
spot using Corel Photo Paint 8.0 software.

RNA isolation and reverse transcriptase PCR Total RNA
was extracted from HEK-TLR4/MD?2 cell pellets using TRI
Reagent RNA Isolation Reagent (Sigma-Aldrich Canada
Ltd., Oakville, Ontario L6H 6J8). RNA measurement was
performed using the ND-1000 (NanoDrop Technologies,
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Wilmington, DE 19810, USA) spectrophotometer. RNA
(2 ug) was reverse transcribed using the Moloney Murine
Leukemia Virus Reverse Transcriptase Enzyme (Invitro-
gen). Equal aliquots of cDNA (2 puL) were used for 3-actin
(660 bp, 40 cycles), IL-6 (295 bp, 40 cycles), TNF-x
(413 bp, 30 cycles) and MIP-13 (295 bp, 40 cycles).
Primers were diluted in RNase free water according to
specifications. Primers used were acquired from Integrated
DNA Technology, Coralville, IA and they were: 3-Actin:
(660 bp) Forward 5-TGA CGG GGT CAC CCA CAC
TGT GCC CAT -3’ Reverse 5'-CTA GAA GCA TTT GCC
GAC GAT GGA GGG-3'; IL-6: (295 bp) Forward 5'-GAA
CTC CTT CTC CAC AAG CG-3'" Reverse 5-GAA TCC
AGA TTG GAA GCA TCC-3'; TNF-o: (413 bp) Forward
5'-GAG TGA CAA GCC TGT AGC CCATGT TGT AGC-
3" Reverse 5-GGC AAT GAT GAT CCC AAA GTA GAC
CTG CCC AGA CT-3'; MIP-1f3: (214 bp) Forward 5'-TGT
CTC TCC TCA TGC TGA TG-3' Reverse 5'-GTA CTC
CTG GAC CCA GGA T-3'. Diluted primers were then
added to 2 ul of cDNA and 3 pl of 5x Taq Polymerase
Master Mix (New England BioLabs Inc.). DNA mixture
was placed in the thermocycler (Thermo Electron Corpo-
ration) on a cycling program dependent on primer. The
amplified products were resolved by electrophoresis on
1.2% agarose gels and visualized by UV detection of
ethidium bromide intercalation on the Alpha Innotech HD2
Imager (Alpha Innotech, Cell Biosciences, Inc., Santa
Clara, CA).

Results

Thymoquinone (TQ) induces NFkB activation in HEK-
TLR4/MD2 cells and primary bone marrow (BM)
macrophages

We have reported that endotoxin lipopolysaccharide (LPS)-
induced MyD88/TLR4 complex formation and subsequent
NFkB activation is dependent on the removal of «2-3 sialyl
residues linked to (3-galactoside of TLR4 by the Neul
sialidase activity [1, 2]. Activation of Neul is induced by
TLR ligands binding to their respective receptors. Central
to this premise is that Neul sialidase and not Neu—2, —3
and —4 forms a complex with TLR-2, —3 and —4 receptors
on the cell surface membrane of naive and activated
macrophage cells [1]. We have also reported that TQ
induces Neud sialidase activity on the cell surface of
macrophage, dendritic and fibroblast cells [3]. Since Neul
and Neu4 mammalian sialidases have similar enzymatic
functions [15], we asked whether TQ-induced Neu4
activation would actually target the glycosylated TLR4
receptors to facilitate receptor activation and subsequent
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NFkB activation. To test this hypothesis, we used TLR4-
deficient HEK-293 cells stably transfected with human
TLR4 and MD2. Immunocytochemistry analyses shown
here demonstrate that TQ-treatment of HEK-TLR4/MD2
cells induces NFkB activation (Fig. 1a) with a loss of [kBo
within 15 min with a concomitant diminution of NFkB
activation after 60 min. The anti-NFkB p65 (Rel A)
antibody used here detects activated and non-activated
NFkB. In these experiments, we also used anti-IkBa
antibody in conjunction with anti-NFkB p65 (Rel A)
antibody as an internal control for NF«B activation. IkBo
binds to the p65 subunit, preventing nuclear localization
and DNA binding. Activation of NFkB releases IkBa
bound to p65 subunit and it becomes degraded. For the LPS
treated cells, there was an increase in LPS-induced NF«xB
activation within this same time interval used for TQ.

Using electrophoretic mobility shift assay (EMSA), the
nuclear extracts of TQ-treated HEK-TLR4/MD2 cells also
contain the specific active form of NFkB DNA binding
activity (Fig. 1b). Anti-NFkBp65 antibodies block NFkB
binding to the oligonucleotide during the reaction, recon-
firming the specificity of the NFkB binding reaction
(Fig. 1b). To further support the EMSA results, we also
performed western blots to detect phosphorylated NF«B
(pS529) in nuclear cell extracts from untreated and TQ-
stimulated HEK-TLR4/MD?2 cells at different time intervals.
Optimal activation of NF-kB requires phosphorylation in the
transactivation domain of p65. This transactivation domain
of p65 subunit is responsible for the interaction with the
inhibitor IkB and contains the phosphorylation sites. A
phospho-specific polyclonal antibody against the human
NF«Bp65 pS529 (pNFkB) was used here which has minimal
reactivity with non-phosphorylated p65. This phospho-
specific antibody reacts with a peptide sequence
(PNGLLpSGDEDFC) corresponding to a region near
phospho-serine 529 of the human NFkBp65 (Rel A) protein.
As shown in Fig. 1b, TQ stimulation of the cells increased
NFkB pS529 in the nuclear extracts at 5, 10 and 30 min of
treatment compared to the media control (time zero) and to
[-actin as an internal protein control. In Fig. 1b, it is
noteworthy at 15 min of treatment that TQ-induced NF«B
pS529 expression in the nuclear extracts was found to
decrease slightly compared to the other stimulation time
intervals. These results are consistent with the EMSA
findings for these same cells, suggesting that TQ-induces
NFkB activation in a biphasic manner.

Western blots were also performed to detect phosphor-
ylated NFkB (pS529) in cell lysates from Tamiflu pre-
treated and TQ-stimulated HEK-TLR4/MD2 cells and
untreated media control cells. As shown in Fig. 1c, Tamiflu
inhibited TQ-induced NF«kB pS529 in these cells compared
to B-actin as an internal protein control. These latter data
signify that Tamiflu may have a direct effect on the Neu4
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Fig. 1 TQ induces phosphorylated NFxkBp65 pS529 in HEK-
TLR4/MD2 cells and primary BM macrophages, which is blocked
by neuraminidase inhibitor Tamiflu. a HEK-TLR4/MD2 cells were
treated with either 5 pg/mL LPS for 15, 30 and 60 min, 100 pg/mL TQ
for 15, 30 and 60 min or left untreated as no ligand control. Cells were
fixed, permeabilized, and immunostained with rabbit anti-NFkBp65 or
rabbit anti-IkBa followed with Alexa Fluor594 goat anti-rabbit IgG.
The control group represents untreated cells immunostained with only
the secondary Alexa Fluor594 goat anti-rabbit IgG. Immunostained
cells were visualized by epi-fluorescence microscopy using a 40x
objective. Approximately 90% of LPS- or TQ-treated cells immunos-
tained with anti-NFkBp65 antibody had nuclear staining. Quantitative
analysis was done by assessing the density of cell staining corrected
for background in each panel using Corel Photo Paint 8.0 software.
Each bar in the figures represents the mean corrected density of
staining+SEM for all cells within the respective images. The data are a
representation of one out of five independent experiments showing
similar results. b Electrophoretic mobility shift assay (EMSA).
Supernatants containing the nuclear extracts from TQ-treated HEK-
TLR4/MD2 cells at indicated times were analyzed by EMSA to detect
NF-kB DNA binding activity using a 3’ biotinylated double-stranded
oligonucleotide (oligo) sequence 5" AGT TGA GGG GAC TTT CCC
AGG C 3' against the NF-kB binding site. Non-biotinylated oligo
probe was used as a NF-kB binding competitor (CC). The blot was
probed with Streptavidin-HRP followed with Western Lighting
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Chemiluminescence (PerkinElmer Life Sciences, Boston). The data
are a representation of one out of four independent experiments
showing similar results. Western blot analyses of phosphorylated
NFkB (pS529) in nuclear lysates. HEK-TLR4/MD2 cells were
treated with TQ as described in (B) above. Nuclear lysates from the
cells were separated by SDS-PAGE and probed with phospho-specific
polyclonal rabbit antibody against the human NFkBp65 pS529 with
minimal reactivity with non-phosphorylated p65. (3-actin was used as
an internal protein control. The data are a representation of one out of
three independent experiments showing similar results. ¢ Western blot
analyses of phosphorylated NFkB (pS529) in cell lysates. HEK-
TLR4/MD2 cells were pretreated with 100 pM Tamiflu for 30 min
followed with 100 pg/mL TQ for 30 min or left untreated as media
control. Cell lysates from the cells were separated by SDS-PAGE and
probed with polyclonal rabbit anti-NFkBp65pS529 antibody. (3-actin
was used as an internal protein control. The data are a representation of
one out of three independent experiments showing similar results. d
Western blot analyses of phosphorylated NFkB (pS529) in cell
lysates from primary BM macrophages. Primary BM macrophages
derived from WT mice were treated with 100 pg/mL of TQ for 30 min
or left untreated as media control. Cell lysates from the cells were
separated by SDS-PAGE and probed with polyclonal rabbit anti-
NF«Bp65pS529 antibody. (-actin was used as an internal protein
control. The data are a representation of one out of three independent
experiments showing similar results
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sialidase associated with TQ treated cells. These results are
consistent with our other reports indicating that Tamiflu is
not only a potent inhibitor (ICsy of 0.0194 uM) of Neud
sialidase associated with TQ treated live BMC-2 macro-
phage cells [3] but also a potent inhibitor (ICso of 1.2 uM)
of Neul sialidase associated with TLR ligand treated live
macrophage cells [1]. Tamiflu was also reported to partially
inhibit LPS-induced NFkB pS529 in primary macrophage
cells but had no inhibitory effect on NFkB pS529 activation
when the cells were treated with phorbol 12-myristate 13-
acetate (PMA), a protein kinase C (PKC) activator [2].
We also examined TQ-induced phosphorylated NFkB
(pS529) in primary mouse bone marrow (BM) macrophages
derived from wild-type mice. Western blot analyses show
NFkB pS529 activation in cell lysates from TQ-treated primary
BM macrophage cells compared to untreated media control
cells and to (3-actin as an internal protein control (Fig. 1d).

GPCR Gai-sensitive pertussis toxin and broad range MMP
inhibitor galardin completely inhibit TQ-induced NFkB
activation in BMC-2 macrophage cells and HEK-TLR4/
MD2 cells, and MyD88/TLR4 complex formation

in primary BM macrophages

In a recent report, we showed that GPCR Gaui-sensitive
pertussis toxin (PTX) and the broad range inhibitors of matrix
metalloproteinase (MMP) galardin and piperazine applied to
live BMC-2 macrophage cells, human monocytic THP-1 cells
and primary BM macrophage cells completely block TQ-
induced sialidase activity [3]. These same inhibitory effects
were not observed with the GM1 ganglioside specific cholera
toxin subunit B (CTXB) as well as with CTX, tyrosine kinase
inhibitor K252a, and the broad range GPCR inhibitor suramin
[3]. Here, we hypothesize that PTX and galardin would
inhibit TQ-induced NFkB activation in BMC-2 macrophage
and HEK-TLR4/MD2 cells. The data in Fig. 2a and b support
this hypothesis. Galardin (GM6001), a broad specific inhibitor
of MMP-1, =2, -3, —8 and —9, and pertussis toxin (PTX), a
specific inhibitor of Gy, and Gy; (& subunits) of G protein
subtypes as well as Tamiflu completely blocked TQ-induced
NFkB activation in BMC-2 cells (Fig. 2a). To confirm these
results, western blot analyses of nuclear extracts from HEK-
TLR4/MD2 cells pretreated with these same inhibitors
followed with TQ-stimulation clearly show complete block-
age of NFkB pS529 activation compared to TQ-treated
positive controls and (3-actin as an internal protein control
(Fig. 2b).

If TQ-induced NFkBpS529 activation is blocked by
Tamiflu, pertussis toxin and galardin, we also predicted that
these same inhibitors would inhibit TQ-induced MyD88/TLR4
complex formation in primary BM macrophage cells. The data
in Fig. 2¢ show this to be the case. Using confocal microscopy
to detect MyD88 colocalization with TLR4, there was a
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significant reduction of TQ-induced MyD88/TLR4 complex
formation in primary BM macrophages pretreated with
Tamiflu (9.2% overlay), galardin (13.8% overlay) and
pertussis toxin (PTX) (1.3% overlay) compared to the TQ-
treated positive control (35.6% overlay). In addition, the TQ-
induced MyD88/TLR4 complex formation in these primary
cells was comparable to the LPS-treated (46.2% overlay)
cells.

It is noteworthy here that BMA macrophage cells pretreated
with Tamiflu, pertussis toxin and galardin for 30 min and
followed by TQ stimulation for another 30 min as in Fig. 2a
and ¢ had no effect on cell viability (Fig. 2d).

To confirm that Neu4 sialidase is primarily involved with
TQ-induced MyD88/TLR4 complex formation, we also
examined this in primary mouse BM macrophages derived
from Neu4-knockout mice. Using confocal microscopy to
detect MyD88 colocalization with TLR4, the data in Fig. 3a
clearly indicate a lack of MyD88/TLR4 complex formation
(0% overlay) in primary macrophage cells from Neu4
knockout mice in comparison to the same cells treated with
TLR4-ligand lipopolysaccharide (LPS, 5 pg/mL) (31%
overlay) and TLR2-ligand killed Mycobacterium butyricum
(Myco, 5 pg/mL) (35% overlay). In contrast, TQ induced
MyD88/TLR4 complex formation in primary macrophages
from WT and Neul-deficient mice. These latter data with the
Neul-deficient macrophages are consistent with other reports
showing that Neu4 can target substrates of Neul sialidase and
restore normal morphological phenotype of the lysosomal
compartment in Neul-deficient sialidosis fibroblasts [15].

Neu4 forms a complex with MMP9 and circuitously targets
TLR4 receptors already bound with MMP9

We recently reported that Neud4 in alliance with GPCR-
signaling Gai subunit proteins and MMP-9 is expressed on
the cell surface of human monocytic THP-1 cells, human WT
and WG0544 sialidosis type I fibroblast cells and BMC-2
macrophage cells [3]. This tripartite alliance made Neu4
readily available to be induced by TQ. Indeed, Neu4 sialidase
activity in TQ-treated live cells occurred within a minute.
Since Neu4 does not form a complex with TLR4 receptors
[1], we questioned whether there is an intermediate link
between this Neu4 tripartite alliance and TLR4 receptors. To
test this hypothesis, we performed co-immunoprecipitation
experiments using HEK-TLR4/MD2 and BMC-2 macrophage
cells. The data shown in Fig. 3b validated the predicted
association of Neu4 with MMP-9. As predicted, MMP-9 co-
immunoprecipitated with Neu4, and conversely Neu4 co-
immunoprecipitated with MMP-9 in cell lysates from naive
HEK-TLR4/MD2 cells. In addition, MMP-9 co-
immunoprecipitated with TLR4 receptors, and conversely
TLR4 co-immunoprecipitated with MMP-9 in cell lysates
from naive BMC-2 cells (Fig. 3c). These latter data further
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Fig. 2 a Tamiflu, MMP inhibitor galardin and Gai-sensitive
pertussis toxin inhibited TQ-induced NFkB activation in BMC-2
macrophage cells. Cells were grown on 12 mm circular glass slides in
DMEM medium containing 5% fetal calf serum for 48 h at 37°C. After
removal of medium, cells were left untreated as no ligand control or
pretreated with 200 uM Tamiflu, 500nM Galardin, or 100 ng/ml
pertussis toxin (PTX) for 30 min followed with 200 pug/mL TQ for
30 min. Cells were fixed, permeabilized and immunostained with
rabbit anti-NFkBp65 or rabbit anti-IkBa followed with Alexa
Fluor594 goat anti-rabbit IgG. The control group represents untreated
cells immunostained with only the secondary Alexa Fluor594 goat
anti-rabbit IgG. Immunostained cells were visualized by epi-
fluorescence microscopy using a 40x objective. Approximately 90%
of LPS- or TQ-treated cells immunostained with anti-NFkBp65
antibody had nuclear staining. These data are representative of one
of three individual experiments. b Western blot analyses of
phosphorylated NFkB (pS529) in nuclear lysates. Nuclear extracts
were obtained from the HEK-TLR4/MD2 cells pretreated with
200 uM Tamiflu, 500nM Galardin or 100 ng/ml pertussis toxin
(PTX) for 30 min followed with 100 pg/mL TQ for 30 min. Nuclear
lysates from the cells were separated by SDS-PAGE and probed with
anti-NFkBp65 pS529 antibody. (3-actin was used as an internal protein
control. The data are a representation of one out of two independent
experiments showing similar results. ¢ Tamiflu, galardin and
pertussis toxin inhibit TQ-induced MyD88 co-localization with

validated that MMP-9 forms a complex with naive TLR4
receptors on the cell surface. Taken together, these results
indicate that MMP-9 in complex with TLR4 is the interme-
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TLR4 in primary BM macrophage cells derived from wild-type
mice. Primary macrophages were grown on 12 mm circular glass
slides in DMEM medium containing 10% fetal calf serum, 20%
monocyte colony stimulating factor (M-CSF) and 1x L-glutamine-
penicillin-streptomycin (Pen-Strep) for 8 days at 37°C. After removal
of medium, cells were treated with 5 pg/ml lipopolysaccharide (LPS),
100 pg/mL TQ or 100 pg/mL TQ in combination with 200 uM
Tamiflu, 500 nM Galardin or 100 ng/mL pertussis toxin (PTX) for
5 min. Cells were fixed, permeabilized and immunostained with rabbit
anti-mouse anti-MyDS88 and rat anti-mouse anti-TLR4 for 60 min.
Cells were washed and stained with goat anti-rabbit AlexaFluor 594
for 60 min and rabbit anti-rat AlexaFluor 488 for 60 min. Fluorescent
images were taken by confocal microscopy using a 40x objective.
These data are representative of two individual experiments. d Cell
Viability in BMA macrophage cells treated with Tamiflu, galardin
and pertussis toxin in the presence of TQ. Cells were grown on
12 mm circular glass slides in medium containing 5% fetal calf serum
and 100 pg/mL G418 for 24 h at 37°C in 5% CO,. The medium was
removed and the cells were left alone (control), or treated with
Tamiflu, galardin and pertussis toxin in the presence of TQ as
described in (A,C above) or with 1 mM hydrogen peroxide (H,O,)
for 30 min. Cell viability was assessed by acridine orange/ethidium
bromide (AO/EB) staining and epi-fluorescence microscopy. The data
represent one of two independent experiments showing similar results

diate link for TQ-induced Neu4 circuitously targeting TLR4
receptors, and enabling removal of steric hinderance for
receptor association.

@ Springer



592

Glycoconj J (2010) 27:583-600

a
Primary BM
Macrophages Treatment

TLR4

MyD88 Overlay % Overlay

Primary BM
Macrophages Treatment

— TLRa4 MyD88 Overlay % Overlay
¢
wild-type TQ 61% Neud KO Myco 35%
b c
MW kMW &0
A————; . Da
o kDa 069 0.35 0.17 (ugof anti-Neud) R
:anti-Neu :anti-

Blot: anti-MMP9 80 M<- MMP-9 (78 or 84 kDa active)  plot: anti-TLR4 80 = @ <€ TLRA(88kDa)

IP: anti-Neu4 ' IP: anti-TLR4 .
Mobingiunn 48 _.“ g](- Neud (53 kDa) i W _u <€ MMP-9 (78 or 84 kDa active)

IP: anti-IgG isotype - IP: anti-TLR4
Blot: anti-MMP9 80 —- <€ MMP-9 (78 or 84 kDa active) Blot: anti-TLR4 80 = &S < TLR4 (88 kDa)

media
1.0 0.5 0.25 (pgof anti-MMP9)

IP: anti-MMP9
Blot: anti-Neud 48 "'. . a € Neud (53 kDa)

IP: anti-IgG isotype

- Neud (53 kD,

Blot: anti-Neu4 a8 - * Neuiy a)

Fig. 3 a TQ-induced colocalization of MyD88 and TLR4 in
primary bone marrow (BM) macrophage cells. Primary BM
macrophage cells obtained from wild-type, Neul-CathA KD (Neul
deficient and cathepsin A deficient) and Neu4 KO (Neu4 knockout)
mice were cultured in medium supplemented with 20% (v/v)
monocyte-colony stimulating factor (M-CSF), 10% FCS and Penn/
Strep/Glut for 8 days on circular glass slides in 24 well tissue culture
plates as described previously [14]. Cells were stimulated with either
3 pug/mL LPS, 5 pg/mL killed Mycobacteria butyricum (Myco) or
100 pg/mL TQ for 5 min or left untreated (no ligand control). Cells
were fixed, permeabilized and immunostained with rabbit anti-mouse
anti-MyD88 and rat anti-mouse anti-TLR4 for 60 min. Cells were
washed and stained with goat anti-rabbit AlexaFluor 594 for 60 min
and rabbit anti-rat AlexaFluor 488 for 60 min. Stained cells were
visualized using a confocal inverted microscope (Leica TCS SP2 MP
inverted Confocal Microscope) with a 100x objective (oil). Images
were captured and processed using Image J 1.38x software (NIH,
USA). To calculate the amount of colocalization in the selected
images, the Pearson correlation coefficient was measured and
expressed as a percentage using Image J 1.38x software. The data

Neu4 sialidase activation associated with TQ treated live
cells is not due to an increased Neu4 protein expression
on the cell surface with time

It is interesting to note from our previous report that there was

no correlation between mRNA and protein values for Neu3 and
Neu4 in human monocytic THP-1 cells [3]. The RT PCR data
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are a representation of two independent experiments showing similar
results. b Co-immunoprecipitation and Western blot analyses of
Neud and MMP9. HEK-TLR4/MD2 cells were left untreated as
media control. Cells were pelleted, lysed in lysis buffer and the protein
lysates were immunoprecipitated with indicated pg of anti-Neu4 or
anti-MMP9 for 24 h. The same protein lysates were immunoprecipi-
tated with anti-IgG isotype control antibodies. Immunocomplexes
were isolated using protein A or G magnetic beads, resolved by SDS-
PAGE and the blot probed with the indicated primary antibodies
followed with Clean-Blot IP Detection Reagent. The data are a
representation of one out of three independent experiments showing
similar results. ¢ Co-immunoprecipitation and Western blot anal-
yses of MMP9 and TLR4. BMC-2 macrophage cells were left
untreated as media control. Cells were pelleted, lysed in lysis buffer
and the protein lysates were immunoprecipitated with anti-MMP9 or
anti-TLR4 antibodies for 24 h. Immunocomplexes were isolated using
protein A or G magnetic beads, resolved by SDS-PAGE and the blot
probed with the indicated primary antibodies followed with Clean-Blot
IP Detection Reagent. The data are a representation of one out of four
independent experiments showing similar results

showed that in naive THP-1 cells, the Neu3-specific RNA
values were relatively high in comparison to the expression of
[3-actin as an internal control while Neu4-specfic RNA values
were absent. However, western blot analyses of the cell
lysates revealed that the Neu3 and Neu4 protein profiles did
not correlate with the mRNA values. The results revealed high
Neu4 protein values and very low Neu3 protein expression
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even though immunoprecipitation of Neu3 in the cell lysates
revealed Neu3 presence. Collectively, these findings provided
for the first time a varied post-transcriptional mechanism for
these two mammalian sialidases even when they have similar
functions [3]. Since Neu4 is expressed on the cell surface of
naive THP-1 cells as well as on WT and sialidosis type 1
fibroblast cells [3], we asked whether the Neu4 sialidase
activity associated with TQ treated live CD14-THP-1 cells is
attributed to increased Neu4 protein expression on the cell
surface or increased sialidase activity with time.

To test the latter hypothesis, we measured TQ-induced
sialidase activity in the cell suspensions of CD14-THP1 cells
using a Varioskan fluorescence spectrophotometer. To 50 uL. of
cell suspension (0.5x 10° cells/mL or 1.0x10° cells/mL) from
90% cell confluence in 25-cm? flasks of serum-free medium,
100 pg/mL TQ and 0.318 mM 4-MUNANA substrate were
added to MicroFluor black microtiter plates at different time
intervals or were left untreated as controls. The fluorescence
intensity readings were immediately taken over 4 min using
fluorescence emission at 450 nm and an excitation at 365 nm.
The data clearly show TQ-induced sialidase activity in live
CD14-THP1 cells. This activity was cell density dependent
(Fig. 4a) but decreased after 2 min and remained at a constant
level over 4 min. The sialidase activity in each of the cell
samples was calculated from a standard sialidase activity
curve (Fig. 4a) and expressed as milli Units (mU) per mg of
4-MUNANA for each of the time intervals.

To test for Neud protein levels on the cell surface, CD14-
THP-1 cells were stimulated with TQ for 5, 10, 15 and 30 min
or left untreated as controls. The immunolocalization of Neu4
together with TLR4 and MMP9 on the cell surface of these
cells was confirmed by flow cytometry using live cells
immunostained with either PerCP/Cy5.5 conjugated anti-
Neu4 antibodies (Fig. 4b), fluorescein conjugated anti-TLR4
antibody (Fig. 4c¢) or anti-MMP9 primary antibody followed
with Alexa fluor 488 conjugated secondary antibody
(Fig. 4d). The data shown here clearly indicate that 15,000
acquired live, untreated and TQ-stimulated CD14-THP1 cells
over the indicated time intervals showed significant immu-
nostaining for Neu4 and TLR4 expressions on the cell
surface. These data provide clear evidence to support Neud
stability on the cell surface after TQ treatment over 30 min. It
is interesting to note that there was a significant diminution of
MMP9 protein expression on the cell surface at 15 min of TQ
treatment but it rebounded to media control levels at 30 min.
These latter data appear to coincide with the biphasic response
of TQ-induced pNF«B activation at 15 min.

Physiological relevance of Neu4 sialidase in regulating
TQ-induced pro-inflammatory cytokines

If TQ-induced Neu4d sialidase activity is associated with
TLR4 receptors in live macrophage cells, we also asked if

TQ-induced Neu4 has a physiological relevance in regulat-
ing pro-inflammatory cytokines. Cytokine analyses were
performed to determine if mice treated with TQ were able
to produce pro-inflammatory responses. Cytokine profile
arrays of 40 different cytokines and chemokines were
executed on the serum extracted from wild-type, Neul
deficient and Neu4 knock-out (Neu4KO) mice before and
5 h after an intraperitoneal injection of 2 mg/kg of TQ.
Serum was incubated with pre-labeled membranes contain-
ing the antibodies for 40 different cytokines as described in
the R&D System Cytokine Array Profiling ARY066 kit
(R&D Systems, Inc., Minneapolis). The data in Figs. 5 and
6 indicate that WT and Neul-deficient mice had an increase
in the levels of most cytokines after treatment with TQ,
while the cytokine levels in the serum from Neu4 KO mice
remained the same or decreased after treatment with TQ.
Several pro-inflammatory cytokines were highly expressed
in the serum of the WT and Neul-deficient mice after
treatment with TQ including sSICAM-1, IFN-y, IL-1«, IL-
133, IL-6, TREM-1 and TNF-« (Fig. 5). Chemokines such
as CXCLI1, CCL2, MIP-1x and  (CCL 3 and 4
respectively), and MIP-2 (CXCL2) also increased by 2-
fold or more after TQ treatment of WT and Neul-deficient
mice (Fig. 5). WT and Neul-deficient mice treated with TQ
produced no increase in the anti-inflammatory cytokine IL-
10 with little fold increase in other anti-inflammatory
cytokines such as IL-4 (Fig. 6). Taken together, TQ induced
pro-inflammatory cytokines and chemokines are partially
dependent on Neu4 sialidase.

To further confirm TQ-induced pro-inflammatory cyto-
kines, RT-PCR analyses were also performed on RNA
extracts from untreated and TQ treated of HEK-TLR4/MD2
cells at 2, 4, 6 or 8 h. As positive controls, cells were
treated with 5 pug/mL LPS for 4 h. The relative amounts of
IL-6, TNF-x and MIP-13 mRNAs in naive, untreated and
TQ-treated HEK-TLR4/MD2 cells compared to RNA
encoding (3-actin are shown in Fig. 6b. The amount of
RNA encoding IL-6, TNF-a and MIP-13 was clearly
elevated after 4 h of TQ treatment in relation to the amount
of mRNA for {3-actin, LPS-treated positive controls and
untreated control cells. There was no evidence of mRNAs
for these cytokines after 6 h treatment with TQ. Taken
together, the data provide evidence to support the premise
that there is a definitive correlation between mRNA and
cytokine values for IL-6, TNF-o and MIP-1f3 following TQ
treatment in vitro and in vivo.

Discussion
The data presented in this report provide evidence for the

first time that MMP-9 may be an important intermediate
link in the TQ-induced Neu4 sialidase activity. Central to
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this process is that Neu4 forms a complex with MMP-9,
which is already bound to TLR4 receptors. Neu4 linked to
MMP9 can circuitously target TLR4 receptors. This would
actually make Neu4 tethered to TLR4 receptors readily
available to target sialyl residues, enabling removal of steric
hinderance to receptor association. Our data support this
hypothesis because TQ-induced Neu4 sialidase activity in
live TLR4-expressing cells promotes MyD88/TLR4 com-
plex formation and subsequent NFkB activation and cell
function.

It is noteworthy that TQ induces NFkB activation in a
biphasic manner (Fig. 1b). The data are in support of an
oscillatory pattern of NFkB activation in response to many
other stimuli [16]. The majority of NFkB resides in the
cytoplasm, bound to the IkB inhibitory family of proteins,
which include IkBe, IkBf3, IkBe, Bcel-3, p100, and p105.
These proteins function as inhibitors through ankyrin
repeats, which bind to the REL domain of NFkB and mask
the nuclear localization signal (NLS) site in preventing
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NFkB nuclear translocation. Activation of NF-kB is well
known to be mediated through the IkB kinase complex
(IKK), which has the function to phosphorylate two serine
residues on IkB proteins. The phosphorylation of these
residues causes the ubiquitination and subsequent degrada-
tion of IkB proteins by the 26S proteasome complex [17].
As a consequence, NFkB NLS is uncovered and nuclear
translocation occurs where it binds to its cognate DNA
sequence to stimulate gene expression. One of the numer-
ous genes induced by NF-«kB is its own IkB«x inhibitor [ 18—
21]. Depending on the activating signal and cell type, [kBo
inhibitor can be resynthesized. The newly synthesized
IkBax is then transported to the nucleus where it binds
and inhibits NF-kB DNA binding [22]. NF-kB is then
sequestered back to the cytoplasm through a nuclear export
signal located in the amino terminus of IkBo [23]. This
process would establish the signalling profile of a biphasic
NF-kB activation, which is dependent on the IKK/26S
proteasome pathway. Others have reported that TNFax
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Fig. 4 a TQ-induced sialidase activity in cell suspensions of CD14-
THP1 cells. Cells at 90% confluence in 25-cm? flasks were
resuspended in 5 ml of Tris-buffered saline. 50 uL of 0.5x10° cells/
mL or 1.0x10° cells/mL was added to 100 pg/mL TQ and 0.318 mM
4-MUNANA substrate; the remaining cells in the presence of substrate
were left untreated as controls. The fluorescence intensity readings
were immediately taken over 5 min using the Varioskan Fluorescence
Spectrophotometer (Type 3001, Microplate Instrumentation, Thermo
Electron Corporation, Vantaa, Finland) at emission 450 nm following
an excitation at 365 nm. The sialidase activity in the live cells was
calculated from a standard sialidase activity curve, and expressed as
milli Units per mg of 4-MUNANA after subtracting endogenous
background sialidase activity in untreated cells in the presence of
substrate. The average background endogenous sialidase activity in the
control untreated live cells was 451.7 mU per mg 4-MUNANA taken
at different time intervals. Standard sialidase activity curve at the
indicated reaction times was determined using 50 puL of neuraminidase
(Clostridium perfringens; a specific activity of 1 U per 1.0 mmole of
N-acetylneuraminic acid per minute) at different units/mL added to
50 uL of 0.318 mM 4-MUNANA substrate. The relative fluorescence
intensity readings (RFU) were immediately taken over 5 min using the
Varioskan Fluorescence Spectrophotometer. b Flow cytometry anal-
ysis of Neu4 expressed on the cell surface of live CD14-THP1 cells
treated with TQ for 0-30 min. Live cells were treated with 100 pg/
mL TQ at the indicated time intervals, washed and stained for CD14
and Neud. Histograms show staining for CD14 with fluorescein
conjugated anti-CD14 antibody and for Neu4 with PerCP/CyS5.5
tandem conjugated rabbit polyclonal anti-Neu4 after incubation on
ice for 30 min. Stained cells were analyzed by Beckman Coulter Epics
XL-MCL flow cytometry and Expo32 ADC software (Beckman
Coulter). Overlay histograms are displayed. Control unstained live
cells (auto) are represented by the gray-filled histogram. Live cells
stained with anti-CD14 or anti-Neu4 antibodies are depicted by the
unfilled histogram with the black line. The mean channel fluorescence

induces NFkB activation in a biphasic manner [16]. They
have shown that the regulation of the first transient phase is
mediated by the degradation and subsequent resynthesis of
IkBx, as well as by a TNFx-induced expression of a tumor
necrosis factor (TNF)-inducible NFkB-regulated zinc finger
protein (A20). The second phase activity correlates with the
persistent down-regulation of both IkBx and IkBf3 pro-
teins, derived from a continuous TNFa signal. In our
studies, the TQ-induced biphasic NFkB activation appears
to follow the similar signalling profile of the TNF pattern.

With regard to TLR receptors, we have shown that Neu4
does not form a complex with TLR-2, —3 and —4 receptors
[1]. However, we did report an unprecedented membrane
controlling mechanism that is initiated by ligand binding to
TLR-2, =3 and —4 to induce Neul sialidase activity within
minutes in live primary bone marrow (BM) macrophage
cells and macrophage and dendritic cell lines [1]. The
premise is that Neul and not the other mammalian
sialidases Neu2, —3 and —4 forms a complex with TLR-2,
—3 and —4 on the cell surface of naive macrophage cell
lines. Endotoxin LPS binding to TLR4 induces Neul with
subsequent activation of NFkB and the production of nitric
oxide and pro-inflammatory IL-6 and TNF« cytokines in
primary and macrophage cell lines [1]. The mechanism of

(MCF) for each histogram is indicated for 15,000 acquired cells (50%
gated). The data are a representation of one out of three experiments
showing similar results. ¢ Flow cytometry analysis of TLR4
expressed on the cell surface of live CD14-THP1 cells treated with
TQ for 0, 15 and 30 min. Live cells were treated with 100 pg/mL TQ
at the indicated time intervals, washed and stained for TLR4.
Histograms depict staining for TLR4 with fluorescein conjugated
anti-TLR4 antibody after incubation on ice for 30 min. Stained cells
were analyzed as described in (b). Non-stained live cells (auto) are
represented by the gray-filled histogram. Live cells stained with anti-
TLR4 antibodies are depicted by the unfilled histogram with the black
line (0 min TQ untreated), blue line (15 min TQ treatment) and purple
line (30 min TQ treatment). The mean channel fluorescence (MCF) for
each histogram is indicated for 15,000 acquired cells (50% gated). The
data are a representation of one out of three experiments showing
similar results. d Flow cytometry analysis of MMP9 expressed on
the cell surface of live CD14-THP1 cells treated with TQ for 0, 15
and 30 min. Live cells were treated with 100 pg/mL TQ at the
indicated time intervals, washed and stained for MMP9. Histograms
depict staining for MMP9 with rabbit polyclonal anti-MMP9 antibody
after incubation on ice for 30 min followed with AlexaFluor 488
conjugated F(ab’), secondary antibody for 30 min. Stained cells were
analyzed as described in (b). Non-stained live cells (auto) are
represented by the gray-filled histogram. Live cells stained only with
AlexaFluor 488 conjugated F(ab’), secondary antibody are depicted by
the unfilled histogram with the dashed line. Live cells stained with
anti-MMP9 antibodies and AlexaFluor 488 conjugated F(ab’),
secondary antibody are depicted by the unfilled histogram with the
black line (0 min TQ untreated), blue line (15 min TQ treatment) and
purple line (30 min TQ treatment). The mean channel fluorescence
(MCF) for each histogram is indicated for 15,000 acquired cells (50%
gated). The data are a representation of one out of three experiments
showing similar results

TLR receptor activation by ligand binding to its respective
receptors was found to be dependent on the removal of «2-
3 sialyl residues linked to 3-galactoside of TLR4 by the
Neul activity associated with LPS-stimulated live primary
macrophage cells, macrophage and dendritic cell lines but
not with primary Neul-deficient macrophage cells [2].
Since Neul and Neu4 mammalian sialidases have similar
substrate specificities [15], it would be most likely that
Neud also targets «2-3 sialyl residue(s) linked to [3-
galactoside of TLR4. Since Neu4 does not form a complex
with TLR4 receptors like Neul [1], the data in this report
supports an unprecedented molecular signaling platform
involving MMP9 bound to TLR4 as the intermediary linker
for Neu4 in targeting «2-3 sialyl residue(s) linked to f(3-
galactoside residues of TLR4 receptors.

For the first time, we also reported a novel activation of
Neud sialidase on the cell surface of live macrophage,
dendritic, and fibroblast cells by thymoquinone derived
from the extract of Nigella sativa black seed (cumin) oil
[3]. The findings also provided evidence for the potentia-
tion of GPCR-signaling via membrane targeting of Gai
subunit proteins and matrix metalloproteinase-9 activation
in inducing Neu4 sialidase by TQ on the cell surface.
Central to this process is that Neu4 in alliance with GPCR-
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Fig. 5 In vivo TQ induced serum cytokine production in wild-type
(WT), Neul-deficient (Neul deficient and cathepsin A deficient)
and Neu4 KO (Neud knockout) mice. Five mice in each group were
bled before (no TQ) and 5 h after i.p. injection with 2 mg/kg of TQ per
mouse. Serum was extracted from blood and immediately analyzed for
cytokine and chemokine array profiling with R&D System Cytokine
Array Profiling kit. The serum was mixed with the antibody detection
cocktail for 1 h at room temperature followed by an overnight
incubation with the membranes at 4°C. Membranes were then
incubated with streptavidin-HRP for 30 min at room temperature.
Quantitative analysis was done by assessing the density of spot
staining corrected for background in each panel image using Pierce
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chemiluminescent detection reagents and Fluorchem HD2 Imaging
System. The histograms depict fold increase by dividing the pixel
density after TQ treatment by the pixel density of the untreated sample
of the same mouse. Fold increases of greater than one represent an
increase in cytokine production after treatment with TQ whereas fold
values less than one represent a decrease in cytokine production after
treatment. The controls depicted in each of the images are the three
positive control spot signals used to identify the spot array signals in
the developed film by placing the kit’s transparency overlay on the
array image and aligning it with the three pairs of positive control
spots in the corners of each array. These data represent one of eight
individual experiments showing similar results
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Fig. 6 a Sera from the same TQ treated mice as described in Fig 5
were analyzed for other cytokines with cytokine and chemokine array
profiling using the R&D System Cytokine Array Profiling kit and
analyzed similarly. b Expression of RNA-specific IL-6, MIP-1(3 and
TNF« in naive and TQ- and LPS-treated HEK-TLR4/MD2 cells.
Cells were cultured in medium or in the presence of 100 pg/mL of TQ
for 2, 4, 6, or 8 h, or with LPS for 4 h as a positive control. The
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indicated cytokine mRNAs were evaluated by RT-PCR analysis using
total RNAs from naive and TQ- and LPS-treated cells. Amplification
of f3-actin mRNA served as an internal control for RNA loading.
Samples were run on a 1.2% agarose gel containing ethidium bromide.
Bands were visualized using Fluorchem HD2 Imaging System. The
data are a presentation of one out of three independent experiments
showing similar results



Glycoconj J (2010) 27:583-600

597

signaling Gai subunit proteins and MMP-9 is expressed on
the cell surface of human monocytic THP-1 cells, human
WT and WG0544 sialidosis type 1 fibroblast cells and
BMC-2 macrophage cells. How Neu4 sialidase is rapidly
induced by MMP-9 together with GPCR Gui subunit
proteins remains unknown. We would predict that TQ may
target a putative cell surface Guai-sensitive pertussis toxin
GPCR as previously described [3]. The findings in this
report are consistent with this prediction. Pertussis toxin
and the MMP inhibitor galardin completely inhibit TQ-
induced MyD88/TLR4 complex formation and subsequent
NFkB activation in HEK-TLR4/MD2 cells and primary
BM macrophages. According to other reports, agonist-
bound GPCRs have been shown to activate numerous
MMPs [4], including MMP-3 [5], MMPs 2 and 9 [6, 7], as
well as members of the ADAM family of metalloproteases:
ADAMI10, ADAM15 and ADAM17 [8, 9].

Using flow cytometry analyses, we have also shown that
both Neu4 and MMP-9 are expressed on the cell surface of
live macrophage and fibroblast cells [3]. Also, Neud4 was
found to be expressed on the cell surface of human
sialidosis type I fibroblast cells, which are genetically
deficient in Neul, and predictably TQ was found to induce
Neud sialidase activity in these live sialidosis type I
fibroblast cells. Seyrantepe et al. have shown that Neu4
can completely eliminate undigested substrates of Neul and
restore normal morphological phenotype of the lysosomal
compartment in these Neul-deficient sialidosis fibroblasts
[15]. For Neu4 expression on the cell surface, our findings
are surprising in lieu of the fact that primary structural
analyses of Neu4 rules out the possibility of it being a
transmembrane protein [24]. Thus, the subcellular distribu-
tion of the short and long forms of Neu4 [25] and their
membrane anchoring mechanism still remains to be
determined. Using protein extraction and cross-linking
experiments, Bigi et al. demonstrated that both forms of
Neud are actually extrinsic membrane proteins, anchored
via protein-protein interactions [24]. Confocal microscopy
and subcellular fractionation experiments have revealed that
the long form localizes in the mitochondria bound to the
outer mitochondrial membrane, while the short form is
associated with the endoplasmic reticulum [24]. In addition,
we provided evidence to indicate that Neu4 is an extrinsic
cell surface membrane protein, and the data in this and our
previous report [3] suggest that Neu4 may be anchored
there via its interaction with matrix metalloproteinase-9. In
this present report, the expression of Neu4 and TLR4 was
found to be stable on the cell surface over 30 min of TQ
treatment, suggesting that the observed TQ-induced siali-
dase activity is not due to the Neu4 enzyme being released
in the extracellular environment. In addition, we have
shown using a newly developed sialidase assay [1-3, 26]
that live cells treated with the substrate alone did not show

any fluorescence surrounding the cells [3]. Instead, they
revealed an internal blue fluorescence indicating substrate
internalization by the cell suggesting the catabolism of the
fluorescent substrate can occur intracellularly. However,
when the cells were treated with TQ together with the
substrate, the sialidase activity as revealed by a fluores-
cence (Aem 450 nm) surrounding the cells was variable
from being largely cell associated to nearly totally diffused
within seconds. Taken together, these results suggested that
the diffuse fluorescence associated with TQ treated cells is
due to an activation of a cellular sialidase on the cell
surface [3].

In studies where mice were pre-treated with intraperitoneal
(i.p.) injections of TQ prior to being challenged with the
ovalbumin (OVA) antigen, TQ was found to alter the balance
of T-cell responses by decreasing the Th2 response and
shifting it towards the Th1 phenotype [27, 28]. In essence, TQ
treatment shifted the response from humoral to cellular
immunity as evidenced by a decrease in IL-4, IL-5 and IL-13
and an increase in IFN~y production [27]. It is noteworthy
that bronchoalveolar lavage (BAL) fluid 24 h after the last
OVA challenge were collected and Th2 (IL-4, IL-5, and IL-
13) and Thl (IFN-y) cytokine levels were assessed using
ELISA. OVA sensitization and challenge significantly
induced the production of IL-4, IL-5, and IL-13, whereas it
had a modest effect on IFN-y production. However, when
mice were treated with TQ for 5 days before airway
challenge with OVA antigen, they found that not only TQ
normalized the increased levels of Th2 cytokines but also
induced IFN-y production. In our studies, we collected
serum before and 5 h after i.p. administration of the same
dosage (3 mg/kg) of TQ as used above. We found that the
TQ treatment alone during this time period produced a 1.5 to
2-fold increase in IL-4 and IL-5 in the serum and a marked
increase in IL-13 (4-fold) and IFNy (7-fold).

Studies using the mouse model of bronchial asthma also
showed that TQ inhibited the generation of inflammatory
indicators such as thromboxane B2 and leukotriene B4 [29]. It
is believed that these properties of TQ may have resulted
from TQ targeting arachidonic acid metabolism, specifically
the cyclooxygenase and 5-lipoxygenase pathways through an
unknown mechanism [30]. Experiments using an adjuvant-
induced model of arthritis in rats showed that TQ was able to
reduce inflammation in the inter-phalangeal joints of arthritic
rats [31]. Treatment with TQ was also found to reduce soft
tissue swelling and joint erosion as measured by arthogra-
phies. Collagen-induced production of pro-inflammatory
cytokines, TNF-« and IL-13, was reduced after TQ
treatment in mice [31]. In other studies, lipopolysaccharide
(LPS) stimulation of the rat basophil cell line (RBL2H3) was
used as a mast cell model of inflammation since these cells
resemble mucosal mast cells that mediate Th2 cell responses
and contribute to chronic inflammation [28]. TNF-a pro-
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duction and NFkB activation were used as indicators of
inflammation caused by a Thl cell response. When the cells
were treated with TQ, there was a significant decrease in
TNF-o«c mRNA production compared to LPS stimulated cells
[28]. There was a reduction in the LPS-induced Th1 immune
response with TQ treatment. In another study, it was found
that LPS-treated basophil cells together with TQ had the
same amount of NFkB in the cytosol and nucleus as those
cells treated with LPS alone. Conversely, there was an
increase in the amount of NFkB p50 homodimer binding to
the promoter to repress the genes for pro-inflammatory TNF-
« [28]. This decrease in TNF-« expression correlated with
protection from LPS-induced colitis. The reduction of LPS-
induced TNF-« with TQ treatment has also been observed in
vivo [27, 28]. In our studies, we have observed that TQ alone
can induce NF«B activation in macrophage cells similar to
LPS treatment. WT and Neul-deficient mice treated with
only TQ for 5 h produced a 2-fold increase in TNF-« in the
serum. It is noteworthy that TQ also induced a marked 12-
fold increase in IL-1 receptor antagonist (IL-1ra), 7-fold
increase in IL-13 and a 4-fold increase in IL-1x in these
mice. In contrast, Neu4 knockout mice responded poorly to
TQ treatment in producing any of the cytokines and
chemokines measured. The IL-1 receptor antagonist (IL-
1Ra) is a natural protein that competitively inhibits the
binding of IL-13 and IL-1« to IL-1 receptor types I and II in
humans and various animals. Unlike IL-1, binding of IL-1ra
to the IL-1R1 receptor prevents the docking of the IL-1
receptor accessory proteins (IL-1R AcP) to form the
heterotrimeric complex that is necessary for signalling and
therefore inhibits IL-1-mediated effects [32]. Although IL-1
is a master regulator of diverse inflammatory processes in
higher eukaryotes, it is the balance between interleukin-1
(IL-1) and its specific inhibitor, the IL-1 receptor antagonist
(IL-1Ra), which plays a major role in the development of
arthritis [33]. IL-1ra may also be the key blocker in IL-1 role
in numerous autoimmune disorders including rheumatoid
arthritis [32, 34, 35], diabetes [36], cardiovascular diseases
[37] and cancer [38].

The above studies showing TQ acting as an anti-
inflammatory agent appear to work with LPS-induced
inflammation over several days of treatment. In our studies,
TQ appears to have the maximum effect on macrophage cells
during a 4-5 h period of stimulation. The amount of RNA
encoding IL-6, TNF-& and MIP-1[3 was clearly elevated after
4 h of treatment with TQ in relation to the amount of mRNA
for -actin and LPS-treated positive controls. However, there
was no evidence of mRNAs for these cytokines after 6 h
treatment with TQ. Interestingly, we have also reported that
hypomorphic cathepsin A mice with a 90% secondary Neul
deficiency respond poorly to LPS in producing pro-
inflammatory cytokines after 5 h intraperitoneal treatment
compared to those elevated responses observed with the wild-
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type (WT), hypomorphic cathepsin A with normal Neul mice
and Neu4-knockout (Neud4-KO) mice [1]. In contrast, the
findings in this report clearly indicate that WT and the Neul-
deficient mice had a general increase in the levels of pro-
inflammatory cytokines and chemokines after 5 h treatment
with TQ while for the Neu4 KO mice the serum levels
remained the same or decreased after treatment with TQ.
Collectively, TQ induced pro-inflammatory cytokines and
chemokines are partially dependent on Neu4 sialidase.

In conclusion, the data presented in this report suggest
that thymoquinone (TQ), a derivative of the nutraceutical
black seed (cumin) oil induces Neu4 sialidase activity in
live primary macrophages and macrophage cells as well as
in live HEK-TLR4/MD2 cells. This TQ-induced Neu4
sialidase activity facilitates MyD88/TLR4 complex forma-
tion and subsequent NFkB activation. Tamiflu, GPCR Gui-
sensitive pertussis toxin and broad range MMP inhibitor
galardin completely block TQ-induced MyD88/TLR4 com-
plex formation and NFkB activation. Neu4-knockout mice
respond poorly to TQ-induce serum pro-inflammatory
cytokines and chemokines compared to elevated responses
observed with wild-type and hypomorphic cathepsin A
mice with a 90% secondary Neul deficiency mice. Taken
together, the findings establish an unprecedented activation
of Neu4 sialidase on the cell surface by TQ, which
circuitously targets TLR4 receptors. This report signifies
for the first time an unprecedented mechanism used by TQ
to target TLR4 receptors. The data supports a novel
paradigm signifying that MMP-9 forms an important
molecular signaling platform in complex with TLR4
receptors at the ectodomain and acts as the intermediate
link for TQ-induced Neu4 activity. The data provide
supporting evidence for Neu4 in complex with MMP-9
using this platform to circuitously target TLR4 receptors,
enabling removal of steric hinderance for receptor associ-
ation in generating a functional receptor.
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