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Abstract
Muramyl dipeptide (MDP), the NOD2 agonist, induces NF-κB and MAPK activation leading to the
production of anti-microbial and pro-inflammatory molecules. MDP is internalized into acidified
vesicles in macrophages. However, the endocytic mechanism of MDP uptake that induces NOD2
signaling is unknown. We now report the identification of an endocytosis pathway dependent on
clathrin and dynamin that mediates MDP internalization and NOD2 activation. Intracellular MDP
uptake was inhibited by chlorpromazine, a drug that disrupts clathrin-dependent endocytosis, but not
by compounds that block pinocytosis or cellular entry via scavenger or mannose receptors. In
contrast, MDP uptake and NOD2-dependent signaling were unimpaired in macrophages deficiency
in PepT1, a peptide transporter previously implicated in MDP internalization. Both chlorpromazine
and knockdown of clathrin expression by RNA interference attenuated MDP-induced NF-κB and
MAPK activation. Furthermore, MDP uptake and NOD2-dependent signaling were impaired by
inhibition of dynamin, a GTPase required for budding of clathrin-coated vesicles from the plasma
membrane. Finally, bafilomycin A, a specific inhibitor of the vacuolar proton pump, blocked MDP
accumulation in acidified vesicles and cytokine responses, suggesting that vacuolar maturation is
important for MDP-induced NOD2 signaling. These studies provide evidence for a clathrin- and
dynamin-dependent endocytosis pathway that mediates MDP uptake and NOD2 activation.
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INTRODUCTION
NOD2 is a member of the nucleotide-binding oligomerization domain (NOD)-like receptor
(NLR) family (1). Several NLRs including NOD2 function as intracellular pattern-recognition
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receptors that sense microbial moieties that are shared by a large number of bacteria (2). NOD2
is activated by peptidoglycan (PGN)-derived molecules containing muramyl dipeptide (MDP)
that are produced by both Gram-negative and Gram-positive bacteria (3,4). Upon MDP
recognition, NOD2 induces the activation of the transcription factor NF-κB and the mitogen-
activated protein kinases (MAPKs) via the serine-threonine kinase RICK (also called RIP2)
(3,5-8). Recent studies have demonstrated that K63-linked regulatory ubiquitination of RICK
is essential for the recruitment of TAK1 (9,10), a kinase required for the activation of the
MAPKs and the I-κBα kinase (IKK) complex (11). The importance of NOD2 in inflammatory
homeostasis is underscored by the observation that mutations in the NOD2 gene increase the
susceptibility to inflammatory disorders, including Crohn's disease and Blau's syndrome
(12-15). Although the precise mechanisms by which NOD2 mutations promote disease remain
unclear, several studies have demonstrated that Crohn's disease-associated NOD2 variants are
deficient in MDP recognition whereas those linked to Blau's syndrome exhibit constitutive
activity (3,16).

The NOD2 signaling pathways induced by MDP stimulation have been largely defined (1,2).
However, the cellular mechanism that mediates MDP uptake to induce NOD2 activation and
signaling is poorly understood. In intestinal epithelial cell lines, there is evidence that MDP
can be internalized through the peptide PepT1 transporter, but it is unclear if this mechanism
is involved in MDP-induced signaling in cells such as macrophages that normally express
NOD2 (17-20). After MDP exposure, macrophages internalized the NOD2 agonist in acidified
vesicles (22). However, the endocytic pathway responsible for MDP uptake is unknown.
Furthermore, it remains unclear whether endocytosis of MDP is important for NF-κB and
MAPK activation induced via NOD2. In these studies, we have identified clathrin- and
dynamin-dependent endocytosis, but not the peptide PepT1 transporter, as the mechanism for
the uptake of MDP which is critical for MDP-induced NOD2 activation and signaling.

MATERIALS AND METHODS
Mice and Cells

C57BL/6 mice were purchased from the Jackson Laboratory. PepT1 knockout (KO) mice in
C57BL/6 background generated by homologous recombination have been described (21). Mice
were housed in a pathogen-free facility. The animal studies were conducted under approved
protocols by the University of Michigan Committee on Use and Care of Animals. Bone
marrow-derived macrophages were prepared as described (23). Human monocytes were
purified from peripheral blood mononuclear cells of healthy volunteers by adherence to plastic
dishes (24). Briefly, venous blood was drawn from the cubital vein into EDTA tubes and
mononuclear cells were isolated by density centrifugation of blood diluted 1:2 in PBS over
Ficoll-Paque (Pharmacia Biotech). Cells were washed twice in PBS and suspended in culture
medium (RPMI 1640) supplemented with antibiotics, 10mM L-glutamine and 10mM Pyruvate.
Mononuclear cells were incubated at 2-3 × 106 /ml in plastic dishes for 1 hr, washed to remove
non-adherent cells and adherent cells recovered by scraping in PBS without Ca++ and Mg++

and replated in complete medium. Human HEK293T cells were cultured in Dulbecco's
modified Eagle's medium + 10% fetal bovine serum + penicillin/streptomycin.

Reagents and Plasmids
Ultrapure LPS from Escherichia coli 0111:B4 was purchased from Invivogen. Human TNF-
α was purchased from Roche. MDP (Ac-muramyl-Ala-D-Glu-NH2) was purchased from
Bachem. MDP labeled with alexa-488 (MDP-Alexa488) and rhodamine B (MDP-Rhodamine)
have been described (22). Fluorescent low density lipoprotein (LDL-BODIPY) was purchased
from Invitrogen. Bafilomycin A, chlorpromazine (CPZ), dimethilamyloride, polyinosinic acid
and mannans from Sacharomyces cerevesiae were purchased from Sigma. Dynasore was
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synthesized by Dr. Henry Pelishand and generously provided by Dr. Tom Kirchhausen
(Harvard Medical School) (25). The luciferase NF-κB reporter assay using the NOD2
expression construct, pMXp-HA-NOD2, the luciferase reporter plasmid pBVIx-Luc, and the
pEFBOS-βgal used for normalization have been reported (26). Plasmid expressing dominant
negative dynamin II (K44A), dynaminK44A, and the parental control plasmid were provided
by Dr. Theodora Ross (University of Michigan Medical School). Lentiviral constructs
expressing small hairpin RNAs ( shRNA ) (shRNA1:
CCGGGCCCAAATGTTAGTTCAAGATCTCGAGATCTTGAACTAACATTTGGGCTTT
TT; shRNA2:
CCGGGCCAATGTGATCTGGAACTTACTCGAGTAAGTTCCAGATCACATTGGCTT
TTT) for silencing the human clathrin heavy chain gene were purchased from Sigma.

cDNA synthesis and real-time PCR
Total RNA was extracted from cultured macrophages derived from WT and PepT1 KO mice
using the RNeasy Plus Mini Kit (Qiagen) and cDNA was synthesized using SuperScripIII
Reverse Transcriptase (Invitrogen) according to manufacturer's instructions. Real-time PCR
was performed using TaqMan PCR Master Mix (Applied Biosystems). The PCR conditions
were as follows: initial denaturation for 10 min at 95 °C, followed by 40 cycles of 15 s at 95
°C and 1 min at 60 °C. The primer sequences were: PepT1 Forward,
CTTGGAGCCACCACAATGG; PepT1 Reverse, ACAGAATTCATTGACCACGATGA;
PepT1 Probe, 5'-/56-FAM/-TTGCTTCGGTTACCCGTTGAGCATCT -/36-TAMSp/-3 ';
PepT1Standard ,
CCGGAGCCTTGGAGCCACCACAATGGGGATGTCCAAGTCTCGGGGTTGCTTCGG
TTA CCCGTTGAGCATCTTCTTCATCGTGGTCAATGAATTCTGTGAAAGA;
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) Forward,
GAGACAGCCGCATCTTCTTGT; GAPDH Reverse, CACACCGACCTTCACCATTTT;
GAPDHProbe , 5'-/56-JOE/-CAGTGCCAGCCTCGTCCCGTAGA-/36-TAMSp/-3 '; G A P
D H S t a n d a r d ,
TCCCTGTTCCAGAGACAGCCGCATCTTCTTGTGCAGTGCCAGCCTCGTCCCGTAG
AC AAAATGGTGAAGGTCGGTGTGAACGGATTTG.

Luciferase Reporter Gene Assays
HEK293T cells were plated at 4 × 104 cells/ml in 24-well plates and transfected with plasmid
DNA using Lipofectamine PLUS (Invitrogen) in triplicate. Transfected cells were stimulated
for 16-18 h with 100 ng/ml MDP or 10 ng/ml of human TNF-α, lysed in 1x reporter lysis buffer
(Promega) and cell extracts assayed for luciferase and β-galactosidase activity (26). The
luciferase activity was normalized for transfection efficiency using β-galactosidase values.

Clathrin heavy chain gene knockdown
HEK293T cells were plated at 4 × 104 cells/ml in 24-well plates and transfected with 500 ng/
well of the indicated shRNA plasmid using Lipofectamine PLUS (Invitrogen). After 48 hrs,
cells were transfected with plasmid DNA for luciferase reporter gene assays and stimulated as
described before.

Immunoblotting
For analysis of Iκ-Bα, p38, JNK and ERK phosphorylation, cells were treated for 30 min with
medium alone or medium containing chlorpromazine or dynasore, and then stimulated with
MDP (10 μg/ml) for the time indicated in the figures. Immunoblotting was performed using
phospho-specific antibodies (Cell Signaling Technology) as described (8). For analysis of
clathrin heavy chain gene knockdown, HEK293T cells were plated in 6-well plates and were
transfected with 2 μg/well of control shRNA plasmid, shRNA(-), or shRNA targeting the
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clathrin heavy chain. 48 h after transfection, cell lysates were prepared and immunoblotted
with anti-clathrin heavy chain antibody or anti-β-actin antibody as a control (BD Biosciences).

Inhibitor treatments
In the different MDP-uptake or MDP-stimulation experiments, bafilomycin A was used at 10
nM (27), CPZ was used at 5-20 μM (27,28), dimethylamiloride at 500 μM (28), polyinosinic
acid at 50 μg/ml (28), mannans at 1 mg/ml (30), and dynasore at 80 μM (25). Cells were
pretreated with each inhibitor for 30 min and then further incubated with the corresponding
stimuli, in the presence of the inhibitor, for the time indicated in figure legends. Dynasore
experiments were performed in media without serum.

Cytotoxicity assay
The percentage of macrophage death was determined by measurement of the release of LDH
after incubation with the CytoTox 96 nonradioactive cytotoxicity assay (Promega). The
absorbance at 490 nm was measured, and the percentage of cell death was calculated as follows:
[(experimental release - spontaneous release) / (maximum release-spontaneous release)] × 100,
where 'spontaneous release' is that found in untreated macrophages and 'maximum release' is
the value obtained after lysis of macrophages with a solution of 0.1% Triton-X100.

Flow cytometry
Macrophages were plated at 5 × 105 cells/well and treated with medium alone or medium
containing the indicated inhibitors for 30 min, and then incubated for 1 hour with
MDPAlexa488 (20 μg/ ml) or with LDL-BODIPY (1 μg/ml). Cells were fixed and analyzed
using a FACSCalibur Cytometer (BD Biosciences) at the University of Michigan Flow
Cytometry Core Facility.

Fluorescence microscopy
For MDP-labeled uptake experiments, cultured macrophages were incubated with medium
alone or medium containing CPZ or polyinosinic acid for 30 min, and consequently incubated
with MDP- Rhodamine (20 μg/ml) for 3 h. In all experiments, nuclei were stained with nucleic
acid dye 4', 6'-diamino-2-phenylindole (DAPI; Molecular Probes) and the cells were fixed with
2.5% paraformaldehyde. Samples were imaged using an Olympus Fluoview-500 Confocal
laser scanning microscope at the University of Michigan Microscopy and Image Analysis
Facility.

Statistical analysis
Statistical significance between groups was determined by two tailed Student's t test.
Differences were considered significant when p < 0.05.

RESULTS
The PepT1 transporter is dispensable for intracellular internalization of fluorescent-labeled
MDP and MDP-induced signaling in mouse macrophages

It has been reported that the plasma membrane transporter, PepT1, can translocate MDP into
the cytosol of epithelial cells (17,18). PepT1 is expressed primarily at the apical membrane of
intestinal epithelial cells, but its expression is also detected in human monocytes (20). To
determine the requirement of PepT1 for MDP uptake and signaling, we used macrophages
from genetically modified mice in which PepT1 has been disrupted by homologous
recombination. In wild-type mice, PepT1 was expressed in bone marrow-derived macrophages
although at lower levels than in the small intestine (Fig. 1A). As expected, the expression of
PepT1 was undetectable in macrophages from PepT1-null mice (Fig. 1A). 3 hrs after
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incubation, Rhodamine-labeled MDP was found intracellularly in a punctate granular pattern
in macrophages which is in line with previous results (22). Notably, the intracellular
localization of MDP was unimpaired in macrophages deficient in PepT1 (Fig. 1B).
Furthermore, NF-κB activation as well as phosphorylation of p38, JNK and ERK in response
to MDP was comparable in wild-type and PepT1-null macrophages (Fig. 1C). Finally,
enhancement of LPS-induced IL-6 and TNF-α production by MDP was unimpaired in PepT1
mutant macrophages (Fig. 1D and E). These results indicate that PepT1 is not required for
intracellular internalization of MDP and MDP-induced signaling in macrophages.

Uptake of fluorescent-labeled MDP is inhibited by chlorpromazine in mouse macrophages
To study the mechanism by which MDP is internalized, macrophages were pre-treated with
compounds that target several processes of cellular entry followed by incubation with
Alexa-488-labeled MDP. We first assessed CPZ, a drug that disrupts clathrin-mediated
endocytosis. Pilot studies showed that CPZ at concentration of 5 μM or lower induced less
than 10% toxicity in mouse macrophages when evaluated 3.5 hrs after addition of the drug
(Fig. 2A). Incubation of macrophages with 5 μM of CPZ inhibited MDP uptake by ~ 50-60%
as assessed by flow cytometric analysis (Fig. 2B). In contrast, incubation with
dimethylamiloride, an inhibitor of pinocytosis, polyinosinic acid or mannan, specific inhibitors
of scavenger receptors or entry via mannose receptors, respectively, did not affect MDP uptake
(Fig. 2B). The inhibition of MDP uptake by CPZ was similar to that of fluorescent LDL, a
molecule known to be internalized by clathrin-mediated endocytosis (Fig. 2C). Importantly,
incubation of macrophages with MDP induced NF-κB and MAPK activation as determined
by immunoblotting with antibodies recognizing phosphorylated forms of IκBα and Erk and
this response was attenuated in macrophages pre-treated with 5 μM of CPZ (Fig. 2D).
Consistently, intracellular localization of MDP-Rhodamine was inhibited in macrophages
treated with CPZ, but not polyinosinic acid (Fig. 2E). These studies suggest that MDP uptake
is regulated by a clathrin-dependent endocytosis pathway and inhibition of this pathway
attenuates signaling induced by MDP in macrophages.

Clathrin-dependent endocytosis pathway regulates MDP-induced responses in HEK293
epithelial cells

We next tested if CPZ affects NF-κB activation in HEK293 cells, an epithelial cell line that
responds to MDP stimulation when NOD2 is ectopically expressed (31). Expression of NOD2,
but not control plasmid, induced NF-κB activation by MDP in HEK293 cells as measured by
reporter luciferase assay (Fig. 3A). Treatment with CPZ, but not with mannan or polyinosinic
acid, inhibited MDP-induced NF-κB activation (Fig. 3A). The effect of CPZ was specific in
that NF-κB activation induced by TNF-α was unimpaired in CPZ-treated HEK293 cells when
compared to that induced with MDP (Fig. 3B). To further assess the role of clathrin-dependent
endocytosis in MDP-induced signaling, HEK293 cells were transfected with two short hairpin
RNA (shRNA) constructs that target the clathrin heavy chain gene or control shRNA construct.
Immunobloting analysis revealed downregulation of clathrin heavy chain levels by the two
different shRNAs when compared to control shRNA construct (Fig. 3C). Functional assays
revealed that both shRNAs against the clathrin heavy chain gene attenuated MDP-induced NF-
κB activation, but were ineffective in inhibiting that induced by TNF-α stimulation (Fig. 3D
and E). These results suggest that clathrin-dependent endocytosis pathway regulates MDP-
induced signaling in HEK293 cells.

Dynasore inhibits MDP uptake and MDP-induced caspase-1 activation
Dynamin proteins are GTPases that are essential for budding of clathrin vesicles from the
plasma membrane (32). To further assess the role of dynamin in MDP internalization and
signaling, macrophages were treated with dynasore, a cell-permeable inhibitor of dynamin
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(25). Intracellular uptake of Rhodamine-labeled MDP was inhibited by pre-treatment of
macrophages with dynasore (Fig. 4A). Macrophage cell death after incubation with 8 hrs with
dynasore at 80 μM in serum-free mediun was less than 5% and increased to ~25% by 24 hrs
of incubation (Fig. 4B). Notably, stimulation of human monocytes with MDP induced IL-1β
secretion which was abrogated by treatment with dynasore (Fig. 4C). Furthermore in mouse
macrophages dynasore inhibited caspase-1 activation induced by MDP and ATP (Fig. 4D).
These results suggest that MDP is internalized by a dynamin-dependent endocytosis pathway
which is critical for MDP-induced caspase-1 activation and IL-1β secretion.

Functional dynamin is required for MDP-induced signaling
We next investigated whether MDP internalization and signaling was dependent on dynamin
using construct that expresses dominant negative dynamin II (K44A) (33). HEK293 cells were
co-transfected with NOD2 or control plasmid in the presence or absence of the dynamin (K44A)
mutant construct. Stimulation of the cells with MDP induced NF-κB activation in a NOD2-
dependent manner which was greatly inhibited by the dominant interfering dynamin construct,
but little or not at all by control plasmid (Fig. 5A). In contrast, expression of dynamin (K44A)
did not affect NF-κB activation induced by TNF-α when compared to that observed with control
plasmid (Fig. 5B). Importantly, ERK and Iκ-Bα phosporylation induced by MDP in mouse
macrophages was impaired by treatment with dynasore (Fig. 5C). In line with these results,
secretion of IL-6 and TNF-α by mouse macrophages or IL-8 by human monocytes in response
to MDP was reduced in cells treated with dynasore (Fig. 5D-F). Similar uptake of labeled-
MDP was observed in mouse macrophages and human monocytes as determined by flow
cytometric analysis (data not shown). These results suggest that the dynamin-dependent
endocytosis pathway is critical for MDP-induced NOD2-dependent activation and cytokine
responses.

Vacuolar maturation is important for MDP-induced signaling in macrophages
Rhodamine-labeled MDP is first internalized into small intracellular structures that coalesce
into larger acidified vesicles (22). To test whether vacuolar maturation is important for MDP-
induced signaling, macrophages were treated with bafilomycin A, a specific inhibitor of the
vacuolar ATPase proton pump (34). Bafilomycin A inhibits vacuolar acification and blocks
maturation of endosomal compartments (35). Consistently, bafilomycin A did not inhibit early
MDP uptake but inhibited the subsequent localization of MDP in large vesicles (Fig. 6A and
B) that were shown to co-localize with markers of acidified endosomal vesicles (22).
Importantly, secretion of IL-6 and TNF-α by mouse macrophages or IL-8 by human monocytes
was inhibited by bafilomycin A (Fig. 6D-F). These results suggest that vacuolar maturation
and/or acidification is important for MDP-induced cytokine responses.

DISCUSSION
Recent studies have provided critical insight into the signaling components and regulatory steps
that are induced upon NOD2 activation in response to MDP stimulation. However, the cellular
events that act upstream of NOD2 to induce MDP-mediated signaling have remained poorly
understood. Stimulation of phagocytic and epithelial cells with MDP can result in NF-κB and
MAPK activation, although delivery of MDP to the cytosol by transfection is thought to
enhance MDP-induced signaling (3). These results suggest that both macrophages and
epithelial cells possess the machinery to internalize MDP. In this study, we have identified an
endocytic pathway that mediates MDP uptake and induces NOD2-dependent signaling. Studies
with both pharmacological inhibitors and RNAi interference revealed that MDP internalization
is mediated by a clathrin-dependent endocytosis pathway. This endocytosis pathway was also
dependent on dynamin, a GTPase that is required for budding of the clathrin-coated pits from
the plasma membrane (32,36). Clathrin-dependent endocytosis constitutes a major route for
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the uptake of nutrients, pathogens, growth factors and transmembrane proteins in mammalian
cells (37-41). Similarly, LPS is endocytosed by an endocytic pathway that is dependent on
clathrin and dynamin (42). The mechanism by which MDP is targeted to clathrin-coated pits
for endocytosis remains unclear. Because endocytosis is typically mediated through
transmembrane proteins that are selectively recruited to coated pits by interaction to clathrin
adaptors, the findings suggest that MDP might be recognized by a plasma membrane receptor
that mediates its delivery to clathrin-coated pits. Our initial studies revealed that MDP uptake
is unimpaired by treatment with an inhibitor of scavenger receptors or mannan, a molecule that
interacts with the mannose receptor. These results appear to rule out the latter receptors,
although other surface receptors might be involved in promoting MDP internalization. Many
pathogens that express NOD2-stimulatory activity are internalized into host cells by clathrin-
dependent endocytosis (41,43). Thus, both MDP and bacteria appear to utilize the same route
to trigger NOD2 activation and signaling. Further studies are needed to determine the
mechanism whereby extracellular MDP istargeted to the clathrin-dependent endocytosis
pathway.

Recent studies have shown that MDP induces caspase-1 activation through the Nlrp3
inflammasome, an event that requires exogenous ATP to deliver MDP from acidified vesicles
into the cytosol via the pannexin-1 pore (22). In contrast, other authors have concluded that
MDP-mediated caspase-1 activation induced by an inflammasome complex containing Nlrp1
and NOD2 (46). Regardless of the mechanism involved, our results indicate that MDP
internalization via dynamin-mediated endocytosis is required for caspase-1 activation. Unlike
the activation of caspase-1, NF-κB and MAPK activation induced by MDP is mediated solely
via NOD2 and does not require exogenous ATP (3,22,44). These results suggest that after
internalization via clathrin-dependent endocytosis, MDP relies on different mechanisms to
activate Nlrp3 and NOD2. One possibility is that NOD2 activation by MDP is mediated via a
surface receptor also present in endocytic vesicles or by another mechanism independent of
cytosolic recognition. Alternatively, after internalization in acidified vesicles, MDP may leak
or be actively transported into the cytosol where is sensed by NOD2. Our results rule out the
peptide transporter PepT1, although other transporter systems operating in endosomes/
lysosomes may be involved. Furthermore, the studies with bafilomycin A suggest that vacuolar
acidification and/or maturation is important for MDP-induced cytokine responses. These
results are in line with recent findings showing that bafilomycin A blocks activation of NOD2
in macrophages infected with a Listeria mutant that cannot escape the phago-lysosome (45).
Consistent with our findings, localization of the Listeria mutant in the phago-lysosome, which
leads to the degradation of the bacterial cell wall and release of peptidoglycan fragments, was
required for NOD2-induced signaling (45). Further studies are needed to understand the
mechanism by which MDP and peptidoglycan fragments derived from bacteria activate NOD2.
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Figure 1. PepT1 is not required for fluorescent-labeled MDP uptake or MDP-induced signaling in
mouse macrophages
(A) Expression of PepT1 mRNA isolated from bone marrow-derived macrophages (Mac) from
WT and PepT1 KO mice by real-time PCR. Results were normalized to GAPDH levels.
Expression of PepT1 in small intestine (SI) of WT mouse is shown for comparison. (B)
Macrophages derived from WT and PepT1 KO mice were incubated for 3 h with MDP-
Rhodamine (20 μg/ml, red), the nuclei were counterstained with DAPI (blue) and cells were
fixed and imaged by confocal microscopy. Arrows indicate intracellular MDPRhodamine (C)
Macrophages from WT and PepT1 KO were stimulated with MDP (10 μg/ml) for the indicated
periods. Cell lysates were prepared and blotted with indicated antibodies. Results are from one
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representative experiment of three independent experiments. p, phosphorylated. (D, E)
Macrophages from WT and PepT1 KO mice were stimulated with the indicated amount of LPS
(ng/ml) in absence or presence of MDP (10 μg/ml). Cells supernatants were collected 24 h
after stimulation and IL-6 and TNF-α were measured by ELISA. Results are presented as the
mean of triplicate wells ± SD and correspond to one representative experiment of two
independent experiments.
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Figure 2. Effect of inhibitors of different cellular uptake pathways on the internalization of
fluorescent-labeled MDP by mouse macrophages
(A) Bone-marrow derived macrophages were treated with the indicated doses of CPZ for 3. 5
hrs and the induction of cell death was evaluated by LDH release. Values represent mean ±
SD of triplicate cultures. (B) Percentage of MDP-labeled macrophages after incubation for 15
min with medium alone (-), medium containing MDP-Alexa488 alone (untreated, unt.) or in
the presence of CPZ (5 μM), dimethylamiloride (DMA), polyinosinic acid (Poly I) or mannans
from Sacharomyces cerevesiae (Mannans). Results are representative of two experiments. (C)
Bone-marrow derived macrophages were pretreated or not with CPZ (5 μM) for 30 minutes
and then incubated with MDP-Alexa488 or LDL-BODIPY for 60 minutes. The uptake was
analyzed by FACS and plotted as percent of uptake inhibition of the untreated cells. Results
are presented as the mean of triplicate wells ± SD. Results are representative of two experiments
(D) Bone-marrow derived macrophages were pretreated or not with CPZ (5 μM) and stimulated
with MDP (10 μg/ml) for the indicated periods of time. Cell lysates were prepared and blotted
with indicated antibodies. Results are from one representative experiment of three independent
experiments. p, phosphorylated (E) Fluorescence confocal images of mouse macrophages
incubated for 3 h with MDP-Rhodamine (red), alone or in the presence of CPZ or Poly I. In
all cases, the nuclei were counterstained with DAPI (blue), and cells were fixed and imaged
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by fluorescence confocal microscopy. Arrows indicate intracellular MDP-Rhodamine *,
denotes p < 0.05 between untreated and CPZ-treated cultures. Results are representative of
three experiments.
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Figure 3. Clathrin-mediated endocytosis regulates MDP-induced NOD2-dependent NF-κ B
activation in HEK293T cells
(A) HEK293T cells were transiently transfected with a NF-κB luciferase reporter plasmid along
with a control β-galactosidase plasmid (control), and NOD2 expression plasmid when indicated
(NOD2), in triplicate. The cells were treated with medium alone or with medium containing
100 ng/ml MDP (MDP) for 16 h, in the absence (untreated) or presence of mannans, Poly I or
CPZ. Luciferase and β-galactosidase activity was measured in cell lysates and values
normalized for transfection efficiency (nRLU). (B) Luciferase reporter gene assays were
performed as in (A). Transfected cells were treated with media alone (unst.) or with media
containing either 100 ng/ml MDP or 10 ng/ml human TNF-α for 16 h, alone (untreated) or in
the presence of CPZ. Results are presented as the mean of triplicate wells ± SD and correspond
to one representative experiment of three independent experiments. *, p < 0.01 between
untreated and CPZ-treated samples (Nod2+MDP). (C) HEK293T cells were transfected with
a control plasmid (shRNA -) or two shRNA plasmids targeting the clathrin heavy chain gene
(CHC) (shRNA1 and shRNA2). Cell lysates were prepared and blotted with indicated
antibodies. (D, E) HEK293T cells were transiently transfected with a control plasmid (shRNA
-) or with shRNA plasmids (shRNA1 and shRNA2). Luciferase reporter gene assays were
performed as in A. Results are presented as the mean of triplicate wells ± SD and correspond
to one representative experiment of three independent experiments. *, p < 0.05 between control
shRNA- plasmid and shRNA1 or shRNA2 constructs in MDP stimulated cultures.
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Figure 4. Dynasore impairs MDP-uptake and caspase-1 activation
(A) Fluorescence confocal images of mouse macrophages incubated for 3 h with MDP-
Rhodamine (red), alone or in the presence of dynasore. In all cases, the nuclei were
counterstained with DAPI (blue), and cells were fixed and imaged by fluorescence confocal
microscopy. Arrows denote intracellular MDP-Rhodamine (B) Bone-marrow derived
macrophages were treated with dynosore for the indicated time and the induction of cell death
was evaluated by the release of LDH. Values represent mean ± SD of triplicate cultures. (C)
Human monocytes were stimulated with 1 μg/ml MDP, in the absence (MDP) or in the presence
of dynasore (MDP + Dynasore) for 16 hrs and the levels of IL-1β were measured in cell
supernatants. Results are presented as the mean of triplicate wells ± SD and correspond to one
representative experiment of three independent experiments. *, p < 0.05, statistically
significant differences in the cytokines levels between untreated cells or dynasore-treated cells.
(D) Bone-marrow derived macrophages were pretreated or not with dynasore and stimulated
with MDP, ATP or MDP + ATP. Extracts were prepared from cell and culture supernatants
and immunoblotted with caspase-1 antibody. Arrows denote procaspase-1 (procasp-1) and its
processed p20 subunit. Results are representative of three independent experiment.
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Figure 5. Fucntional dynamin is required for MDP-induced NOD2-mediated NF-kB activation
(A, B) Luciferase reporter gene assays were performed as in Figure 4. HEK293T cells
transiently transfected in triplicate with a NF-κB luciferase reporter plasmid, along with a β-
galactosidase transfection plasmid and a NOD2 expression plasmid (-), and together with 50
ng or 200 ng of a plasmid producing Dynamin (K44A), or with a control plasmid. The cells
were treated with media alone (unst.), or media containing 100 ng/ml MDP, or 10 ng/ml human
TNF-α for 16 h. Results are presented as the mean of triplicate wells ± SD and correspond to
one representative experiment of three independent experiments. *, p < 0.05 between cells
transfected with NOD2 plasmid and NOD2 plasmid + Dynamin (K44A) construct in MDP-
stimulated cultures (C) Bone-marrow derived macrophages were pretreated or not with
dynasore and stimulated with MDP (10 μg/ml) for the indicated periods of time. Cell lysates
were prepared and blotted with indicated antibodies. p, phosphorylated. Results are from one
representative experiment of three independent experiments. (D,E) Mouse macrophages were
pretreated, or not, with dynasore and then stimulated, or not, with 10 μg/ml of MDP in the
presence of 5 ng/ml of LPS. Cells supernatants were collected 24 h after stimulation and IL-6
and TNF-α were measured by ELISA. (F) Human monocytes were stimulated with 1 μg/ml
MDP, in the absence (MDP) or in the presence of dynasore (MDP + Dynasore) for 16 hrs and
the levels of IL-8 were measured in cell supernatants. Results are presented as the mean of
triplicate wells ± SD and correspond to one representative experiment of three independent
experiments. *, p < 0.05, statistically significant differences in the cytokines levels between
untreated cells or dynasore-treated cells.
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figure 6. Bafilomycin A blocks MDP-induced NF-κB activation in mouse macrophages and human
monocytes
(A) Percentage of MDP-labeled macrophages after incubation for 15 min. with media alone
(-), media containing MDP-Alexa488 (untreated, unt.) or MDP-Alexa488 in the presence of
bafilomycin A (Baf. A). (B) Fluorescence confocal images of mouse macrophages incubated
for 3 h with MDP-Rhodamine (red), alone or in the presence of Bafilomycin A. In all cases,
the nuclei were counterstained with DAPI (blue), and cells were fixed and imaged by
fluorescence confocal microscopy. Notice difference in size of intracellular MDP-Rhodamine
structures between untreated and bafilomycin A-treated cells (C) Percentage of MDP-labeled
cells that displayed granular coarse (large) pattern in the absence (MDP) or presence of
bafilomycin A (MDP + Baf. A). The bars represent the mean of 15-20 optical sections ± SD
and are representative of at least three different experiments. (D, E) Mouse macrophages were
stimulated with 5 ng/ml of LPS alone (-) or together with 10 μg/ml of MDP, in the absence
(MDP), or presence of bafilomycin A (MDP + Baf. A). Cells supernatants were collected 24
h after stimulation and IL-6 and TNF-α were measured by ELISA. (F) Human monocytes were
stimulated with 1 μg/ml of MDP alone (MDP) or in the presence of bafilomycin A (MDP +
Baf. A) for 16 hrs and levels of IL-8 were measured in cell supernatants. Results are presented
as the mean of triplicate wells ± SD and correspond to one representative experiment of three
independent experiments. *, p < 0.05 between MDP and MDP+bafilomycin A-treated cells.
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