
Classically Activated Macrophages Use Stable Microtubules
for Matrix Metalloproteinase-9 (MMP-9) Secretion*□S

Received for publication, August 5, 2011, and in revised form, January 19, 2012 Published, JBC Papers in Press, January 23, 2012, DOI 10.1074/jbc.M111.290676

Raed Hanania‡, He Song Sun§, Kewei Xu§, Sofia Pustylnik§, Sujeeve Jeganathan§, and Rene E. Harrison§1

From the ‡Department of Cellular and Molecular Medicine, University of Ottawa, Ottawa, Ontario K1H 8M5, Canada and the
§Department of Biological Sciences, University of Toronto Scarborough, Toronto, Ontario M1C 1A4, Canada

Background:Macrophages robustly secreteMMP-9upon activation, andmechanisms for active delivery ofMMP-9 vesicles
to the cell surface have not been described.
Results: MMP-9 is packaged into unique ER protein-containing vesicles that associate with microtubule motors in activated
macrophages.
Conclusion:Macrophage activation requires enhanced microtubule stabilization for rapid secretion of up-regulated MMP-9.
Significance:Understanding the nature andmechanisms of intracellular trafficking of MMP-9 is relevant to both immunology
and cancer biology fields.

Asmajor effector cells of the innate immune response,macro-
phages must adeptly migrate from blood to infected tissues.
Endothelial transmigration is accomplished by matrix metallo-
proteinase (MMP)-induced degradation of basement mem-
brane and extracellular matrix components. The classical acti-
vation of macrophages with LPS and IFN-� causes enhanced
microtubule (MT) stabilization and secretion ofMMPs.Macro-
phages up-regulate MMP-9 expression and secretion upon
immunological challenge and require its activity for migration
during the inflammatory response. However, the dynamics of
MMP-9 production and intracellular distribution as well as the
mechanisms responsible for its trafficking are unknown. Using
immunofluorescent imaging, we localized intracellular MMP-9
to small Golgi-derived cytoplasmic vesicles that contained cal-
reticulin and protein-disulfide isomerase in activated RAW
264.7 macrophages. We demonstrated vesicular organelles of
MMP-9 aligned along stable subsets of MTs and showed that
selective modulation of MT dynamics contributes to the
enhanced trafficking of MMP-9 extracellularly. We found a
Rab3D-dependent association of MMP-9 vesicles with the
molecular motor kinesin, whose association with the MT net-
workwas greatly enhanced aftermacrophage activation. Finally,
we implicated kinesin 5B and 3B isoforms in the effective traf-
ficking of MMP-9 extracellularly.

Macrophages are major effector cells of the innate immune
response that are endowed with a specialized capacity for cell
migration, phagocytosis of pathogens, and antigen presenta-
tion toT cells.Macrophagesmake up the predominant cell type
in sites of inflammation after the neutrophils are spent (1). In
order to carry out their function, it is important for macro-
phages to be able tomigrate from blood, where they circulate as

monocytes, to target tissues. Following endothelial transmigra-
tion, they must transverse the subendothelial basement mem-
brane and the interstitial matrix composed mainly of collagen.
This is largely accomplished by matrix metalloproteinase
(MMP)2-induced degradation of basement membrane and
extracellular matrix components (2).
During an inflammatory response, macrophages may become

activated from exposure to various signals. Macrophage classical
activation is induced by exposure to interferon-� (IFN-�), a proin-
flammatory cytokine produced by the host, either alone or in con-
junctionwithpathogenic stimuli, suchas lipopolysaccharide (LPS)
(3). Classically activated macrophages, also called M1 macro-
phages, demonstrate increased cell spreading, enhanced phagocy-
tosis, and antigen presentation capacities and amplified inducible
nitric-oxide synthetase expression for the production of nitric
oxide (2, 4–7). Additionally, classical activation results in the
enhanced production and secretion of MMPs to the cell exterior
(2) as well as increased levels of stabilized cytoplasmic microtu-
bules (MTs) (4, 8, 9).
The MT cytoskeleton plays many important roles in cell

function, such as migration, phagocytosis of pathogens, and
antigen presentation (8, 10–12). The MT cytoskeleton alter-
nates between elongation and shrinkage phases in a process
termed “dynamic instability” (13, 14). Association of proteins
such asMAP4withMTs results in their enhanced stability (15).
As a result of their longevity, stable MTs accumulate post-
translationalmodifications, such as the acetylation of�-tubulin
on its lysine 40 residue (16). Therefore, subsets of stabilized
MTs can be identified by the presence of acetylated �-tubulin
subunits and are biochemically distinct from their dynamic
counterparts (16–18).
Of particular importance to cell migration is MMP-9 secre-

tion due to its ability to degrade extracellular matrix compo-
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nents, such as collagens and elastins (19). MMP-9 expression is
typically absent or minimal in normal tissues and is greatly
enhanced during inflammation and wound healing (20).
Macrophages do not constitutively express MMP-9; rather,
LPS exposure has been shown to induce MMP-9 gene expres-
sion as well as increase the amount of biologically active
MMP-9 in the cell culture supernatant (21). Although MMP
activity is strongly regulated at the transcriptional level, MMP
function is managed by recruitment of MMPs to the cell sur-
face, where they are secreted as inactive zymogens (pro-MMPs)
(22). Pro-MMP-9 activation is achieved by the action of extra-
cellular proteases, such as plasmin (23); other MMPs, such as
MMP-3 (24), MMP-7 (25), and MMP-13 (26); and LPS-associ-
ated serine proteinases (19). Upon activation, MMP-9 is con-
verted from a 92-kDa zymogen form to an 82-kDa active form
(22). Further regulation of MMP-9 activity is offered by its nat-
ural inhibitor in vivo, the tissue inhibitor ofmetalloproteinase-1
(TIMP-1) (27).
MMP-9 plays a critical role in mediating cell migration.

Blocking of MMP-9 by monoclonal antibodies inhibits the
migration of bone marrow stem cells into the circulation (28),
and MMP-9 has been shown to assist in monocyte migration
(29, 30). Additionally, a role for MMP-9 in macrophage migra-
tion during the inflammatory response was demonstrated in
vivo, where inhibition ofMMP-9 activation resulted in the abol-
ished ability of macrophages to migrate to the elicited site of
inflammation (23). The mechanisms involved in regulating
MMP-9 expression, as well as its extracellular activation and
inhibition, have been extensively characterized (31). Although
MMP-9 dependence was demonstrated formacrophagemigra-
tion (23), the dynamics ofMMP-9 production and intracellular
distribution after its expression as well as the mechanisms
involved in its trafficking before its secretion remain uncharac-
terized. In the present work, we localized intracellular MMP-9
to distinct cytoplasmic vesicles inmacrophages stimulatedwith
LPS and IFN-� that were distinct from neutrophil zymogen
granules. MMP-9 was instead packaged into unique vesicles
that contained the normally ER-resident proteins, calreticulin
and protein-disulfide isomerase (PDI). We established a func-
tional contribution of stable MTs in activated macrophages for
the enhanced trafficking of MMP-9 extracellularly. Finally, we
showed a Rab3D-dependent association of the molecular
motor kinesin with MMP-9 vesicles and implicated both kine-
sin 5B and 3B isoforms in mediating MMP-9 trafficking.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Dulbecco’s modified Eagle’s me-
dium (DMEM) and fetal bovine serum (FBS) were purchased
from Wisent Inc. (St-Bruno, Canada). LPS from Salmonella
enterica serotype Typhimurium, IFN-�, TPEN, nocodazole,
and taxolwere fromSigma-Aldrich Inc. BrefeldinA (BFA) from
Penicillium brefeldianum, Alexa Fluor� phalloidin, and 4�,6-
diamidino-2-phenylindole (DAPI) were obtained from Invitro-
gen. FuGENE HD was purchased from Roche Applied Science.
Antibodies were obtained as follows. Rabbit polyclonal anti-
MMP-9, rat polyclonal anti-CD11b (Mac-1), andmousemono-
clonal anti-PDI were from Abcam Inc. (Cambridge, MA).
Mouse monoclonal anti-�-actin, anti-�-tubulin, and anti-

acetylated tubulin were obtained from Sigma-Aldrich. Mouse
monoclonal anti-MAP4 and anti-GM130were fromBDTrans-
duction Laboratories (San Jose, CA). Mouse monoclonal
(SUK4) anti-kinesin and rat polyclonal (ID4B) anti-lysosome-
associated membrane protein-1 (LAMP-1) were purchased
from the Developmental Studies Hybridoma Bank. Mouse
monoclonal anti-ubiquitinylated protein antibody was from
Enzo� Life Sciences (Plymouth, PA). Mouse monoclonal anti-
Rab27a was from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA).Mousemonoclonal anti-KDELwas from Stressgen� (Ann
Arbor, MI). CyTM2-, CyTM3-, and CyTM5-conjugated Affini-
Pure donkey anti-rat, -goat, -rabbit, and -mouse IgG and per-
oxidase-conjugated AffiniPure donkey anti-rabbit and -mouse
IgG were from Jackson ImmunoResearch Laboratories (West
Grove, PA).
Cell Culture, Transfection, and Mouse Macrophage Isolation—

The murine RAW 264.7 macrophage cell line was obtained
from the American Type Culture Collection (Manassas, VA)
and maintained at 37 °C supplied with 5% CO2 in DMEM sup-
plemented with 10% heat-inactivated FBS. For all experiments,
RAW 264.7 cells were grown to 60–80% confluence in tissue
culture 6-well plates, with or without 25-mm glass coverslips.
RAW 264.7 cells were transiently transfected using FuGENE
HD according to the manufacturer’s instructions, with over-
night incubations for plasmid expression. Primary bone mar-
row-derived macrophages (BMDMs) were harvested from the
femoral bones of C57BL/6 mice. Briefly, femoral bones were
separated from surrounding tissues and cut on both ends.
BMDMswere obtained by femoral lavagewithDMEMcontain-
ing 10% heat-inactivated FBS, supplemented with penicillin
and streptomycin (100 IU/ml and 100 �g/ml, respectively).
Cells were grown in tissue culture 6-well plates at 37 °Cwith 5%
CO2 for 5 days to allow for differentiation into macrophages.
Macrophage Activation and Pharmacological Treatments—

Resting RAW 264.7 cells or differentiated murine BMDMs
were classically activated by a combination of 0.1 �g/ml LPS
and 100 units/ml IFN-� for 9 h, unless indicated otherwise, in
FBS-free DMEM. Inhibition of protein traffic from the ER to
the Golgi apparatus was performed by incubating RAW 264.7
cells with 5 �g/ml BFA for 9 h during classical activation. For
zinc chelation experiments, cells were incubated with 1.5 �M

TPEN for 9 h during activation. For depolymerization of the
MT cytoskeleton, RAW 264.7 cells were classically activated
and treated with 10 �M nocodazole in the last 3 h of activation.
Enhanced MT stabilization was achieved by incubating classi-
cally activated RAW 264.7 cells with 0.1 �M taxol or 0.1 �M

nocodazole in the last 1 or 3 h of activation, respectively.
Gelatin Zymography, Western Blot, and Densitometric

Analysis—Cell culture supernatants were collected and total
cell lysateswere obtained by scraping cells in radioimmune pre-
cipitation assay lysis buffer in the presence of protease and
phosphatase inhibitor mixtures (Sigma-Aldrich). For gelatin
zymography, protein samples were mixed in Laemmli buffer
lacking 2-mercaptoethanol and incubated at room temperature
for 15 min. Equal amount of protein was loaded and separated
on 8% SDS-PAGE containing 0.1% gelatin from bovine skin,
type B (Sigma-Aldrich). After electrophoresis, gels were
washed three times for 20 min in zymogram wash buffer (2.5%
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Triton X-100, 50 mM Tris-HCl, pH 7.5) and incubated over-
night at 37 °C in zymogramdeveloping buffer (50mMTris-HCl,
pH 7.5, 10 mM CaCl2, 5 �M ZnCl2, 150 mM NaCl). Gels were
then stained with 0.25% Coomassie Brilliant Blue R-250 (Bio-
Rad) for 6 h and destained twice for 30 min in 7% acetic acid,
40% methanol solution. Gelatinolytic activity appeared as a
clear band on a dark background. ForWestern blotting, protein
samples were dissolved in Laemmli buffer and boiled for 10
min. An equal amount of protein was separated on 8 or 10%
SDS-PAGE and transferred to nitrocellulose membranes (Bio-
Rad). Blots were blocked for 1 h in 5% skim milk, TBST (Bio-
Shop Canada Inc., Burlington, Canada) and then incubated
with the corresponding primary antibody overnight at 4 °C.
The dilutions were as follows: MMP-9 (1:1000), acetylated
�-tubulin (1:2000), �-tubulin (1:2000), �-actin (1:2000), KIF5B
(1:500). Blots were incubatedwith the relevant peroxidase-cou-
pled secondary antibody (1:1000) for 1 h, and bound antibody
was visualized using the Supersignal� West Pico chemilumi-
nescent substrate kit (Pierce), according to the manufacturer’s
instructions. Protein bands were measured by densitometry
scanning of independent experiments using ImageJ software
(National Institutes of Health, Bethesda, MD) to determine the
relative -fold increases of pixel intensities compared with rest-
ing or activated cell culture supernatants or lysates. Protein
bands subjected to densitometric analysis were not saturated or
overexposed.
Immunoprecipitation—Control and activated cells were

washed twice with ice-cold PBS, and protein lysates were
obtained using radioimmune precipitation assay buffer. Total
proteins (150 �g) were precleared overnight with rotation at
4 °C using 50 �l of Protein A/G Plus-agarose (sc-2003, Santa
Cruz Biotechnology, Inc.). Total protein concentration from
precleared lysates was then quantified. Immunoprecipitates
were collected by incubating 40 �l of the IP matrix ExactaCruz
B (sc-45039, Santa Cruz Biotechnology, Inc.) with 1 �g of kine-
sin 5B antibody (K1014, Sigma) or 40 �l of the IP matrix Exac-
taCruz C (sc-45040, Santa Cruz Biotechnology, Inc.) with 1 �g
of tubulin antibody (T9026, Sigma). An equivalent amount of
isotypic IgG (Sigma) was bound to the ExactaCruz B and C IP
matrices as negative controls. Precleared lysates and IP anti-
body-IPmatrix complexes were incubated overnight with rota-
tion at 4 °C. Pelletedmatrices were washed twice with 500 �l of
ice-cold PBS, and proteins were eluted using reducing 2� elec-
trophoresis sample buffer. Samples were resolved by SDS-
PAGE and analyzed by Western blotting.
Immunostaining and Fluorescent Imaging—Cells were fixed

in 4% PFA for 20 min and permeabilized with 0.1% Triton
X-100 in PBS containing 100mM glycine for 20min. For immu-
nostaining of kinesin, cells were fixed and permeabilized in ice-
cold 100%methanol for 10min at�20 °C. Cells were blocked in
5% FBS, PBS for 1 h and incubated with the indicated primary
antibodies in 1% FBS, PBS for 1 h using the following dilutions:
MMP-9 (1:1000), acetylated �-tubulin (1:5000), MAP4 (1:500),
�-tubulin (1:10000), PDI (1:200), GM130 (1:200), LAMP-1
(1:4), ubiquitinylated proteins (1:1000), KDEL (1:200), calreti-
culin (1:200), Mac-1 (1:1000), Rab27a (1:200), and kinesin
(1:100). Cells were then incubated with the corresponding
fluorochrome-conjugated secondary antibodies (1:1000) in 1%

FBS, PBS for 1 h. Where indicated, secondary antibodies were
incubated together with Alexa Fluor� phalloidin (1:500) to
stain for the actin cytoskeleton. Cells weremounted usingDako
Fluorescent Mounting Medium (DakoCytomation, Carpinte-
ria, CA). For nuclear staining, cells were washed twice with
double-distilled H2O and incubated for 10 min with DAPI
(1:10,000) before mounting.
For triple immunolabeling of MMP-9, acetylated �-tubulin

or MAP4, and �-tubulin, cells were paraformaldehyde-fixed,
permeabilized, andblocked as before. Briefly, the cellswere incu-
batedwithprimaryantibodies toMMP-9andacetylated�-tubulin
or MAP4, followed by incubation with the appropriate fluoro-
chrome-conjugated secondary antibodies. The cells were then
blocked in 5% FBS, PBS for 1 h and then incubated with primary
antibody to �-tubulin, followed by incubation with the relevant
fluorochrome-conjugated secondary antibody.
Cells were visualized under a�63/1.4 numerical aperture oil

immersion objective using an inverted Zeiss AxioObserver.Z1
epifluorescentmicroscope usingAxiovision software orwith an
upright Zeiss LSM510 confocalmicroscope using theZEN soft-
ware (Zeiss, Thornwood, NY). Total internal reflectionmicros-
copy was performed using an inverted Zeiss AxioVert 200 M
epifluorescent microscope equipped with an �-Plan-Fluor
�100/1.45 numerical aperture objective.
Quantifications and Statistical Analysis—RAW 264.7 cells

were classically activated, fixed, and immunostained for endog-
enous MMP-9 and imaged by epifluorescence. The number of
MMP-9 vesicles showing co-recruitment with the indicated
proteins was tabulated for 100 MMP-9 vesicles and averaged.
The indicated proteins were considered positively recruited to
MMP-9 vesicles if they demonstrated the same punctate stain-
ing that exactly colocalized with MMP-9. For quantification of
the total intracellular fluorescence intensity of MMP-9, the
intensity of 100 individual cells was measured using NIH
ImageJ software for each group. Imageswere acquired using the
same fluorescence intensity and exposure time between treat-
ments and replicates. The average relative -fold increase of
pixel intensities was calculated compared with that of activated
cells and normalized for background fluorescence observed
in resting cells. Quantitative colocalization analysis was per-
formed on 10 images of the indicated proteins with MMP-9
using Zeiss ZEN software tomeasure Pearson’s coefficients. To
determine the average number ofMMP-9 vesicles per activated
macrophage cell expressing either KIF5B or KIF3B rigor
mutants, the number of discrete MMP-9 vesicles in each cell
was tabulated for 15 macrophages and averaged.
Experimental values are presented as mean � S.E. of the

experimental triplicates. Microsoft Excel was used to perform
Student’s t test evaluations of the data, with values of p � 0.05
considered significant.

RESULTS

Analysis of Intracellular and Extracellular Levels of MMP-9
in Classically Activated RAW 264.7 Cells—Macrophages stim-
ulated with LPS exhibit a time-dependent increase in MMP-9
expression and secretion (21). However, the analysis ofMMP-9
levels in macrophages classically activated with both LPS and
IFN-� remains poorly resolved. We therefore examined both
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the intracellular and extracellular levels ofMMP-9 in resting or
LPS/IFN-� (0.1 �g/ml and 100 units/ml, respectively)-acti-
vated RAW 264.7 cells for 3, 6, 9, or 12 h (Fig. 1). MMP-9 was
detected in the cell culture supernatant at 6 h after activation by
gelatin zymography (Fig. 1A, top) and at 9 h after activation by
Western blotting (Fig. 1A, bottom). Densitometric analysis of
MMP-9 immunoblots demonstrated a steady increase of extra-
cellular MMP-9 levels over time (Fig. 1B). It is important to
note that only the zymogen 92-kDa form of MMP-9 was
detected. The absence of the active 82-kDa form in the cell
culture supernatant may be a result of culture conditions, in
whichMMP-9 is diluted away from its activators in themedium
(22). Although gelatin zymography is a common tool used to
assess the levels of gelatinases (32), to measure the amount of
secreted and intracellular MMP-9 protein levels, we next
turned to immunoblotting. Western blot analysis of MMP-9 in
the total cell lysate consistently revealed two bands of apparent
molecular masses of 85 and 92 kDa (Fig. 1C). It was previously
shown that the 85 kDa band represents an underglycosylated
precursor form ofMMP-9 found intracellularly, whereas the 92
kDa band represents a fully glycosylated mature form that is
secreted into the extracellular space (33). Densitometric analy-
sis was performed on the 92 kDa band without consideration
for the 85 kDa band (Fig. 1D) because we were interested in
studying the trafficking of the mature protein that is detected
extracellularly. Classically activated RAW 264.7 cells exhibited
an increase in MMP-9 protein production over time, with the
largest amount of intracellular MMP-9 obtained at 9 h after

activation, followed by a drop in levels at 12 h (Fig. 1D). Because
we did not detect the active form ofMMP-9 (82 kDa) in the cell
culture supernatant, and because wewill not be considering the
precursor form (85 kDa) in the cell lysate, the term “MMP-9”
will be used herein to describe the 92-kDa zymogen detected
both intracellularly and extracellularly.
MMP-9 Is Processed through Biosynthetic Pathway and Pack-

aged into Discrete Golgi-derived Vesicles—The intracellular
nature of MMP-9 in macrophage cells remains uncharacter-
ized. To begin, RAW 264.7 cells were immunostained for
MMP-9 and GM130 and imaged by epifluorescent microscopy
(Fig. 2). As expected, resting RAW 264.7 cells did not demon-
strate any detectable intracellularMMP-9 (Fig. 2A). In contrast,
RAW 264.7 cells activated with LPS/IFN-� revealed MMP-9
staining that localized to the Golgi as well as to discrete vesic-
ular structures outside of the Golgi (Fig. 2B). To see if these
discrete MMP-9-containing vesicles were a general charac-
teristic of macrophages, we also examined primary mouse
BMDMs. Unstimulated cells showed no MMP-9 content (not
shown), whereas LPS/IFN-�-activated BMDMs revealed pro-
nounced vesicles reactive for MMP-9 antibodies (Fig. 2C).
In general, secreted proteins are transported from the ER to

the Golgi and subsequently to the plasma membrane (34).
Because we observed MMP-9 staining that localized to the
Golgi apparatus, we wanted to followMMP-9 through this par-
adigm of protein transport and verify its Golgi-derived nature.
To do this, RAW 264.7 cells were activated in the presence of
BFA, a potent inhibitor of protein delivery from the ER to the

FIGURE 1. Analysis of MMP-9 levels in the cell culture supernatants and total cell lysates of resting and LPS/IFN-�-activated RAW 264.7 cells. RAW 264.7
cells were stimulated with LPS/IFN-� for 3, 6, 9, and 12 h or left unstimulated. After the indicated time points, the cell culture supernatants were collected, and
the cells were lysed and subjected to gelatin zymography or immunoblotting. Shown are the gelatin zymogram and immunoblot (A) and densitometric
analysis (B) of macrophage cell culture supernatants for secreted MMP-9. Also shown are Western blot (C) and densitometric analysis (D) of macrophage total
cell lysates for levels of intracellular MMP-9 and �-tubulin, used as a loading control. Error bars, S.E.
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Golgi apparatus (35). Epifluorescent imaging of cells immuno-
stained for MMP-9 and the ER marker PDI revealed an accu-
mulation of MMP-9 in the ER (Fig. 2D). To determine the
effects of blocking ER-to-Golgi transport on MMP-9 produc-
tion and secretion, immunoblotting forMMP-9was performed
on the cell culture supernatant and total cell lysate of resting
and activated cells treated with BFA or not. Compared with
activated cells, activated/BFA-treated cells did not show
MMP-9 in the cell culture supernatant (Fig. 2E), indicating that

BFA successfully halted its secretion. Additionally, the lysates
of BFA-treated cells revealed an intermediate form of MMP-9,
with an apparent molecular mass of 89 kDa, and lacked the
underglycosylated (85-kDa) or fully glycosylated (92-kDa)
forms present in untreated activated macrophages (Fig. 2E).
This intermediate may reflect a transient, immature form of
MMP-9 that has been glycosylated in the ER and is missing
glycosylation in the Golgi. Altogether, these results demon-
strate that MMP-9maturation requires processing in the ER as
well as Golgi compartments, after which it is packaged into
discrete vesicles.
MMP-9 Vesicles in Macrophages Are Distinct from Neutro-

phil Tertiary Granules—Unlikemacrophages, neutrophils pro-
duceMMP-9 in the absence of immunological challenge, where
it is stored in tertiary granules (36). These tertiary granules have
undergone extensive characterization (37); however, the iden-
tity of vesicles transporting MMP-9 in macrophages is
unknown. We therefore sought to characterize the composi-
tion of the MMP-9-containing vesicular structures that we
observed in activated macrophages. To begin, we wanted to
determine if macrophage MMP-9 vesicles have a similar com-
position as neutrophil tertiary granules. It is well established
that Rab27a, a GTPase involved in specialized vesicle traffick-
ing, colocalizes withMMP-9 and regulates its secretion in neu-
trophils (38). To test for a similar role in macrophages, we
immunostained activated cells for endogenous Rab27a and
MMP-9. Epifluorescent imaging of these cells revealed a differ-
ential sorting of Rab27a and MMP-9 into separate vesicular
subpopulations (Fig. 3A), where only 0.83 � 0.6% of MMP-9
vesicles were Rab27a-positive (Fig. 3D). In addition to Rab27a,
neutrophils pack the adhesionmoleculeMac-1 in tertiary gran-
ules (37). Immunostaining of Mac-1 and MMP-9 in activated
RAW 264.7 cells showed a general absence of Mac-1 recruit-
ment to MMP-9 vesicles (Fig. 3B), where only 0.67 � 0.3% of
MMP-9 vesicles were Mac-1-positive (Fig. 3D). We also inves-
tigated the possible localization of CD63 to macrophage
MMP-9 vesicles. Although CD63 is found predominantly in
primary granules, it has been shown to also colocalize with
Mac-1 in neutrophils (39) and to associate with themembranes
of macrophage phagolysosomes, secretory granules, andmulti-
vesicular bodies (40). RAW 264.7 cells expressing GFP-tagged
CD63 were activated and immunostained for endogenous
MMP-9 (Fig. 3C). Epifluorescent imaging of these cells revealed
that only 1.2 � 0.4% of MMP-9 vesicles demonstrated CD63
recruitment (Fig. 3D). In summary, these results indicated that
the composition ofMMP-9 vesicles in activatedmacrophages is
different fromMMP-9 granules in neutrophils.
MMP-9 Is Sorted into Calreticulin- and PDI-containing

Transport Vesicles—We showed that activated macrophages
distribute MMP-9 into vesicles that differ in composition from
neutrophil tertiary granules. It was previously demonstrated
that cells deficient in calreticulin, an ER calcium-binding pro-
tein and chaperone, possess decreasedMMP-9 levels and activ-
ity (41). We therefore wanted to determine if calreticulin asso-
ciated with MMP-9 in activated macrophages. Epifluorescent
imaging of cells immunostained for endogenous calreticulin
and MMP-9 showed concentrated calreticulin enrichment in
98.3 � 0.7% of MMP-9 vesicles as well as diffuse calreticulin

FIGURE 2. MMP-9 is sorted into discrete Golgi-derived vesicles. Resting
RAW 264.7 cells were fixed, immunostained for endogenous MMP-9, and
imaged by epifluorescent microscopy (A). Alternatively, RAW 264.7 cells (B)
and BMDM cells (C) were activated with LPS/IFN-� (0.1 �g/ml and 100 units/
ml, respectively, for 9 h), fixed, immunostained for MMP-9 (green) and GM130
(red), and imaged by epifluorescence. Note that images displayed are of cells
containing higher than usual numbers of MMP-9 vesicles and may not be
representative of the average number of MMP-9 vesicles per activated macro-
phage. Scale bars, 10 �m. The arrows indicate colocalization of MMP-9 with
GM130. To inhibit ER to Golgi transport, RAW 264.7 cells were activated (0.1
�g/ml LPS and 100 units/ml IFN-� for 9 h) in the presence of 5 �g/ml BFA. Cells
were fixed and analyzed for MMP-9 (green) and PDI (red) by immunofluores-
cence (D). Scale bar, 10 �m. The arrows indicate colocalization between
MMP-9 and PDI. Alternatively, the cell culture supernatants were collected,
and the cells were lysed and subjected to immunoblotting for MMP-9 and
�-tubulin (E).
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staining localized to the ER (Fig. 4,A and F).We next wanted to
determine if calreticulin was the only ER protein that localized
to MMP-9 vesicles. Immunostaining and epifluorescent imag-
ing of activated RAW 264.7 cells also showed concentrated
staining of PDI in 98.7 � 0.9% of MMP-9 vesicles (Fig. 4, B and
F). These results led us to investigate the possibility that the
MMP-9 punctate structures we observed may actually be
dilated pockets within the ER because calreticulin and PDI are
ER-resident proteins (42, 43). ER-resident proteins are targeted
and retained in the ER via a KDEL signal peptide. This sequence
is thus found throughout the ER, on ER proteins that leak out
toward the Golgi, and on recycling vesicles from the Golgi back
to the ER (44–46). Immunostaining and epifluorescent imag-
ing of activated RAW 264.7 cells revealed that MMP-9 vesicles
were devoid of this KDEL sequence (Fig. 4C). Only 0.67 � 0.3%
of MMP-9 vesicles were KDEL-positive (Fig. 4F). These data
indicate that the MMP-9 vesicles are not contained within the
ER and are probably not transport or recycling vesicles between
the ER and Golgi apparatus.

FIGURE 4. Macrophage MMP-9 vesicles colocalize with the ER markers
calreticulin and PDI but not KDEL. RAW 264.7 cells were activated (0.1
�g/ml LPS and 100 units/ml IFN-� for 9 h) and fixed and immunostained
for MMP-9 (green) and calreticulin (A), PDI (B), or KDEL (C) (red). As well,
some RAW 264.7 cells were treated with 1.5 �M TPEN, a zinc-chelating
agent, during activation and were analyzed for MMP-9 (green) and calre-
ticulin (D) or PDI (E) (red). The arrows indicate colocalization between
MMP-9 vesicles and the indicated marker, whereas the arrowheads indi-
cate the absence of co-recruitment. Note that images displayed are of
cells containing higher than usual numbers of MMP-9 vesicles to suffi-
ciently demonstrate a representative degree of colocalization with the
indicated marker and may not be representative of the average number of
MMP-9 vesicles per activated macrophage. Scale bars, 10 �m. The percent-
age of MMP-9 vesicles showing co-recruitment with the indicated markers
was quantified (F). *, p � 0.05. Error bars, S.E.

FIGURE 3. MMP-9 vesicles do not colocalize with Rab27a, Mac-1, and
CD63. LPS/IFN-� (0.1 �g/ml and 100 units/ml, respectively, for 9 h)-activated
RAW 264.7 cells were analyzed for Rab27a (A), Mac-1 (B), or expressed
CD63-GFP (C) (all shown in red) and MMP-9 (green), by epifluorescence.
The arrows identify MMP-9 vesicles, whereas arrowheads indicate the
absence of co-recruitment to MMP-9 vesicles. Scale bars, 10 �m. The per-
centage of MMP-9 vesicles showing co-recruitment with the indicated
markers was quantified (D).
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Calreticulin has been shown to directly associate with PDI in
a zinc-dependent manner (47). We therefore tested whether
the zinc ion found in the catalytic domain of MMP-9 (2) may
provide a structural necessity for the recruitment of calreticulin
and PDI toMMP-9 vesicles. To test this, macrophage cells were
treated with a zinc-chelating agent, TPEN, upon classical acti-
vation. Epifluorescent imaging of TPEN-treated cells revealed a
striking absence of calreticulin fromMMP-9 vesicles (Fig. 4D).
Only 9.3� 0.9%ofMMP-9 vesicleswere calreticulin-positive in
TPEN-treated cells, significantly lower than that observed in
untreated cells (Fig. 4F). Interestingly, PDI recruitment to
MMP-9 vesicles was unaffected by TPEN treatment (Fig. 4E).
Similar to untreated cells, TPEN-treated cells showed 97.3 �
0.5% of MMP-9 vesicles positive for PDI (Fig. 4F).
To determine if macrophage activation was inducing an ER

stress response, we next investigated whether the MMP-9
punctate structures were vesicles of proteins targeted for intra-
cellular degradation. Mammalian cells degrade cytoplasmic
proteins and organelles mainly through the ubiquitin-proteo-
some or the autophagy-lysosome systems (48). The ubiquitin-
proteosome pathway is typically responsible for the degrada-
tion of cytosolic proteins with short half-lives (49). It is also
involved in ER quality control, in which misfolded proteins are
translocated to the cytosol, where they are ubiquitinylated and
targeted for degradation by proteosomes (48). To test for this
kind of degradation, we immunostained activated RAW 264.7
cells for ubiquitinylated proteins and MMP-9 (Fig. 5A). We
found by epifluorescent imaging that the MMP-9 vesicles were
generally not marked by ubiquitinylation, with only 1.2 � 0.4%
of vesicles being positive (Fig. 5D). Therefore, MMP-9 vesicles
were probably not targeted for degradation by proteosomes.
The autophagy-lysosome pathway is typically responsible for
clearing of cytosolic proteins with relatively long half-lives (49).
These proteins are enclosed within autophagosomes that fuse
with lysosomes to form autophagolysosomes. Accordingly, the
contents of the autophagolysosomes are degraded by the action
of lysosomal acid hydrolases (48). To test for autophagic degra-
dation, we expressed RFP-tagged light chain 3 (LC3), an
autophagosome-specific protein, in activated RAW 264.7 cells
and immunostained for MMP-9. Additionally, we immuno-
stained activated RAW 264.7 cells for LAMP-1, a lysosome
membrane protein, and MMP-9. Epifluorescent imaging of
these cells revealed that MMP-9 vesicles did not contain RFP-
LC3 (Fig. 5B) or LAMP-1 (Fig. 5C). Only 0.67 � 0.3 and 2.3 �
0.7% of MMP-9 vesicles were positive for LC3 and LAMP-1,
respectively (Fig. 5D). Thus it appears that macrophage MMP-
9-containing vesicles were not targeted for intracellular
degradation.
Vesicular Trafficking and Secretion of MMP-9 Is Dependent

on MT Cytoskeleton in Activated Macrophages—We observed
that activated RAW 264.7 cells sort MMP-9 into calreticulin-
and PDI-containing vesicles.We next wanted to investigate the
intracellular means of MMP-9 vesicular trafficking and secre-
tion in these cells. It has been well established that the cytoskel-
eton is involved in the trafficking of organelles and vesicles (50).
AnMT-dependent secretion forMMP-9has been implicated in
melanoma cells (51), astrocytes (52), and neurons (53). To
investigate its potential role in the trafficking of MMP-9 vesi-

cles in activated macrophages, we immunostained activated
RAW 264.7 cells for �-tubulin and MMP-9. Imaging of the
basal cell area by total internal reflection microscopy revealed
MMP-9 vesicles near the cell surface in close association with
the MT cytoskeleton (supplemental Fig. 1). Quantitative colo-
calization analysis between MMP-9 and �-tubulin yielded a
Pearson’s coefficient of 0.44� 0.03. To investigate the possibil-
ity and extent of accidental overlap, a similar analysis per-
formed on images withMMP-9 rotated along the y axis relative
to the MT images (not shown) revealed a significantly lower
Pearson’s coefficient of 0.08� 0.04. To testMTdependence for
MMP-9 secretion, RAW 264.7 cells were activated for 6 h prior
to an additional 3 h in the presence of 10 �M nocodazole or left
activated or resting. Nocodazole is a pharmacological agent
that binds to tubulin dimers and prevents assembly into MT
polymers. At high concentrations, the result is a net depolymer-
ization of MTs in the cell over a short time frame (54). Epifluo-

FIGURE 5. MMP-9 vesicles do not colocalize with markers of proteosomal,
lysosomal, or autophagic degradation. Some RAW 264.7 cells were trans-
fected with RFP-tagged LC3. Cells were stimulated with LPS/IFN-� (0.1 �g/ml
and 100 units/ml, respectively, for 9 h). Cells were fixed and immunostained
for MMP-9 (green) and immunostained for ubiquitinylated proteins (A) or ana-
lyzed for LC3-RFP (B) or immunostained for LAMP-1 (C) (red) and examined by
epifluorescent microscopy. The arrows identify MMP-9 vesicles, whereas the
arrowheads indicate the absence of co-recruitment to MMP-9 vesicles. These
cells had a robust amount of MMP-9 vesicles and represent the relative
degrees of colocalization with the indicated markers. Scale bars, 10 �m. The
percentage of MMP-9 vesicles showing co-recruitment with the indicated
markers was quantified (D). Error bars, S.E.
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rescent imaging of �-tubulin revealed an efficient disruption of
the MT cytoskeleton in activated cells treated with nocodazole
compared with activated or restingmacrophages (Fig. 6A). The
cell culture supernatants and total cell lysates of RAW 264.7
cells were collected and subjected toWestern blotting (Fig. 6B)
and densitometric analysis (Fig. 6C). Compared with activated
cells, nocodazole-treated cells showed a statistically significant
reduction of MMP-9 in the cell culture supernatant. Concur-
rently, these cells showed a significant increase in intracellular

MMP-9 levels. In addition to serving as a loading control, the
unchanged levels of �-tubulin confirmed that the disruption of
MMP-9 secretion was a result of nocodazole-induced MT dis-
organization rather than a reduction of subunit levels. Acti-
vated cells treated with nocodazole demonstrated an accumu-
lation ofMMP-9 vesicles intracellularly by epifluorescence (Fig.
6D) and a statistically significant increase in MMP-9 fluores-
cence intensity (Fig. 6E) compared with activated cells alone.
Disruption of the MT cytoskeleton, such as that caused by

FIGURE 6. Disruption of the MT cytoskeleton reduces MMP-9 secretion in activated macrophages. RAW 264.7 cells were activated (0.1 �g/ml LPS and 100
units/ml IFN-� for 9 h) in the presence of 10 �M nocodazole for 3 h. Cells were fixed and immunostained for �-tubulin (green) and DAPI (blue). Scale bars, 10 �m
(A). Alternatively, the cell culture supernatants were collected, and the cells were lysed, and the supernatants and lysates were subjected to Western blotting
(B) and densitometric analysis (C) for MMP-9 and �-tubulin. *, p � 0.05 compared with activated cells. Additionally, cells were fixed and analyzed for MMP-9
(green), phalloidin (red), and DAPI (blue) (D). Scale bars, 10 �m. The total fluorescence intensity of MMP-9 was measured using ImageJ software (E). *, p � 0.05
compared with activated cells. Error bars, S.E.
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nocodazole treatment, causes dispersal of the Golgi apparatus
into fragments throughout the cell (55). To verify that the
observed accumulated vesicles were not solely MMP-9-con-
taining Golgi fragments, we immunostained activated cells
treatedwith nocodazole forGM130 andMMP-9 (supplemental
Fig. 2). These cells showed some Golgi fragments positive for
MMP-9 but also an accumulation of otherMMP-9 vesicles that
were not Golgi-positive. Collectively, these results indicate that
an intact MT cytoskeleton is necessary for the trafficking of
MMP-9 vesicles to the cell exterior.
EnhancedMTStabilizationObserved afterMacrophageActi-

vation Mediates Efficient Targeting of MMP-9 to Extracellular
Space—We reported previously that classical activation of
macrophages results in enhanced levels of stable cytoplasmic
MTs and showed that this stabilization was important for
increased cell spreading and phagocytic capabilities (9, 56).We
next monitored the level of MT stabilization in RAW 264.7
cells activated (0.1 �g/ml LPS and 100 units/ml IFN-�) for
9 h, using an anti-acetylated tubulin antibody (16). Epifluo-
rescent imaging of RAW 264.7 cells immunostained for
acetylated �-tubulin and �-tubulin revealed a marked
increase in the degree of MT acetylation, occurring in
patches along individual MT strands, in activated cells com-
pared with resting cells (Fig. 7A). A significant increase in
acetylated MT levels after activation was verified by immu-
noblotting for acetylated �-tubulin (Fig. 7, B and C).

We next wanted to determine whether the enhanced MT
stabilization observed in activatedmacrophages was important
for MMP-9 trafficking and secretion to the cell exterior. To
begin, we investigated whether MMP-9 vesicles were adjacent
to stable cytoplasmic MTs. To visualize the subpopulation of
stableMTs, activatedRAW264.7 cells were immunostained for
acetylated�-tubulin orMAP4 (9), total�-tubulin, andMMP-9.
Epifluorescent imaging showed that 61.3 � 3.7 or 66.7 � 2.4%
of MMP-9 vesicles were found along MTs post-translationally
modified with acetylation (Fig. 7, D and F) or bound to MAP4
(Fig. 7, E and F), respectively, indicating that these vesicles
probably associatewith stabilizedMTs for trafficking. To inves-
tigate this, we sought to determine if MT stabilization in acti-
vated macrophages played a functional role for MMP-9 secre-
tion. We examined the effects of further exaggerating MT
stabilization on the extent of MMP-9 secretion in activated
macrophages. To increase MT stabilization, taxol, a drug that
enhances the rate and yield of MT assembly (57), was used.
RAW 264.7 cells were activated for 8 h and incubated for
another 1 h in the presence of taxol at 0.1�M or left activated or
resting. Epifluorescent imaging of RAW 264.7 cells revealed
completely stabilizedMTs in activated/taxol-treated cells, indi-
cated by acetylation along the entire lengths of MTs compared
with the patches of acetylation observed in activated cells (Fig.
8A). The cell culture supernatants and total cell lysates of these
cells were analyzed by Western blotting. Compared with acti-
vated cells, the cell culture supernatants of activated/taxol-
treated cells showed increasedMMP-9 levels, whereas the total
cell lysates demonstrated reducedMMP-9 levels and enhanced
acetylated �-tubulin levels (Fig. 8B). Following densitometric
analysis, we observed a statistically significant increase in extra-
cellularMMP-9 levels in activated cells treated with taxol com-

FIGURE 7. MMP-9 vesicles localize along a subpopulation of stable MTs,
exhibited after macrophage activation. RAW 264.7 cells were activated (0.1
�g/ml LPS and 100 units/ml IFN-� for 9 h), fixed, and immunostained for
acetylated tubulin and �-tubulin and imaged by epifluorescence (A). The
arrows indicate patches of acetylation occurring along the length of MT
strands. Alternatively, the cells were lysed, and lysates were subjected to
Western blotting (B) and densitometric analysis (C). *, p � 0.05 compared with
activated cells. Fixed cells were also immunostained for MMP-9 (green), �-tu-
bulin (blue), and acetylated �-tubulin (D) or MAP4 (E) (red). Insets show a
higher magnification of MMP-9 vesicles and the MT cytoskeleton. Scale bars,
10 �m. The percentage of MMP-9 vesicles that localized along stabilized MTs
was quantified (F). Error bars, S.E.
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pared with activated cells alone (Fig. 8C). We also observed a
statistically significant decrease in intracellular MMP-9 levels
that corresponded to a significant increase in acetylated �-tu-
bulin in activated/taxol-treated cells compared with activated
cells alone (Fig. 8C). Taxol has been shown to stabilize MTs by
binding directly to individual polymers (57) as well as by acti-
vating TLR4 in a similar way as LPS (58). Although resting
RAW 264.7 cells treated with taxol did not show any intracel-
lular or extracellular MMP-9 by Western blotting (data not
shown), we wanted to verify that the enhanced secretion was a
result of enhancedMT stabilization and not a synergistic effect
of LPS and taxol ligation on TLR4. Therefore, we used an alter-
native way to enhanceMT stabilization, by treating cells with a
low dose of nocodazole (59).
Although nocodazole is typically used to depolymerizeMTs,

in vitro studies have shown that using nanomolar concentra-
tions of nocodazole actually increases MT stabilization by sup-
pressing MT dynamic instability and increasing the time MTs
spend in a paused state (54, 59). Immunofluorescent imaging of
RAW 264.7 cells activated for 6 h prior to an additional 3 h in
the presence of 0.1 �M nocodazole revealed a less elaborate but
fully stabilizedMT network compared with activated cells (Fig.
9A). The cell culture supernatants and total cell lysates of these
cells were analyzed by Western blotting. Compared with acti-
vated cells, the cell culture supernatants of activated cells
treated with low dose nocodazole showed increased MMP-9
levels, whereas the total cell lysates possessed reduced MMP-9

levels and enhanced acetylated tubulin levels (Fig. 9B). Follow-
ing densitometric analysis, we observed a statistically signifi-
cant increase in extracellular MMP-9 levels in activated cells
treatedwith lowdose nocodazole comparedwith activated cells
alone (Fig. 9C). We also observed a statistically significant
decrease in the intracellular levels of MMP-9, with an expected
enhancement of acetylated �-tubulin, in activated cells treated
with low dose nocodazole compared with activated cells alone
(Fig. 9C). Collectively, these data indicated that MT stabiliza-
tion was a critical element of macrophage activation to effi-
ciently drive newly synthesizedMMP-9 vesicles to the extracel-
lular space.
KIF5BandKIF3BKinesin IsoformsMediateMMP-9Traffick-

ing in Activated Macrophages—We have previously demon-
strated, in a large scale proteomic analysis of MT-associated
proteins, that association of the kinesin KIF5B isoform with
MTs is significantly increased after macrophage classical acti-
vation (9). To bolster this finding, we performed a co-immuno-
precipitation assay to pull down kinesin 5B and look for associ-
ation with tubulin. Triggered by LPS/IFN-�, we observed an
enhanced association of kinesin with tubulin in activated
macrophages compared with resting macrophages (Fig. 10, A
and B). Recently, we have shown that kinesin 5B is the major
MT motor involved in vesicle targeting to active plasma mem-
brane regions during the process of phagocytosis in macro-
phages (60). Having demonstrated a functional role for MTs in
MMP-9 trafficking and an enhanced association of kinesin 5B

FIGURE 8. Activated macrophages treated with taxol to enhance MT stabilization show increased levels of MMP-9 secretion. RAW 264.7 cells were
activated (0.1 �g/ml LPS and 100 units/ml IFN-� for 9 h) and treated with 0.1 �M taxol for 1 h. Cells were fixed and immunostained for acetylated �-tubulin (red),
�-tubulin (green), and DAPI (blue) (A). Scale bars, 10 �m. Alternatively, the cell culture supernatants were collected, the cells were lysed, and the supernatants
and lysates were subjected to Western blotting (B) and densitometric analysis (C) for MMP-9, acetylated tubulin, and �-tubulin. *, p � 0.05 compared with
activated cells. Error bars, S.E.
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with MTs in activated macrophages, we next wanted to see if
kinesin 5B associated with MMP-9 vesicles. Confocal imaging
of activated RAW 264.7 cells immunostained for MMP-9 and
kinesin using a KIF5B-specific antibody revealed that MMP-9
vesicles colocalized with kinesin 5B (Fig. 10C). Quantitative
colocalization analysis between MMP-9 and KIF5B yielded a
Pearson’s coefficient of 0.42� 0.03. To investigate the possibil-
ity of accidental overlap, a similar analysis performed on images
with MMP-9 images rotated along the y axis relative to the
KIF5B images (not shown) revealed a significantly lower Pear-
son’s coefficient of 0.1 � 0.02. We next investigated the poten-
tial role of the biosynthetic Rabs, Rab3D and Rab27b, in medi-
ating the association of MMP-9 vesicles with kinesin. To do
this, we expressed dominant negative versions of either Rab3D
or Rab27b and assessed the extent of kinesin association with
MMP-9 vesicles compared with untransfected cells. Cells
expressing GFP-tagged Rab3D-DN revealed MMP-9 vesicles
that no longer colocalized with kinesin 5B (Fig. 10D) and dem-
onstrated a statistically lower Pearson’s coefficient of 0.04 �
0.02 compared with 0.42 � 0.03 in untransfected cells (Fig.
10C). However, kinesin-MMP-9 association in cells expressing
GFP-tagged Rab27b-DNwas unaffected (Fig. 10E) and revealed
a Pearson’s coefficient of 0.49 � 0.03, similar to that seen in
untransfected cells. Overall, these data demonstrated an
enhanced recruitment of kinesin 5B to MTs after macrophage
activation, which depends on Rab3D for association with
MMP-9 vesicles.

We next examined the effects of KIF5B inhibition in acti-
vated macrophages by expressing a KIF5B rigor mutant (61),
which demonstrated an altered cellular distribution (Fig.
11B) compared with WT KIF5B (Fig. 10C). Kinesin rigor
mutants have been shown to tightly bind to MTs due to a
mutation in the ATP-binding domain preventing their dis-
sociation (61, 62). Therefore, the observed change in KIF5B
cellular distribution of the rigor mutant is probably due to its
tight attachment to MTs compared with WT KIF5B. Cells
expressing the KIF5B rigor mutant demonstrated a pro-
nounced accumulation of intracellular MMP-9 vesicles (Fig.
11, B and D) compared with untransfected cells (Fig. 11, A
and D). Recently, it has been shown that MT1-MMP secre-
tion is regulated by more than one kinesin isoform (61). We
therefore investigated the effects of expressing a KIF3B rigor
mutant (61) on MMP-9 accumulation. Activated macro-
phages expressing the KIF3B rigor mutant revealed a similar
accumulation of MMP-9 vesicles as cells expressing the
KIF5B rigor mutant (Fig. 11, C and D), showing a significant
increase in the average number of MMP-9 vesicles per cell
compared with untransfected cells (Fig. 11D). Disrupting
retrograde transport via dynein by overexpression of GFP-
tagged dynamitin p50 had no impact on MMP vesicle pro-
duction and distribution in activated macrophages (data not
shown). Thus, MMP-9 secretion was Rab3D-dependent and
relied on both KIF5B and KIF3B kinesin isoforms.

FIGURE 9. Activated macrophages treated with low dose nocodazole (Noc) to enhance MT stabilization show increased levels of MMP-9 secretion.
RAW 264.7 cells were activated (0.1 �g/ml LPS and 100 units/ml IFN-� for 9 h) and treated with 0.1 �M nocodazole for 3 h. Cells were fixed and immunostained
for acetylated �-tubulin (red), �-tubulin (green), and DAPI (blue) (A). Scale bars, 10 �m. Alternatively, the cell culture supernatants were collected, the cells were
lysed, and the supernatants and cell lysates were subjected to immunoblotting (B) and densitometric analysis (C) for MMP-9, acetylated �-tubulin, and
�-tubulin. *, p � 0.05 compared with activated cells. Error bars, S.E.
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DISCUSSION

The primary goal of this work was to characterize the distri-
bution of MMP-9 in activated macrophages and to elucidate
the mechanism by which it is trafficked and secreted. A sum-
mary of the composition of MMP-9 vesicles as well as their
trafficking along stable MTs in activated macrophages is
depicted in Fig. 12.
MMP-9 is a heavily glycosylated glycoprotein, where 15% of

its mass is contributed by post-translational glycosylation (63).
Although the function of such glycosylation has not been inves-
tigated for MMP-9, it has been suggested to regulate substrate
targeting for membrane type 1-MMP (64). We have demon-
strated for the first time an intermediate 89-kDa form ofFIGURE 10. MMP-9 vesicles associate with the MT motor kinesin 5B in a

Rab3D-dependent manner. RAW 264.7 cells were activated (0.1 �g/ml LPS
and 100 units/ml IFN-� for 9 h) or left resting. Cell lysates were processed for
immunoprecipitation using either kinesin 5B antibody (A, top) or IgG control
antibody (A, middle) and analyzed by Western blotting for KIF5B and �-tubu-
lin. As well, some cell lysate was processed directly for Western blotting
and analyzed for KIF5B, �-tubulin, and actin (A, bottom). Densitometric
analysis was performed on KIF5B and �-tubulin resulting from immuno-
precipitation with a KIF5B antibody (B). *, p � 0.05 compared with resting

cells. Alternatively, activated cells untransfected (C) or expressing Rab3D-DN-
GFP (D) or Rab27b-DN-GFP (E) were fixed and immunostained for MMP-9
(green) and kinesin 5B (red). Insets show transfected cells. Scale bars, 10 �m.
The arrows indicate colocalization with kinesin 5B, whereas the arrowheads
indicate a lack of colocalization. Error bars, S.E.

FIGURE 11. Trafficking of MMP-9 vesicles is mediated by the MT motors
kinesin 5B and 3B in activated macrophages. Activated (0.1 �g/ml LPS and
100 units/ml IFN-� for 9 h) RAW 264.7 cells either untransfected or expressing
kinesin 5B or 3B rigor mutants were fixed and immunostained for MMP-9
(green). Untransfected cells were stained with phalloidin to mark the cell
periphery (A) (red). Alternatively, transfected cells were analyzed for either
KIF5BT92N-YFP (B) or KIF3BT103N-GFP (C) (red). Scale bars, 10 �m. A quantifi-
cation of the average number of MMP-9 vesicles per macrophage cell was
performed (D). *, p � 0.05 compared with resting cells. Error bars, S.E.
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MMP-9 that appears in activated cells treated with BFA by
immunoblotting. BFA inhibits ER to Golgi transport (35), and
we demonstrated that activated cells treated with BFA show
MMP-9 localized to the ERby immunofluorescence. Therefore,
we can attribute any glycosylation of the 85-kDa form of
MMP-9 in these BFA-treated cells to the ER. This provides
insight into the glycosylation patterns that MMP-9 undergoes
through the biosynthetic pathway, whereby the ER is responsi-
ble for maturing MMP-9 from its 85-kDa underglycosylated
form to its 89-kDa intermediate glycosylated form. Addition-
ally, we can infer that full glycosylation of the 89-kDa form to
the 92-kDa form occurs in the Golgi apparatus. In activated
cells not treated with BFA, we observe substantial amounts of
the 85- and 92-kDa forms and do not detect the 89-kDa inter-
mediate. This may suggest that the 85-kDa form is rapidly pro-
cessed, and the 89-kDa form is a transient intermediate.
Although MMP-9 originates from the same gene in neutro-

phils and in peripheral blood monocytes (63), we showed by
epifluorescence that macrophages package MMP-9 into vesi-
cles that differ in composition from neutrophil gelatinase gran-
ules. Neutrophils make up the first wave of leukocytes to arrive
at the site of inflammation and, as such, need to be able to
migrate without hesitation (31). Unlike macrophages, neutro-
phils produce and prepackMMP-9 in tertiary granules to allow
for rapid release upon stimulation, without the need for tran-
scription and translation (31). Therefore, release of neutrophil
MMP-9 probably relies on post-translational control of vesicle
trafficking, whereas release of macrophage MMP-9 relies on
transcriptional induction and subsequent secretion. We spec-
ulate that macrophage MMP-9 vesicles do not require regula-
tion by Rab27a because the vesicles are produced only when the
macrophage is immunologically challenged. Neutrophils do
not produce TIMP-1 and, as a result, are unable to control
MMP-9 activity by forming MMP-9�TIMP-1 complexes (63).
Conversely,macrophages have been shown to produceTIMP-1
and are able to form these complexes (2). Packaging of the

adhesionmoleculeMac-1withMMP-9 in neutrophilsmay thus
ensure that MMP-9 will only be released at sites of firm attach-
ment with endothelial components (37), a control measure
probably needed by neutrophils because they cannot provide
control by TIMPs.
Having demonstrated a compositional difference between

neutrophil and macrophage MMP-9-containing vesicles, we
next investigated their identity in macrophages. We showed
that the normally ER-resident proteins, calreticulin and PDI,
are sorted with MMP-9 in discrete vesicles. Our observations
showing that these vesicles were not positive for markers of
proteosomal, lysosomal, and autophagic processing suggest
that they are probably not targeted for intracellular degrada-
tion. ER-resident proteins are targeted and retained in the ER
via a KDEL signal sequence. KDEL proteins thatmake their way
to the Golgi apparatus are recognized by KDEL receptors and
are transported back to the ER (44, 45). We did not observe
KDEL staining localized toMMP-9 vesicular organelles in acti-
vated macrophages, which confirmed that these punctate
structures were not expanded pockets within the ER; nor were
they anterograde ER-to-Golgi vesicles or retrograde Golgi-
to-ER vesicles. There is growing evidence that some ER pro-
teins, such as calreticulin (65) and PDI (43), can be detected and
function in non-ER locations. The exact means by which these
proteins may evade the ER retention machinery is not well
understood; however, some theories have been proposed.
KDEL proteins may escape the ER in situations where KDEL
receptors become saturated or in cases where ER proteins form
complexes with other macromolecules or possibly when their
KDEL signal sequence is removed (43, 66). Our observation
thatMMP-9 vesicles were devoid of KDEL staining implies that
the calreticulin and PDI may have escaped ER retention by loss
of their KDEL retention signals.
Calreticulin has been shown to associate directly with PDI in

a zinc-dependent manner (47). We observed a zinc-dependent
recruitment of calreticulin, and not PDI, to MMP-9 vesicles,
suggesting that the zinc ion found in the catalytic domain of
MMP-9 (2) may be a structural ingredient necessary for calre-
ticulin recruitment. As well, these data suggest that PDI is
recruited independently of calreticulin to MMP-9 vesicles.
Because PDI is a chaperone responsible for forming disulfide
bonds between the thiols of cysteine residues (67), we speculate
that its association with MMP-9 occurs during MMP-9 forma-
tion, after which calreticulin recruitment is mediated via zinc
availability in the MMP-9 catalytic domain.
Calreticulin has been described in non-ER compartments,

such as the acrosomal vesicles of sperm cells and the cytotoxic
granules of T-cells (65). In T-cell granules, calreticulin associ-
ates with perforin, which becomes activated in the presence of
calcium. As a calcium-binding protein, calreticulin was pro-
posed to regulate the levels of free calcium in these granules
(65). Calcium alsomodulatesMMP-9 stability (68), so the pres-
ence of calreticulin in MMP-9 vesicles of activated macro-
phages may maintain favorable calcium levels important for
MMP-9 stability.
Stabilization of the MT cytoskeleton is uniquely rapid and

predominant in activated macrophages, whereas other animal
cells have largely dynamic MTs (13). We have previously dem-

FIGURE 12. A model of MMP-9 sorting and trafficking in activated macro-
phages. Activated macrophages exhibit increased levels of stable cytoplas-
mic MTs with increased production and trafficking of MMP-9. MMP-9 is pro-
cessed through the biosynthetic pathway and is sorted in discrete vesicular
organelles that contain calreticulin and PDI and do not colocalize with mark-
ers of neutrophil tertiary granules or intracellular degradation. Shown are
MMP-9 vesicles being trafficked along stabilized MTs by the molecular motors
kinesin 5B and 3B.
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onstrated thatmacrophage activation results in enhanced levels
of stable cytoplasmic MTs (4, 9) as well as an enhanced associ-
ation of theMTmotor kinesin withMTs (9). More recently, we
have implicated kinesin 5B in mediating vesicle targeting to
active plasma membrane regions during the process of phago-
cytosis in macrophages (60). In the present study, we verified
the enhanced MT stabilization and association of kinesin with
MTs after macrophage activation and assessed their involve-
ment in mediating the extensive trafficking of newly produced
MMP-9 vesicles, required for macrophage migration (23,
28–30). We have demonstrated a MT-dependent secretion for
MMP-9 and, using pharmacological agents to exaggerate MT
stabilization, showed that enhanced MT stabilization further
acceleratesMMP-9 secretion. Additionally, we have implicated
the MT motors kinesin 5B and 3B in mediating MMP-9 traf-
ficking.Wehave shown that Rab3D, a known regulator of intra-
cellular vesicle transport (69), plays a role inmediating the asso-
ciation of MMP-9 vesicles with kinesin. Acetylation of MTs is
known to enhance the binding and motility of kinesin (70), and
we speculate that enrichment of acetylated MTs after macro-
phage activation promotes enhanced kinesin binding on stable
MT tracks that efficiently traffic MMP-9 to the cell exterior.
Despite its critical role in macrophage migration during the

inflammatory response, excessive or unregulated production
and secretion ofMMP-9 results in its contribution to patholog-
ical processes (31). Excessive secretion of MMP-9 by macro-
phages was shown to cause extracellular matrix degradation
that induces plaque rupture in the cephalic arteries of athero-
sclerosis mouse models (71). Additionally, patients with
emphysema demonstrated alveolar macrophages as the most
abundant inflammatory cell present in the lung, secreting ele-
vated levels of MMP-9 compared with the cells of control
patients (72).Our investigation of themode bywhichMMP-9 is
trafficked in activatedmacrophagesmay thus provide pertinent
insight for the regulation of excessive MMP-9 secretion in dis-
ease states, such as atherosclerosis and emphysema.
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