Journal of Neuroimmunology 109 (2000) 221–227
www.elsevier.com / locate / jneuroin

Matrix metalloprotease-9 release from monocytes increases as a function
of differentiation: implications for neuroinflammation and
neurodegeneration
Catharina M.P. Vos a,b , Suzanne Gartner a , Richard M. Ransohoff c , Justin C. McArthur a,d ,
e
a
a
a,
Larry Wahl , Lucas Sjulson , Edward Hunter , Katherine Conant *
a

Department of Neurology, Johns Hopkins University School of Medicine, 600 North Wolfe Street, Baltimore, MD 21287, USA
Department of Pharmacology, Leiden /Amsterdam Center for Drug Research, Leiden University /Sylvius Laboratories, Leiden, The Netherlands
c
Departments of Neurology and Neuroscience, The Lerner Research Institute, Cleveland Clinic, Cleveland, OH, USA
d
Department of Epidemiology, John Hopkins University School of Hygiene and Public Health, 615 North Wolfe Street, Baltimore, MD 21205, USA
e
Immunopathology Section, National Institute of Dental and Craniofacial Research, Bethesda, MD, USA
b

Received 8 March 2000; accepted 9 May 2000

Abstract
¨ monocytes extravasate in response to monocyte chemoattractant-1 (MCP-1) and subsequently, following differentiation within
Naıve
tissue, carry out effector functions. Consistent with this concept, expression of the MCP-1 receptor CCR2 decreases with monocyte
differentiation, as production of cytokines increases (Fantuzzi et al., 1999). Because matrix metalloproteases (MMPs) may also play an
important role in the ability of monocytes to migrate into tissues and / or to promote pathogen clearance / tissue injury, we have examined
production of matrix metalloprotease-9 as a function of both monocyte differentiation in vitro and expression of CCR2. Increased time in
culture, which is linked to monocyte differentiation, resulted in enhanced production of MMP-9, assessed by gelatin substrate
¨ CCR2-positive cells. Our results
zymography. Further, CCR2-negative monocytes produced greater quantities of MMP-9 than did naıve
indicate that MMP-9 release increases during monocyte differentiation, consistent with a prominent role in effector functions. Because
extracellular matrix proteins are important to cell structure and survival (Wee Yong et al., 1998), increased expression of MMP-9 could
contribute to tissue damage following monocyte differentiation.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Several central nervous system (CNS) diseases, including HIV dementia, feature parenchymal invasion by hematogenous monocytes that locally differentiate into macrophages. In many such conditions, macrophage-derived
products make a substantial contribution to tissue damage
(Epstein and Gendelman, 1993; Glass et al., 1995;
Kuroiwa et al., 1999).
Matrix metalloproteases (MMPs) are a family of zinccontaining endopeptidases, that selectively degrade components of the extracellular matrix [ECM] (Wee Yong et
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al., 1998). These proteins can also activate membranebound cytokines and receptors. MMPs are grouped according to their major substrates, although there is substantial
overlap. Despite promiscuous substrate specificities,
MMPs exhibit functional differentiation, as they vary with
respect to cellular source, inducibility and efficiency of
substrate utilization. Further, MMP activity is regulated
at the levels of proenzyme activation and interaction
with specific tissue inhibitors of metalloproteinases
(TIMPs).
MMPs are implicated in diverse physiological processes,
including leukocyte migration across capillary basement
membranes (Leppert et al., 1995; Leppert et al., 1996).
Several lines of evidence raise the possibility that MMP-9
¨ monocytes, as
may be important for extravasation by naıve
MMP-9 degrades collagen type IV and entactin, both of
which are major components of capillary basement membranes.
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Additionally, expression of MMP-9 could be envisioned
as a component of the differentiated monocyte / macrophage effector program. MMP-9 is expressed by monocytes after exposure to varied inflammatory stimuli (Zhang
et al., 1998). In this view, MMPs produced within tissue
sites could be toxic to pathogens or parenchymal cells.
ECM proteins facilitate cell survival, supporting the notion
that MMPs could mediate cytotoxic effects (Nichol et al.,
1995; Bozzo et al., 1997; Libby et al., 1999). This concern
is heightened by the observation that tissue levels of
MMPs are elevated in pathological conditions characterized by an excess of activated macrophages (Wee Yong et
al., 1998). MMPs produced within the brain parenchyma
may also amplify inflammatory reactions by promoting
CNS entry of peripheral blood leukocytes. Consistent with
this concept, injection of MMP-9 into the brain parenchyma induced leukocyte infiltration of the CNS (Rosenberg et al., 1992; Anthony et al., 1998).
The recruitment of leukocytes into tissue is contingent
on the expression of adhesion molecules, chemokines and
chemokine receptors (Sasseville et al., 1992; Conant et al.,
1998; Cinque et al., 1998; Kelder et al., 1998). With
respect to monocytes, MCP-1 and its receptor, CCR2, are
critically important to transendothelial migration. (Weiss et
al., 1998). MCP-1 is a relatively potent and selective
monocyte chemoattractant (Uguccioni et al., 1995) and
moreover, recent studies in gene-targeted mice demonstrate that MCP-1 is uniquely essential to monocyte
recruitment in vivo (Lu et al., 1998).
CCR2 is a critical receptor for MCP-1 mediated transendothelial migration of monocytes (Kurihara et al., 1997,
Boring et al., 1997; Kuziel et al., 1997; Gu et al., 1998;
Dawson et al., 1999). Although there are salient differences between CCR22 / 2 and MCP-12 / 2 mice, both
genetic models display a near-complete defect in monocyte
recruitment to the peritoneum following thioglycollate
installation. Moreover, CCR2 antagonists block the ability
of human monocytes to migrate in response to MCP-1
(Weber et al., 1999a).
Numerous studies have linked CCR2 expression to the
activation status of monocytes. For example, CCR2 expression is drastically and rapidly reduced following
treatment of monocytes with pro-inflammatory stimuli
including IFN-g, LPS or TNF-a (Penton-Rol et al., 1998;
Weber et al., 1999b). In addition, CCR2 expression
decreases with cell culture associated monocyte differentiation (Fantuzzi et al., 1999).
The current study was performed to establish the
relationship between between MMP-9 release and monocyte differentiation in vitro. Our results indicate that
differentiated, CCR2-negative cells produce greater
¨ monocytes, suggesting that
amounts of MMP-9 than naıve
this enzyme may play a salient role in tissue injury, in
CNS conditions in which abundant monocyte infiltrates are
present.

2. Materials and methods

2.1. Isolation of monocytes
Peripheral blood derived monocytes were obtained from
normal donors by elutriation or Ficoll gradient followed by
adherence purification, as indicated in the text. Monocytes
obtained by counterflow centrifugal elutriation were prepared as previously described (Zhang et al., 1998).
Adherence-purified monocytes were obtained from
peripheral blood mononuclear cells isolated through the
use of cell preparation tubes (Becton-Dickinson) by a
previously described technique (Gartner and Popovic,
1990).

2.2. Cell separation
CCR2-positive monocytes were obtained through positive selection using an anti-human CCR2-phycoerythrin
(PE) conjugated antibody (R & D Systems, Minneapolis,
MN) and anti-PE coated magnetic beads (Miltenyi Biotec,
Auburn CA) according to the manufacturer’s instructions.
Briefly, elutriated cells were incubated with 0.75 mg antiCCR2 per 10 6 cells for 30 min at room temperature. The
total volume for this incubation was adjusted to 100
ml / 10 6 cells with MACS buffer (degassed, calcium-free
PBS with 0.2 mM EDTA and 0.5% BSA). In subsequent
steps, cells were kept on ice or at 48C.
Following incubation with the primary antibody, cells
were washed with 14 ml MACS buffer and pelleted (300
RCF for 15 min). Cells were then incubated with the
secondary, anti-PE antibody (20 ml / 10 6 cells) for 15 min
at 48C in a total volume of 100 ml / 10 6 cells. Monocytes
were washed again and pelleted prior to their separation on
a magnetic column (LS1 separation column, Miltenyi
Biotec) as per the manufacturer’s instructions.

2.3. Flow cytometry /CCR2 surface expression
To assess purity of the cell fractions and / or cell surface
expression of CCR2, flow cytometric analysis was performed using a FACSTARPLUS machine and CellQuest
software. Three-colour staining with the following antibodies was performed: fluorescein (FITC) labeled
CD14(Becton Dickinson) / phycoerythrin (PE) labeled
CCR2 /Allophycocyanin (APC) labeled CD4 (Becton Dickinson) and IgG FITC / IgG PE / IgG APC (isotype matched
control with antibodies from Becton Dickinson). Twocolor staining was also done using APC labeled CD14
(Becton Dickinson) and PE labeled CCR2.
For experiments that analyzed CCR2 surface expression
as a function of time in culture, PBMCs were isolated by
ficoll gradient and plated in minimal essential media
(MEM, GIBCO) with 10% FBS at a density of 0.5310 6 /
6.4 mm well. Non-adherent cells were removed 2 h after
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plating. Twenty-four and forty-eight hours later, cells were
placed on ice for 30 min and vigorously shaken. This
removed the majority of adherent cells from both time
points (.90%) which were then stained and analyzed by
flow cytometry.

2.4. Cytokines
Recombinant human cytokines were obtained from R &
D Systems, reconstituted in phosphate buffered saline and
stored in aliquots at 2708C.

2.5. Stimulation of monocytes and gelatin substrate
zymography
Monocytes were plated at approximately 2.5310 5 cells
per 200 ml / 6.4 mm well in MEM with 10% FBS.
Following adherence, cells were washed and treated for 16
h with serum-free MEM, or with serum-free MEM containing the indicated cytokine (5 ng / ml IL-1b, 10 ng / ml
TNF-a, or 10 ng / ml MCP-1). Supernatants were then
sampled and frozen for zymography and the media was
replaced with MEM containing 10% FBS until day 5, at
which time cells were similarly washed and stimulated in
serum free media. Supernatants from monocytes which
were cultured and / or stimulated for 1 versus 5 days were
run on the same gel, and in additional experiments (not
shown) we determined that freezing supernatants for 5
days did not have a noticeable effect on MMP-9 activity as
detected by zymography. Of note, those wells which were
used for 5 day supernatants were also washed at day 1 so
as to remove cells in equal number from the wells used for
both conditions. Colony stimulating factors were not added
at any time. In addition, based on microscopic evaluation,
cell confluence did not differ between wells used for the
day 1 and day 5 supernatants.
Zymography, using 20 ml of cell culture supernatant was
performed with precast gels (BioRad) according to the
manufacturer’s instructions. Molecular weights were determined by comparison with protein molecular weight
standards (BioRad), and purified active or pro- human
MMP-9 (Calbiochem, La Jolla, CA) were run as positive
controls.

3. Results

3.1. Following 1 day in culture, cytokine-stimulated
monocytes release less MMP-9 than do cells which have
been cultured for 5 days
Fig. 1 shows the results of zymographic analysis of
supernatants from unstimulated and cytokine stimulated
adherence purified monocyte / macrophages following 1 or
5 days in culture as indicated. The predominant band

Fig. 1. (a) Zymographic analysis of supernatants from unstimulated and
cytokine stimulated adherence purified monocyte / macrophages following
1 or 5 days in culture as indicated. Each row represents results obtained
using monocytes from a different donor. The predominant band, which
runs with an apparent molecular weight of 92 kDa, represents pro-MMP-9
activity. That band shown in the four lowermost images and indicated by
the arrow is the purified active form of human MMP-9, which was run as
a positive control. In some images, a faint band which runs with an
apparent molecular weight less than that of active MMP-9 is likely to
represent MMP-2. (b) Zymographic analysis showing the migration of
purified pro-MMP-9 along with that of supernatants from cultured
monocytes (5 days). The uppermost bands in lane 1 may represent
concatamers of MMP-9.

represents pro-MMP-9, which runs with an apparent
molecular weight of 92 kDa. The cleaved form of MMP-9
runs at a slightly lower molecular weight but due to its
tight association with extracellular matrix proteins, may be
difficult to detect in cell culture supernatants. Based on
molecular weight, the uppermost band, which can be
observed in the day 5 culture supernatants, may represent
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MMP-9 dimer activity. In addition, the very faint band
which runs with a lower molecular weight than does
pro-MMP-9 and can be seen in some but not all rows may
represent pro-MMP-2 activity.
Monocytes from seven normal donors were studied; the
release of pro-MMP-9 was greater at 5 days than at 1 (Fig.
1). As expected, cells from different donors showed
variable cytokine-responsiveness. After 5 days in culture,
MMP-9 production in response to cytokines was diminished, likely because constitutive MMP-9 release was nearmaximal and / or cell surface cytokine receptor expression
had diminished (Fantuzzi et al., 1999).

3.2. Monocytes obtained by elutriation also show
increased MMP-9 release at 5 days, as opposed to 1
day, in culture
Fig. 2 shows the results of an experiment using monocytes obtained by elutriation rather than adherence purification. The predominant band represents pro-MMP-9
activity, which is significantly greater in supernatants from
cells that were maintained for 5 days in culture, as
compared to those maintained for 1 day in culture.

An experiment with PBMCs from a different normal donor
showed similar results (not shown).

3.4. CCR2 -positive monocytes release less MMP-9 than
do CCR2 -negative
Fig. 4 shows pro-MMP-9 activity in the supernatants of
CD14 unseparated (total); CD14 / CCR22 (CCR22) and
CD14 / CCR21 (CCR21) monocytes from three normal
donors. Flow cytometric analysis showed that 8368% of
those cells in the CCR21 fraction were CD141 / CCR21
while 11.569.3% of those in the CCR22 fraction were
similarly labeled. Each row represents the results of an
experiment using monocytes from a different normal
donor. As expected, cytokine responsiveness of monocytes
varied among different donors. Also, as compared to either
total or CCR2-negative monocyte populations, CCR2-positive cells released similar or lesser amounts of pro-MMP-9
(arrow). For each of the three zymograms, the average
pixel intensity of individual bands from the photographed
gels, scanned in using Adobe Photoshop at 1200 dpi, 8 bits
per pixel and assigned values of 0 (black)–256 (white),
differed at P,0.01 between untreated CCR21 versus
untreated CCR22 using a two tailed t test.

3.3. CCR2 expression on monocytes decreases with
increased time in culture
4. Discussion
CCR2 expression is reduced during monocyte activation
and / or differentiation. To determine whether CCR2 receptor expression may decrease with time in culture
following isolation and culture techniques similar to those
used for those experiments from which the data was shown
in Fig. 1, we stained monocyte / macrophages from a
normal donor following 24 and 48 h in culture. These early
time points were chosen to minimize artifacts associated
with difficulty in detaching firmly-adherent cells from
tissue-culture wells. The results of this experiment, shown
in Fig. 3, demonstrate that CCR2 staining on CD14
positive cells was reduced with increased time in culture.

MCP-1 is critical to monocyte recruitment in a variety
of host defense and pathological conditions (Karpus and
Lukacs, 1996; Lu et al., 1998). In addition, it has been
demonstrated that those monocytes which respond to
MCP-1 exhibit a ‘pro-inflammatory’ phenotype, which
includes increased expression of serine proteases (Owen et
al., 1994). In the present study we report that monocytes
¨
which are naıve,
as determined by lesser time in culture as
well as CCR2 expression, secrete less MMP-9 than do
more differentiated CCR2-negative cells.
The ability of monocytes to release increased quantities

Fig. 2. Zymographic analysis of supernatants from unstimulated and cytokine stimulated monocytes obtained from a normal donor through elutriation.
Again, the predominant band represents pro-MMP-9 activity while the uppermost band, which is visible in the day 5 supernatants, is likely to represent
MMP-9 dimer activity.
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Fig. 3. Flow cytometric analysis of monocytes from a normal donor following 1 or 2 days in culture as indicated. Cells were labeled using fluorescein
conjugated anti-CD14 and phycoerythrin conjugated anti-CCR2. Analysis was performed using a FACSTARPLUS machine and CellQuest software.

Fig. 4. Zymographic analysis of supernatants from Total, CCR22, and
CCR21 monocyte populations from three normal donors. Supernatants
from each donor are shown in a single row. Cells were either unstimulated or stimulated with IL-1b or MCP-1 as indicated. The predominant
band, indicated by an arrow, represents pro-MMP-9 activity. The very
faint band which runs faster than pro-MMP-9 and can be seen in the third
row most likely represents pro-MMP-2.

of MMP-9 with differentiation could be significant with
respect to select pathological conditions. For example,
MMPs produced within the brain parenchyma may facilitate CNS entry of peripheral blood leukocytes (Rosenberg
et al., 1992; Anthony et al., 1998). MMPs produced within
the brain may also help cells to migrate through the
parenchymal ECM. In addition, such MMPs could play a
role in pathogen clearance and / or host cell injury. With
respect to potential cytotoxicity, MMPs may activate
potentially neurotoxic cytokines such as IL-1b (Schonbeck
et al., 1998). Also, it has been demonstrated that select
ECM proteins may facilitate host cell survival (Nichol et
al., 1995; Bozzo et al., 1997; Libby et al., 1999). Moreover, extracellular matrix proteins may aid localization of
those neurotrophins with which they are associated
(Houweling et al., 1998; Gruenbaum and Carew, 1999).
The ability of select cytokines, including TNF-a and
IL-1b, to increase the release of MMP-9 and other
effectors (Kitagawa et al., 1996) from monocytes may also
contribute to the pathogenesis of CNS inflammation. With
respect to HIV dementia, select cytokines may be elevated
in the peripheral blood (Penton-Rol et al., 1998) leading to
immune activation in the CNS (Herkenham et al., 1998)
and / or to activation of peripheral blood monocytes (Pulliam et al., 1997). Moreover, activated peripheral blood
monocytes may more easily enter the CNS and / or stimulate immune activation once there. Immune activation
within the CNS could in turn be associated with increased
production of MCP-1 by astrocytes and a consequent
selective recruitment of CCR2-positive monocytes (Conant
et al., 1998; Cinque et al., 1998; Kelder et al., 1998). And
while this scenario is of course speculative, it would at
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least suggest that immune activation within the CNS may
be prevented, at least in some part, by prevention of
peripheral immune activation (Gartner, 2000).
¨
In summary, the finding that CCR2-positive, naıve
monocytes produce lesser amounts of MMP-9 than do
cytokine stimulated or more differentiated monocytes is
consistent with the possibility that this key pro-inflammatory enzyme plays a role in macrophage effector functions.
Inhibiting MMP-9 activity may exert neuroprotective
effects in conditions characterized by infiltration of the
CNS by activated monocytes.
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