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Inflammation Induced by MMP-9 Enhances Tumor
Regression of Experimental Breast Cancer

Karin Soderlund Leiﬂer,""Jr Susanne Svensson,""Jr Annelie Abrahamsson,""Jr
Christina Bendrik,”"T Jennifer Robertson,* Jack Gauldie,* Anna-Karin Olsson,§ and
Charlotta Dabrosin*"

Matrix metalloproteinases (MMPs) have been suggested as therapeutic targets in cancer treatment, but broad-spectrum MMP
inhibitors have failed in clinical trials. Recent data suggest that several MMPs including MMP-9 exert both pro- and antitumori-
genic properties. This is also the case of the natural inhibitors of MMPs, tissue inhibitor of metalloproteinases (TIMPs). The in-
hibitor of MMP-9 is TIMP-1, and high levels of this enzyme have been associated with decreased survival in breast cancer.
Inflammation is one hallmark of cancer progression, and MMPs/TIMPs may be involved in the local immune regulation. We in-
vestigated the role of MMP-9/TIMP-1 in regulating innate antitumor immunity in breast cancer. Breast cancers were established in
nude mice and treated with intratumoral injections of adenoviruses carrying the human TIMP-1 or MMP-9 gene (AdMMP-9).
In vivo microdialysis for sampling of cancer cell-derived (human) and stroma-derived (murine) proteins, immunostainings, as
well as cell cultures were performed. We report a dose-dependent decrease of tumor growth and angiogenesis after AdMMP-9
treatment. In addition to increased generation of endostatin, AAMMP-9 promoted an antitumor immune response by inducing
massive neutrophil infiltration. Neutrophil depletion prior to gene transfer abolished the therapeutic effects of AdMMP-9.
Additionally, AAMMP-9 activated tumor-infiltrating macrophages into a tumor-inhibiting phenotype both in vivo and in vitro.
AdMMP-9 also inhibited tumor growth in immune-competent mice bearing breast cancers. Adenoviruses carrying the human
TIMP-1 gene had no effect on tumor growth or the immune response. Our novel data identify MMP-9 as a potent player in

modulating the innate immune response into antitumor activities.

atrix metalloproteinases (MMPs) are overexpressed in
many types of cancer and have been associated with
tumor progression due to their capacity to degrade the
basement membrane and activate growth factors (1, 2). However,
MMP inhibitors in clinical trials have failed and even induced
poorer survival compared with placebo-treated patients (3). In
addition to the clinical trial data, a number of experimental studies
have shown potent antitumorigenic activities of several MMPs
including MMP-9 (4-8). These antitumorigenic activities may be
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attributed to the generation of antiangiogenic fragments such as
angiostatin, tumstatin, and endostatin (4-7). The natural-occurring
endogenous inhibitor of MMP-9 is tissue inhibitor of metal-
loproteinase-1 (TIMP-1) (9). Similar to MMPs, the role of TIMPs
in cancer is reported contradictory and both tumor-protective
and tumor-enhancing properties have been reported (10-13). In
breast cancer patients, high tumor and serum levels of TIMP-1
have been associated with decreased response to chemotherapy
and decreased survival, suggesting a detrimental effect of TIMP-1
(14-16).

MMPs are involved in the local immune regulation on several
levels. MMPs can shed chemokines from cellular membranes,
modify soluble chemokines to alter their localization patterns or
activity, and facilitate immune cell migration by basal membrane
proteolysis (17, 18). Inflammation is one of the hallmarks of
cancer initiation and progression (19). Infiltration of immune cells
such as tumor-associated macrophages (TAMs) have a role in
tumor progression; however, depending on their phenotype mac-
rophages can have either tumor-killing (M1) or tumor-promoting
(M2) properties (20, 21). However, mixed phenotypes have been
detected, and subsets of macrophages may coexist in the tumor
tissue as the activation of TAMs depend on signals in the micro-
environment (21-24).

The role of tumor-associated neutrophils is unclear, but it seems
probable that they have the ability to be pro- or antitumorigenic,
depending on their phenotype or the number of infiltrating neu-
trophils in the tumor microenvironment (25, 26). In addition, it has
been demonstrated that massive infiltration of neutrophils may
elicit a cytotoxic effect, leading to tumor regression, whereas a
low-grade neutrophil gradient is tumor progressive (25, 26).

We have previously shown in established breast cancer tumors in
nude mice that gene transfer of MMP-9 but not TIMP-1 led to
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tumor regression via increased generation of the antiangiogenic
fragment endostatin (4). In this study, we investigated if gene
transfer of MMP-9 affected the immune response. By using a hu-
man breast cancer model in a mouse, BALB ¢ nu/nu with intact
innate immunity, B cells, and NK cells but T cell-deficient, we had
the possibility to delineate events occurring in the cancer cells
(human) or the tumor stroma (murine). We show that gene transfer
of MMP-9 to established breast cancer tumors induced tumor re-
gression via increased neutrophil infiltration and an activation of
TAM:s into antitumorigenic properties, whereas TIMP-1 had no
effect on the innate immunity.

Materials and Methods

Cell culture

MCF-7 (HTB-22; human breast adenocarcinoma, estrogen receptor— and
progesterone receptor—positive) cells were obtained from the American
Type Culture Collection (ATCC; Manassas, VA). Cells were cultured in
DMEM without phenol red supplemented with 2 mM glutamine, 50 IU/ml
penicillin-G, 50 pg/ml streptomycin, and 10% FBS, at 37°C in a humidi-
fied atmosphere of 5% CO,. Cell-culture medium and additives were ob-
tained from Invitrogen (Carlsbad, CA) unless otherwise stated.

Adenoviral vector constructs

Adenoviral vectors containing the human gene of MMP-9 (AdMMP9), TIMP-
1 (AdTIMP-1), or an empty control vector (Addl170-3) were used. The human
cDNA for MMP-9 was purchased from ATCC, and the human cDNA for
TIMP-1 was a gift from C. Richards (Department of Pathology and Molecular
Medicine, Centre for Gene Therapeutics, McMaster University, Hamilton,
ON, Canada). Both cDNAs were cloned into the loxP-containing shuttle
vector, pDC316, for viral assembly. Cotransfection of recombinant pDC316
and adenovirus genomic plasmid, pBHGloxAEl, 3Cre, subsequent purifi-
cation, and amplification were carried out as previously described (4).

Animals, tumor establishment, and vector administration

All mice were housed at Linkoping University, and the care and treatment
conformed to the regulatory standards. The institutional animal ethics
committee at Linkoping University approved the study. Female, athymic
mice, BALB/cA nu/nu (ages 4 to 5 wk) (Taconic, Ry, Denmark) and FVB/n
mice (Scanbur, Sollentuna, Sweden) were housed in a pathogen-free
isolation facility, light/dark cycle of 12/12 h, and fed chow and water ad
libitum. Mice were anesthetized with i.p. injections of ketamine/xylazine,
oophorectomized, and implanted s.c. with 3-mm pellets containing 17§-
estradiol, 0.18 mg/60 d release of estradiol (Innovative Research of
America, Sarasota, FL), resulting in serum concentrations of 150-250
pmol/l (27, 28). One week after surgery, MCF-7 cells (5 X 10° in 200 pl
PBS) or a single-cell suspension of 0.5 X 10° cells in 200 w1 PBS derived
from a transgenic mouse strain expressing polyoma middle T (PyMT) Ag
under the control of the mouse mammary tumor virus (MMTV) long
terminal repeat were injected on the right hind-side flank in the mammary
fat pad of nude mice or FVB/n mice, respectively. At a tumor size of ~40
mmz, the mice were divided into subgroups, and the vectors AAMMP9,
AdTIMP-1, or Addl70-3 were injected intratumorally at different doses.
We have previously shown an efficient gene transfer with increase protein
levels of the two different vectors and, in the case of MMP-9, both the
protein levels and MMP-9 activity increase in vivo in this breast cancer
model (4). Microdialysis was performed 7 d after adenovirus injections.
Tumor volume was monitored using a caliper every 4 d.

Quantification of MMP-9 activity

As previously described, intratumoral activity of MMP-9 in vivo was
quantified using a quenched fluorogenic substrate (DNP-Pro-Leu-Gly-Met-
Trp-Ser-Arg-OH; Calbiochem, Merck Biosciences, Nottingham, U.K.) (6).
Briefly, mice were anesthetized, and microdialysis probes (20-kDa mo-
lecular mass cutoff, 0.5-mm diameter, membrane length 4 mm; CMA/
Microdialysis, Solna, Sweden) were inserted intratumorally. The micro-
dialysis probes were perfused with 50 wmol/l MMP substrate at 2 wl/min.
Microdialysates were collected at 30-min intervals into amber tubes and
analyzed using a Cary Eclipse fluorescence spectrophotometer (Varian,
Palo Alto, CA) with Ao at 280 nm and A, 360 nm.

In vivo inhibition of neutrophils

MCF-7 tumors were treated by intratumoral injections with 15 pg
neutrophil-specific rat anti-mouse Ly-6G Ab (clone 1AS8, IgG 2a,k; BD
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Pharmingen, San Jose, CA) or the isotype-matched control rat IgG2a,k
(BD Pharmingen) 48 h before and after MMP-9 intratumoral gene transfer.

Microdialysis

Tumor-bearing mice were anesthetized with an i.p. injection of ketamine/
xylazine and kept anesthetized by repeated s.c. injections of ketamine/
xylazine. Body temperatures were maintained by heating lamps. Micro-
dialysis probes (CMA/20 0.5-mm diameter; PES membrane length 4 mm,
100-kDa cutoff; CMA/Microdialysis) were inserted into tumor tissue and
connected to a CMA/102 microdialysis pump (CMA/Microdialysis) per-
fused at 0.6 wl/min with Voluven 60% (Fresenius Kabi, Uppsala, Sweden).
After a 60-min equilibrium period, outgoing perfusates were collected on
ice and stored at —70°C for subsequent analysis.

Quantification of proteins in microdialysates and cell-culture
media

Microdialysates and culture media were analyzed with immunoassays from
R&D Systems (Minneapolis, MN) unless otherwise stated: human endo-
statin (Quantikine), murine endostatin (murine ELISA kit; Uscn life Sci-
ence, Wuhan, China), human vascular endothelial growth factor (VEGF;
QuantiGlo), and murine VEGF (mouse VEGF; Quantikine). Human IL-1c,
IL-1B, IL-6, IL-8, IL-10, IL-12, and TNF-o. were analyzed using Human
Fluorokine MAP kits with corresponding bead kits and analyzed on a
Luminex 100 System (Luminex, Austin, TX). IL-1Ra (human IL-1Ra;
Quantikine ELISA kit; Quantikine). The murine cytokines IL-13, IL-10,
keratinocyte chemoattractant (KC), and MIP-2 were analyzed using the
Murine Fluorokine MAP base kit with corresponding beads kits and on
a Luminex 100 System (Luminex); murine IL-6, IL-1Ra, and TNF-a using
Murine Quantikine ELISA kits (Quantikine); and arginase-1 ELISA (Nordic
BioSite, Tdby, Sweden). Assays were conducted according to the man-
ufacturer’s guidelines.

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumors were cut in 3- or 4-wm sections,
deparaffinized, and subjected to immunohistochemistry, rabbit anti-human
von Willebrand (dilution 1:1000; DakoCytomation, Carpinteria, CA), rat
anti-mouse Pan-NK cells marker at 10 pwg/ml (clone DXS5; eBioscience, San
Diego, CA), rat anti-mouse F4/80 at 0.67 pg/ml (clone CI:A3-1; Abcam,
Cambridge, MA), rat anti-mouse Ly6G at 1.25 pg/ml (clone 1A8; BD
Pharmingen), rabbit anti-human MMP-9 at 10 pg/ml (Chemicon, Hampshire,
U.K.), or rabbit anti-human caspase-3 (dilution 1:50; Abcam) and counter-
stained with Mayer’s hematoxylin. Negative controls did not show staining.
All evaluation was performed in a blinded manner. Images of hot-spot areas
of three to five tumors in each treatment group were acquired on an Olympus
BX41 microscope coupled to an Olympus DP70 CCD camera (Olympus).
The images were digitally analyzed, and percentage of area positively stained
was quantified using Image]J software version 1.42q (National Institutes of
Health, Bethesda, MD) and CellSense (Olympus). Neutrophils and NK cells
were counted in three hot-spot areas of four individual tumors.

Immunofluorescence

Deparaffinized 4-pwm tumor sections were incubated with Abs against
mouse F4/80 and the mouse mannose receptor-1 (MRC1) (clone 15-2;
Abcam), exposed to conjugated Abs (Alexa Fluor 546 and 488), and
mounted using SlowFade Gold with DAPI (Invitrogen, Eugene, OR).
Samples were visualized using an Olympus BX41 light/fluorescence mi-
croscope (X40/0.75; Olympus), excitation filters 495-519 nm and 556—
573 nm, and an Olympus DP70 CCD camera (Olympus).

Gene transfer of cultured monocytes

Human heparin blood was diluted with RPMI medium and separated over
a Ficoll paque gradient (GE Healthcare) for 30 min at 1500 rpm. The
interface was washed, and 0.7 X 10° cells/well in 24-well plates was
seeded in RPMI medium with 5% FBS and penicillin/streptomycin and
incubated for 2 h at 37°C. Adherent monocytes were cultured for 3 d and
then treated with AMMP-9, AdTIMP-1, or Addl70-3 at 100 PFU/cell at
37°C for 2 h; thereafter, 250 pl medium was added. After 24 h, medium
was collected, centrifuged, and frozen for subsequent analysis. The re-
gional ethical review board of Linkdping approved the plasma sampling
and consent procedure. The donors gave verbal informed consent before
venipuncture. Written informed consent is not mandatory by the ethical
vetting in Sweden. The consent was documented in the research files, and
the samples were decoded and treated anonymously thereafter. The study
was conducted according to the principles expressed in the Declaration of
Helsinki.
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Murine macrophages (CRL-2278; ATCC) were seeded, 0.5 X 10° cells/
cm?, on 24-well plates in RPMI medium with 5% FBS and penicillin/
streptomycin. After 24 h, the protease-activated receptor (PAR)-1 antag-
onist SCH79797 (Tocris Bioscience, Bristol, U.K.) or the PAR-2 antago-
nist ENMD-1068 (ENZO Life Science, Skdrholmen, Sweden) was added
for 3 h, and thereafter, 100 PFU/cell AAMMP-9 or Add170-3 was added for
2 h. Thereafter, fresh medium containing the PAR antagonists was added.
After 24 h, medium was centrifuged and frozen for subsequent analysis.

Gene transfer of human neutrophils

Neutrophils from human heparin blood were separated over a Percoll
gradient (GE Healthcare) for 25 min at 1500 rpm. The interface containing
neutrophils was washed and 0.5 X 10° cells diluted in HBSS with 20%
autologous complete serum and transferred to sterile 2-ml polypropylene
tubes. Cells were treated with AAMMP-9 or Addl70-3 at 100 PFU/cell for
60 min at 37°C, washed, and incubated in HBSS/5% FBS for 20 h. Me-
dium was collected, centrifuged, and frozen for subsequent analysis.

Statistical analyses

Data are expressed as means = SEM. The Student 7 test was used unless
otherwise stated. One-way ANOVA with Bonferroni post hoc test were
used where appropriate. All tests were two-sided. GraphPad Prism 5.0 was
used for all statistical analyses (GraphPad Software, San Diego, CA).

Results
MMP-9 gene transfer induced massive neutrophil infiltration
and activation of macrophages, whereas TIMP-1 had no effect

With intratumoral injection of the adenovirus vectors, all cells
present in the tumor, cancer cells as well as the stroma cells, will be
subjected to gene transfer. The important end result of MMP-9 gene
transfer is actual MMP-9 activity in the extracellular space. By using
an in vivo activity—detection method, we were able to quantify
actual enzymatic MMP-9 activity in the extracellular space in situ
1 wk after gene transfer. At 60 min of perfusion of the substrate in
live tumor tissue, the MMP-9 activity in vivo significantly increased
from 27,792 = 3,240 relative fluorescence units in the control group
to 38,088 = 1,564 in the AAMMP-9—treated animals; p < 0.05.
These are not supraphysiological levels, as we previously have
shown that MMP-9 enzymatic activity after tamoxifen treatment in
the same tumor model results in an increase in the same range (6).
One week after gene transfer, no necrotic areas were detected on
tumor sections from either treatment group.

MMP-9 but not TIMP-1 gene transfer induced significant tumor
regression compared with control tumors (Fig. 1A). The AAMMP-
9—treated tumors also exhibited decreased vessel density com-
pared with the other two groups (Fig. 1A). In a subset of larger
tumors (80 mm?) treated with AIMMP-9, four out of four responded
with tumor stasis/regression.

At microscopy, we noticed a distinct infiltration of immune cells
into the ADMMP-9—treated tumors but not in the AdTIMP-1-
treated tumors. This led us to perform immunohistochemistry for
detection of the various immune cells present in this tumor model.
In the AAMMP-9—-exposed tumors, we found a massive infiltration
of neutrophils into the tumor stroma, which exhibited significantly
higher number of neutrophils compared with tumors treated with
the control vector or TIMP-1 vector (Fig. 1B). The major part of
the stroma consisted of macrophages, ~10% of the tumor area
stained positive for macrophages. However, staining with the Pan-
macrophage marker F4/80 revealed no differences with either
treatment (Fig. 1C). As macrophages may be activated into dif-
ferent phenotypes, we sought to investigate if our treatments af-
fected the type of macrophages in the tumors. We therefore
stained the tumor sections using the M2 marker MRC1. This
revealed that AAMMP-9—treated tumors exhibited significantly
increased levels of M1 macrophages as the staining of MRC1*/F4/
80" macrophages decreased (Fig. 1D). There were very few NK
cells in the tumors without any differences between the groups

MMP-9, NEUTROPHILS, AND MACROPHAGES IN CANCER

(data not shown). To investigate the time course of the events
leading to tumor regression, we performed immunohistochemistry
of MMP-9 expression, neutrophils, angiogenesis, and apoptosis
in tumors harvested 1 and 3 wk after ADMMP-9 treatment. Ad-
enoviral gene transfer results in a transient overexpression of
the transgene in the tissue lasting 6-10 d (29). In line with this,
we found intense staining of MMP-9 in tumors 1 wk after gene
transfer, whereas the tumors 3 wk after gene transfer exhibited
weaker staining; 12 out of 12 sections in 1-wk tumors compared
with 2 out of 12 in 3-wk tumors; p < 0.001. Neutrophil number
was also higher in 1-wk tumors compared with 3-wk tumors and
along with neutrophil infiltration in the 1-wk tumors angiogenesis
decreased and apoptosis increased (Fig. 1E). This suggests that
MMP-9 gene transfer results in an early decline in angiogenesis
and increased apoptosis. After 3 wk, there was a further slight
decrease of angiogenesis concomitant with a potent increase in
apoptosis, suggesting that both angiogenesis and apoptosis occurs
early, but the full effect on apoptosis is a later event during tumor
regression.

MMP-9 gene transfer affected the cytokine profile in live tumor
tissue

To further investigate possible changes of the tumor stroma, we
employed microdialysis to sample extracellular proteins in vivo to
determine cytokine profiles in live tumor tissues 1 wk after gene
transfer. Tumor hypoxia may be one factor that could change the
microenvironment; therefore, we performed microdialysis on size-
matched tumors without any visible necrotic areas 1 wk after gene
transfer (i.e., early changes after gene transfer were detected) (30).
From the stroma compartment (murine), we found significant in-
crease of IL-1(3 and IL-6 and a significant decrease of IL-10 in the
microdialysates of ADMMP-9—treated tumors (Fig. 2). The levels
of the naturally occurring inhibitor of IL-1s, IL-1Ra, were also
significantly increased in the AAMMP-9—treated tumors. As we
detected high levels of neutrophils in the MMP-9 exposed tumors
we also measured the chemokines KC and MIP-2 in the micro-
dialysates. Indeed, we found significantly increased levels of both
proteins in the AAMMP-9—treated tumors (Fig. 2). AdTIMP-1 did
not change the levels of either cytokines compared with the control
vector (Fig. 2). Arginase-1, IL-12, and TNF-a were not possible to
detect in microdialysis samples.

MMP-9 gene transfer of cultured monocytes and neutrophils

Although the stroma does contain several cell types, staining of our
tumors exhibited macrophages as a major component of this de-
partment. Therefore, we focused on these cells in vitro. Murine
macrophages were transfected with the different adenovirus vec-
tors. Throughout there were no significant changes after addition
of the control vector compared with cultures without the vector.
After AUMMP-9 gene transfer, the levels of TNF-a and IL-1Ra
increased significantly (Fig. 3A). The levels of IL-10 showed a
tendency to decrease, although no significant changes were de-
tected (Fig. 3A). Similar to our in vivo finding, MIP-2 increased
significantly after AAMMP-9 treatment (Fig. 3A); however, KC
was not detectable in the cell-culture samples. The PAR, espe-
cially PAR-1 and to a lesser extent PAR-2, have been shown to be
involved in the differentiation of monocytes and mediate distinct
regulatory functions of these cells (31). As PAR-1 has been shown
to be a substrate for MMPs including MMP-9 (32), we investi-
gated if these receptors were affected by our MMP-9 treatment.
After blocking the receptors, the levels of TNF-a and MIP-2 de-
creased to some extent in a dose-dependent manner (Fig. 3A, 3B).
This suggests that these receptors may be one of the mechanisms
involved in the MMP-9 activation of the macrophages. IL-13 and
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FIGURE 1. Gene transfer of MMP-9- but not TIMP-1-induced tumor regression, neutrophil infiltration, and macrophage activation in breast cancer. Nude
mice were oophorectomized and supplemented with a physiologic level of estradiol. MCF-7 cells were injected s.c., and tumors were formed on the right hind
flank. At similar tumor sizes (~40 mm?), intratumoral gene transfer by adenovirus was performed with Addl70-3 (empty control vector), MMP-9, or TIMP-1 at
1 X 10° PFU. (A) Tumor growth and microvessel area measured after staining with anti—von Willebrand factor as described in the Materials and Methods
section; n = 4—14 in each group; ANOVA, Bonferroni post hoc test. ***p < 0.0001. (B) AAMMP-9 resulted in significantly increased infiltration of neutrophils
(rat anti-mouse Ly6G stained with DAB) compared with the control group and the AdTIMP-1—treated tumors; n = 15 in each group; ANOVA, Bonferroni post
hoc test. Scale bars, 20 wm.***p < 0.0001. (C) There were no differences in stained area of the Pan-macrophage marker F4/80 (rat anti-mouse F480, DAB) in
the various treatment groups; n = 12 in each group, ANOVA, Bonferroni post hoc test. Scale bars, 20 wm. (D) Staining with F4/80 (red) and the M2 marker
MRC1 (green) and quantification of the number of M1 macrophages (F4/80* macrophages/MRC17); n = 8 in each group, ANOVA, Bonferroni post hoc test.
Scale bars, 20 wm. ***p < 0.0001; n = 8 in each group. (E) Quantifications of immunohistochemistry sections of tumors harvested 1 and 3 wk after AAMMP-9
treatment. *p < 0.05, ***p < 0.0001 compared with AdMMP-9 wk 1, **p < 0.0001 compared with AddI70-3 wk 1.
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FIGURE 2. MMP-9 gene transfer but not TIMP-1 altered the cytokine profile and increased KC and MIP-2 in live tumor tissue. Nude mice were
oophorectomized and supplemented with a physiologic level of estradiol. MCF-7 cells were injected s.c., and tumors were formed on the right hind flank.
At similar tumor sizes (~40 mm?), intratumoral gene transfer by adenovirus was performed with Add170-3 (empty control vector), MMP-9, or TIMP-1 at
1 X 10° PFU. One week after virus injections, mice were anesthetized and subjected to intratumoral microdialysis for sampling of cytokines directly in vivo
in tumor tissue. n = 5-10 in each group, ANOVA, Bonferroni post hoc test.*p < 0.05, **p < 0.01, ***p < 0.0001 compared with control.

IL-12 were not detectable in the culture media from these cells. As
the murine macrophages are derived from virus-induced leukemia
in the animals and an immortalized cell line, we next wanted to
investigate if MMP-9 could induce similar polarization in freshly
isolated healthy human monocytes. AAMMP-9 exposure to human
macrophages corroborated our in vivo microdialysate data from
breast cancer tumors with significantly increased levels of IL-1(,
IL-1Ra, IL-8, and IL-6 and decreased levels of IL-10 as shown in
Fig. 4. TNF-a, not detectable in microdialysates, decreased sig-
nificantly (Fig. 4A). Arginase-1 and IL-12 were below the de-
tection levels. As neutrophils were present in the tumors, we also
investigated if ADMMP-9 altered the levels of cytokines from
this cell type. Indeed, cultured neutrophils increased the secreted
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levels of IL-1B, IL-1Ra, and IL-8 after AAMMP-9 treatment
(Fig. 4B).

MMP-9 gene transfer induced a dose-response effect on breast
cancer growth

Next, we set up an experiment to further investigate if the tumor-
suppressive role of MMP-9 was dose dependent or whether low or
high expression of MMP-9 induces tumor progression or tumor
regression. We found that a low dose of the vector, 0.5 X 10° PFU,
into the tumors induced tumor stasis, whereas a high dose, 2 X 10°
PFU, resulted in significant tumor regression (Fig. SA). At the end
of the experiment, there was a significant difference in tumor size
between low-dose— and high-dose—treated tumors (Fig. SA). There
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was also a significant change of tumor angiogenesis between the
two doses of MMP-9 (Fig. 5A). There was no dose-dependent
response in the two control groups treated with either 0.5 X 10°
or 2 X 10° PFU of the empty control vector. To further evaluate
if the changes in tumor response were attributable to changes in
soluble angiogenesis regulators in vivo, we performed micro-
dialysis in size-matched tumors 1 wk after gene transfer. There
was a significant increase in endostatin generation in MMP-9—
treated tumors compared with controls, but there was no dose-
response relationship between the two groups (Fig. 5B). There
was also a slight but not significant increase of extracellular VEGF
without any differences between the doses of MMP-9 (Fig. 5B).
The number of infiltrating neutrophils was significantly higher in
the ADMMP-9- treated tumors with a dose-response effect by the
AdMMP-9 vector (Fig. 5C). This was further supported by a sig-
nificant increase of the neutrophil attractants KC and MIP-2 after
AdMMP-9 therapy (Fig. 5C). MIP-2 exhibited a dose-dependent

significant increase after AAMMP-9 treatment (Fig. 5C). There
were no changes in total macrophage area between the two doses of
MMP-9, 11.6 = 0.9% area in the control group and 11.5 = 2.1 and
12.2 = 1.2% in the low- and high-dose AAMMP-9, respectively.
However, the extracellular cytokine profile in vivo after AAMMP-9
exhibited a dose-dependent increase of IL-1f3, IL-1Ra, and IL-6 and
a decrease of the IL-10 levels (Fig. 5SD).

MMP-9 gene transfer increased neutrophil infiltration and
inhibition of neutrophil activity diminished the therapeutic

effect of MMP-9

As there was a dose-dependent infiltration of neutrophils into
tumors treated with AAMMP-9 (Fig. 5C), with high levels in the
high-dose group with potent tumor regression and lower levels
in the low-dose group with less effects on tumor growth, we hy-
pothesized that neutrophils affected tumor growth, and therefore,
neutrophil depletion would modulate the therapeutic effects of
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AdMMP-9. We injected the neutrophil-inhibiting mAb Ly6G or
the isotype-matched control Ab directly into the tumors using a
previously described approach (25). This neutrophil inhibition
counteracted the therapeutic effect of ADMMP-9 gene transfer,
confirming the role of neutrophil infiltration as one of the mech-
anisms of the therapeutic effects of AAMMP-9 in this tumor model
(Fig. 6A), and using immunohistochemistry, we confirmed that
the anti-Ly6G treatment depleted neutrophil infiltration into the
tumors almost completely (Fig. 6B). Neutrophils may also be a
source of MMP-9. However, anti-MMP-9 immunohistochem-
istry revealed no differences of staining intensity between tu-
mor with or without neutrophil depletion with anti-Ly6G. Three
randomly selected areas of four separate tumors in each treat-
ment group were scored, and representative sections are shown
in Fig. 6C.

MMP-9 gene transfer induced tumor regression and neutrophil
infiltration in immune-competent mice bearing breast cancer

To elucidate whether the changes seen in nude mice were valid also
in animals with an intact immune system, MMTV-PyMT breast
cancer tumors were established in syngeneic FVB mice. Despite
a much faster growth rate of MMTV-PyMT tumors compared with
MCF-7 tumors in nude mice, AAMMP-9 gene transfer induced a
similar tumor response in these two breast cancer models. Neutrophil
infiltration was also similar in the two models after AAMMP-9
gene transfer (Fig. 7).

Discussion

In this study, we show previously unrecognized effects of MMP-9
on innate antitumor immunity. Adenoviral gene transfer of MMP-9
caused a dose-dependent massive infiltration of neutrophils into
breast cancers, which resulted in decreased tumor growth and
angiogenesis of breast cancer explants in nude mice and immune-
competent mice bearing breast cancers. When the neutrophils were
depleted by Ab treatment,the therapeutic effect of AMMP-9 was
abolished. In addition, AMMP-9 treatment altered the cytokine
profile of the stroma in vivo. One major component of the stroma
was macrophages, and gene transfer of MMP-9 to cultured mac-
rophages induced a similar cytokine profile, as we had detected
from the stroma of the tumors. By using PAR-1 and PAR-2 in-
hibitors, the cytokine profile of the macrophages after AAMMP-9
exposure was to some extent altered, suggesting that these re-
ceptors may, at least in part, mediate the effects of MMP-9.
AdMMP-9 exposure to cultured neutrophils altered the levels
of released cytokines, suggesting that these cells may also con-
tribute to the change in cytokine levels in the tumors. Gene
transfer of TIMP-1 did not affect tumor growth, angiogenesis,
or the immune cells.

MMPs have a complex role in cancer progression and may ex-
ert both pro- and antitumorigenic activities (3, 33-35). Although
MMP expression generally has been associated with tumor pro-
gression in several cancer forms including breast cancer (36),
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clinical trials with broad-spectrum MMP inhibitors have failed,
and in some cases, patients treated with the inhibitors even showed
significantly poorer survival than patients receiving placebo (3).
These results are further supported by recent data showing un-
favorable effects of TIMP-1 in breast cancer patients (14-16).
Moreover, recent data, including MMP-9 knockout mice, has
clearly shown MMP-9 may be involved in tumor regression (5). In
line with these data, it has recently been shown that gene transfer
of MMP-9 in combination with oncolytic viruses leads to re-
gression of prostate cancer growth (37). One explanation may be
that clinical investigations have been focused on immunohisto-
chemistry or mRNA quantifications, which may reflect the intra-
cellular content but not the enzymatic activity of the MMP, as
these proteins are activated at a posttranslational level in the ex-
tracellular space. We, and others, have shown that increased ex-
pression of MMP-9 induces a potent and significant antitumor
effect by increasing the release of antiangiogenic fragments such
as endostatin (4-6). Interestingly, in vitro data implicate MMP-9
as a potent enzyme for releasing soluble VEGF and thereby in-
volved in the angiogenic switch during cancer progression (38).
Indeed, our in vivo data using microdialysis for sampling of free
VEGEF from the extracellular space in live tumor tissue suggest an
increase of free VEGF by MMP-9; however, this effect was not
significant and did not result in increased angiogenesis. This may
be explained by a simultaneous increase of released endostatin,
leading to a net result of antiangiogenesis in the tissue.

The MMP-9—treated tumors exhibited profound changes in the
tumor stroma with high numbers of infiltrating immune cells. The
secreted cytokine pattern of cells in vivo are difficult to explore
with traditional methods such as immunohistochemistry and/or
flow sorting of whole tumor tissue not differentiating between
intracellular/extracellular molecules. Therefore, we performed
microdialysis, which we previously have shown to be an excellent
tool for sampling of extracellular proteins in vivo (39-44). In the
tumor model used in this study with human cancer cells in a mu-
rine stroma, we were able not only to sample cytokines in vivo, but
also to distinguish from which compartment of the tumor micro-
environment the secreted cytokines originated. In the AAMMP-9—
treated tumors, we found increased levels of murine IL-1f3, IL-
1Ra, and IL-6 and decreased levels of IL-10. One major compo-
nent of the stroma in our tumors was macrophages. TAMs may
affect tumor progression and metastasis formation (20). However,
TAMs may be polarized into different phenotypes that are either
beneficial or detrimental for cancer growth (45). Classically,
macrophages may be polarized into M1 and M2 phenotypes
depending on their cytokine profile. In a simplistic manner, M1
macrophages secrete low levels of arginase-1 and IL-10 and high
levels of IL-1B, IL-6, TNF-a, and IL-12, whereas M2 macro-
phages secrete high levels of arginase-1, IL-10, and IL-1Ra and
low levels of IL-12, IL-13, IL-6, and TNF-a (45). However, great
heterogeneity and plasticity of the macrophage skewing has been
found, and the typical M1 and M2 state has been considered ex-

AdMMP-9 2 X 10° PFU, ") < 0.0001. (B) In vivo microdialysis sampling of VEGF and endostatin after AAMMP-9. No significant increases of stroma-
derived (murine) VEGF and cancer cell-derived (human) VEGF were found. ANOVA, n = 4-8 in each group. Significant increased levels of both murine
and human endostatin: *p < 0.05, ***p < 0.0001 compared with control. (C) Dose-dependent increase of neutrophil infiltration by AAMMP-9. Top panel,
After immunohistochemistry, as described in the Materials and Methods section, the number of neutrophils was counted on tumor sections and shown to
increase significantly after AAMMP-9 gene transfer in a dose-dependent fashion. Representative sections from each treatment group are depicted. n = 12,
ANOVA, Bonferroni post hoc test. *p < 0.05, ***p < 0.001 compared with control, *p < 0.05 compared with 0.5 X 10° PFU AAMMP-9. Bottom panel,
The chemokines KC and MIP-2 increased after AMMP-9 treatment: n = 6-8 in each group, AVOVA, Bonferroni post hoc test. Scale bars, 20 um. *p <
0.05, **p < 0.01, ***p < 0.001 compared with control. (D) In vivo cytokine profile by AUMMP-9. One week after gene transfer, microdialysis was
performed to sample proteins in live tumor tissue in vivo. An M1-like cytokine profile was detected after ADMMP treatment. n = 6-8 in each group,
ANOVA, Bonferroni post hoc test. *p < 0.05, **p < 0.01, ***p < 0.0001 compared with control.
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treme variants, and these two phenotypes may also coexist in the shown to promote tumor angiogenesis and metastasis that may be
tumor microenvironment (45). Moreover, in the case of IL-1, this counteracted by the M2 cytokine IL-Ra, an antagonist of IL-1
may also be a paradox because the M1 cytokine IL-1B has been without any agonist effect (46—48). To further investigate if the
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change of cytokine levels found in vivo after MMP-9 therapy
could be attributable to macrophages, we cultured this cell type
and exposed them to AAMMP-9. Indeed, we found that AAMMP-9
exposure to murine macrophage-like cells and freshly isolated
human macrophages induced a similar cytokine profile as we had
detected in the in vivo microdialysates. TNF-a was not detectable
in microdialysates, but in cell culture, the macrophages responded
with a prompted increase of TNF-a after AAMMP-9 therapy. This
is in line with a recent study showing that two other MMPs,
namely MMP-1 and MMP-3, induced a TNF-a release from
macrophages (49). By blocking the PAR-1 and PAR-2 receptors
in vitro, the cytokine profile was reversed, suggesting that the
MMP-9 effect on the macrophages was mediated via these
receptors.

AdMMP-9—treated tumors also secreted very high levels of the
murine inflammatory cytokines KC and MIP-2, corresponding to
human IL-8. These chemokines originated from the macrophages
and neutrophils in the stroma, at least in part, as our in vitro—
cultured monocytes secreted significantly increased levels of MIP-
2 from murine cells and IL-8 from human cells after AAMMP-9
gene transfer. In the tumors, the high levels of KC and MIP-2 were
functional, as the tumor stroma exhibited massive infiltration of
neutrophils. The role of neutrophils and IL-8 in cancer progression
is to some extent contradictory in previous published data. The
proangiogenic IL-8 and neutrophil infiltration have been described
as important mediators of transforming benign conditions into
malignant lesions (44, 50); in contrast, massive infiltration of
neutrophils and very high levels of IL-8 have been shown to be
effective tumor-killing modalities (51). One explanation may be
a dose-dependent effect, as it has been demonstrated that in-
creasing levels of transduced IL-8 into melanoma cells caused
increased tumor formation, but at very high levels of IL-8, tumor
growth was impaired, dependent on massive neutrophil infiltration
(26). The mechanistic explanation of such findings may be an
increased production of hydrogen peroxide by the neutrophils,
leading to tumor killing as recently described (52). Another re-
cent study has also revealed that neutrophils may be activated/
differentiated into an antitumorigenic or a protumorigenic phe-
notype (25). Depletion of these antitumor neutrophils augments
tumor growth (25, 53). This is in line with our present data in
which depletion of neutrophils counteracted the therapeutic effects
of AAMMP-9. One strength of our experiments is that we used
a highly neutrophil-specific mAb (1AS8) that specifically depletes
neutrophils, whereas other studies have used the RB6-8C5 Ab,
which has been shown to also target a second epitope expressed on
many other cell types (54). During gene transfer into tumor tissue,
all cells present in the tumor at this time will overexpress the
transgene, including macrophages and neutrophils. However, in-
filtrating cells after gene transfer will not be subjected to the
viruses loaded with the transgene—in this case, MMP-9. Although
neutrophils may produce MMP-9 per se, the production of MMP-9
of the incoming neutrophils after gene transfer was not high
enough to sustain increased MMP-9 levels throughout the tumors,
as the intensity of staining did not differ between tumors with or
without depletion of neutrophils.

Although the nude mouse model gives the advantage of inves-
tigating the innate immune system exclusively, it may be argued
that the antitumor effects may not be present in species with intact
immunity. However, our data from the immune competent PyMT
model clearly show that AMMP-9 also exerts an antitumor ac-
tivity when an intact immune system is present.

In summary, we have demonstrated several mechanisms by
which AAMMP-9 exerts antitumorgenic properties in both immune-
deficient and immune-competent mouse models of human breast
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cancer. As previously shown, AAMMP-9 increased the release
of the antiangiogenic fragment endostatin. AMMP-9 also in-
creased the levels of KC and MIP-2 by the stroma, leading to
increased influx of neutrophils into the tumor tissue. By selective
depletion of neutrophils, the ADMMP-9 effects were abolished,
demonstrating that these neutrophils exerted an antitumorigenic
action. A large part of the tumor stroma, ~10% of the whole tumor
area, consisted of macrophages in our model. Previous data have
shown that the phenotype of macrophages in cancerous tissue may
be reversible (55). In this study, we add MMP-9 to the complex
network of molecules with abilities to activate macrophages into
different functional states. Although MMP-9 did not activate the
macrophages into a classic M1 tumor-killing phenotype, the cy-
tokine profile suggested a polarization toward M1-like macro-
phages. Moreover, we also show that neutrophils changed their
phenotype by MMP-9. Clearly, the role of MMP-9 in tumor growth
is diverse, and inhibition of its activity may cause unexpected tumor
response.
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