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Abstract
Angiogenesis and inflammation are important therapeutic targets in non-small cell lung cancer
(NSCLC). It is well known that proteolysis mediated by matrix metalloproteinases (MMPs)
promotes angiogenesis and inflammation in the tumor microenvironment. Here, the effects of the
MMP-inhibitor TIMP-2 on NSCLC inflammation and angiogenesis were evaluated in TIMP-2
deficient (timp2−/−) mice injected subcutaneously with Lewis-Lung carcinoma cells and compared
with the effects on tumors in wild-type (WT) mice. TIMP-2-deficient mice demonstrated
increased tumor growth, enhanced expression of angiogenic marker αv β3 in tumor and
endothelial cells and significantly higher serum-VEGF-A levels. Tumor-bearing-timp2−/− mice
showed a significant number of inflammatory cells in their tumors, upregulation of inflammation
mediators, NF-κB and Annexin A1, as well as higher levels of serum IL-6. Phenotypic analysis
revealed an increase in myeloid-derived-suppressor-cell (MDSC) cells (CD11b+, Gr-1+) that co-
expressed VEGF-R1+ and elevated MMP activation present in tumors and spleens from timp2−/−

mice. Furthermore, TIMP-2-deficient tumors up-regulated expression of the immunosuppressing
genes controlling MDSC growth, IL-10, IL-13, IL-11, and CCL-5/RANTES, as well as decreased
IFN-γ and increased CD40L. Moreover, forced TIMP-2 expression in human lung-
adenocarcinoma A-549 resulted in a significant reduction of MDSCs recruited into tumors, as well
as suppression of angiogenesis and tumor growth. The increase in MDSCs has been linked to
cancer immunosuppression and angiogenesis. Therefore, this study supports TIMP-2 as a negative
regulator of MDSCs with important implications for the immunotherapy and /or anti-angiogenic
treatment of NSCLC.

Introduction
Tumor hypoxia prompts the release of factors in the tumor microenvironment that promote
proteolysis of extracellular matrix (ECM) by matrix-metalloproteases (MMPs) that in turn
cleave from tumor and stromal cells angiogenic factors as well as inflammatory cytokines
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and chemokines. Activation of MMPs initiates the cascade of inflammatory and angiogenic
pathways1–3, signaling the mobilization of a repertoire of inflammatory cells from the bone
marrow that can migrate to tumor sites, secondary lymphoid organs, or other tissues4–6.

Evidence from a variety of studies has shown that a subpopulation of bone marrow (BM)
derived cells expressing cell surface antigens of immature myeloid cells (CD11b and Gr-1)
are capable of infiltrating the primary tumor and alter the tumor microenvironment, and they
appear to be the major inflammatory mediators in tumors7–9. BM derived-immature myeloid
cells are comprised of myeloid cell progenitors, and precursors of granulocytes, monocytes
and dendritic cells. This heterogeneous myeloid population namely myeloid-derived
suppressor cells (MDSCs) have been clearly associated with tumor promotion and
progression. Myeloid-derived-suppressor cells (MDSC) mainly function to attenuate
harmful effects of excessive immune stimulation and/or autoimmune responses in many
pathological conditions. In cancer, MDSCs are able to suppress anti-tumor immunity by
inhibiting T cell effectors and/or suppressing antigen presenting cell functions10–14. In
addition, these immature myeloid cells can also promote tumor progression by inducing
vascularization. Their recruitment into tumors coincides with the “angiogenic switch”15–17

and release of factors that directly promote tumor angiogenesis. Furthermore, these cells
have been shown to differentiate into tumor-associated macrophages (TAM) that in hypoxic
conditions produce type 2 cytokines impairing T-cell functions and antigen presentation by
dendritic cells, as well as releasing NO, VEGF and MMPs17,18. Moreover, these
inflammatory cells are able to migrate to distant tissues and mobilize inflammatory and
angiogenic factors, promoting local angiogenesis. This allows for the formation of a pre-
metastatic “niche” that supports the survival and invasion of metastatic tumor cells19–23.

Compelling evidence demonstrates that MDS cells directly promote tumor progression by
increasing angiogenesis and the immune tolerance of cancer24. These pro-tumor functions
might be in part mediated by their expression of matrix metalloproteases MMPs as reported
in mice25,26there by releasing angiogenic factors such as VEGF from the ECM27. However,
mechanisms other than MMP activity have been reported. Recent studies in cancer patients
demonstrated that these cells produce VEGF and related angiogenic factors and trigger the
production of Th-2 cytokines28. MDS cells are now believed responsible for the resistance
to anti-angiogenic and tumor immune therapies29,30. Current research efforts are aimed at
identifying the mechanisms that control immature myeloid cells with the objective of
disrupting or impairing their recruitment by tumors and functions as well. Here, we report
for the first time the effects of the endogenous MMP inhibitor TIMP-2 on myeloid
inflammatory cell function in non-small cell lung cancer. TIMP-2 is a multifunctional
protein, secreted into the extracellular matrix. Our laboratory has reported on the effects of
TIMP-2 on angiogenesis of lung cancer31–33, and found that in addition to inhibiting
MMPs34, TIMP-2 is also capable of binding integrin receptors and enhancing PTP
phosphatase activity, resulting in inhibition of endothelial cell proliferation in vitro and
angiogenesis in vivo of lung cancer cells35. Moreover, TIMP-2 blocked endothelial cell
response to VEGF stimulation by modulating VEGF-R2 phosphorylation and increasing
phosphodiesterase activity in human lung microvascular endothelial cells35. Based on these
reported findings in lung cancer, we hypothesize that TIMP-2 could target immature
myeloid cells and block their pro-tumor activity and possibly their recruitment into non-
small cell lung tumors.

Angiogenesis and inflammation are important therapeutic areas in non-small cell lung
cancer. Here, we used a TIMP-2 deficient mouse model to demonstrate TIMP-2 effects on
MDSCs associated with angiogenesis, inflammation and growth of mouse Lewis lung
carcinoma. We further used human lung adenocarcinoma A549 cells with enforced
expression of TIMP-2 to examine effect on MDSC infiltration and angiogenesis in tumor
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xenografts. This study suggests that TIMP-2 is a negative regulator of immature myeloid
inflammatory cells and provides for a novel strategy to treat lung cancer.

Results
Increased angiogenesis and tumor growth rate in timp2−/− mice

The deficiency of TIMP-2 resulted in a significant increase in the growth rate of Lewis lung
carcinoma (LL-2) tumor after day 14 post-injection when compared with tumor growth in
wild-type-WT mice (Fig. 1A). Measurement of serum VEGF-A levels in naive, tumor-free
mice showed low levels that were not statistical different between WT and timp-2−/− mice
(Fig. 1B). In contrast, tumor-bearing mice in either group demonstrated elevated levels of
serum VEGF-A as compared with their tumor-free, naive counterparts respectively.
However, tumor-bearing timp2−/− mice showed further increase in serum VEGF-A
concentration (almost 2-fold, p= 0.004) above levels in tumor bearing-wild type mice (Fig.
1B). The findings suggest that VEGF-A dependent angiogenic pathways are highly activated
in tumor-bearing timp-2−/− mice. In an effort to validate these results, we used near-infrared
(NIR) in vivo optical imaging to show intra-tumor accumulation of a NIR-tagged probe for
integrin αvβ3 (Fig. 1C). Consistent with the elevated serum VEGF-A, expression of αvβ3
was found increased significantly in tumors from timp-2−/− mice compared to those in WT
mice (Fig. 1D). In addition, co-localization of integrin αvβ3 and the endothelial cell marker
CD31 was clearly increased in tumors from timp2−/− mice compared to tumors in WT mice,
indicative of enhanced recruitment of angiogenic blood vessels in TIMP-2-deficient mouse
tumors (Fig. 1E). The angiogenic response in non-tumor bearing timp-2−/− mice was also
examined using the direct in vivo angiogenesis assay (DIVAA) and VEGF-A stimulation
(Supplementary Fig. 1A). Unstimulated controls showed similar low levels of angiogenesis.
However, with VEGF-A stimulation the angiogenic response increased two-fold in WT
mice and three-fold in timp-2−/− mice (Supplementary Fig. 1A). We also demonstrated that
exogenous TIMP-2 treatment of LL-2 cells blocked MMP-2 activation and decreased
significantly the secretion of VEGF-A in vitro (Supplementary Fig. 1B and C).

Enhanced inflammation in tumors from timp2−/− mice
Recent studies have correlated increased tumor angiogenesis with inflammatory cell
infiltrates. Routine histological examination demonstrated that subcutaneous tumors from
timp2−/− mice were more highly vascularized, contained a greater inflammatory infiltrate
and tumor cells invaded further into the dermis (Fig. 2A). In addition, timp2−/− sections
showed tumor cells together with a significant number of inflammatory cells, and
angiogenic vessels (yellow arrowheads) at the invading front as compared with WT tumor
sections and the dermis (asterisks) demonstrated leaky blood vessels and edema that were
not observed in WT tumor sections (Fig. 2A). These findings prompted us to examine
CD45+ leukocyte populations in tumors from both WT and timp2−/− mice.
Immunohistochemistry revealed an increase in leukocytes in tumors from timp2−/− mice
compared with WT and that these cells showed both a perivascular and diffuse infiltration
pattern (Fig. 2B). The number of CD45+ cells per high power field was increased in greater
than 50% in timp2−/− tumors (p< 0.0001) as compared with WT tumors (Fig. 2C). Taken
together, these results indicate that TIMP-2 deficiency promoted further tumor
inflammation.

The critical mediator of inflammation NF-κB has been associated with tumor progression
mediated mainly by upregulation of cytokines such as IL-6 as well as angiogenic factors36.
To further determine whether inflammation was associated with the enhanced angiogenesis
observed in tumor-bearing timp2−/− mice, we analyzed NF-κB p50 levels of expression in
tumors from WT and timp2−/− mice. Western blots showed a significant increase of NF-κB
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in tumors from timp2−/− mice when compared with tumors from WT mice (p = 0.012) (Fig.
2D and E). In addition, tumor-bearing timp2/− mice demonstrated an almost two-fold
increase in circulating levels of serum IL-6 (Fig. 2F), suggesting that TIMP-2 deficiency
directly contributes to enhance inflammation in tumors.

TIMP-2 deficiency increases tumor Gr-1+, CD11b+ cells and immune suppressing factors
We further identified by immune fluorescence staining a fraction of inflammatory cells in
tumor sections co-expressing myeloid derived suppressor cell (MDSC) markers, Gr-1 and
CD11b (Fig. 3A). While myeloid cells expressing both markers were present in all tumors
examined, the number of CD11b+ Gr-1+ cells per high power field were significantly higher
(3 times) in tumors from timp2−/− mice compared to the number of MDSCs in tumors from
WT mice (Fig. 3B). We also examined matrix metalloproteinase (MMP) activation in these
tumors by analyzing the cleavage of a fluorogenic peptide substrate for MMPs. An intense
infrared fluorescence, indicative of an enhanced MMP activation was demonstrated by LL-2
tumor cells from both mice (yellow arrows), and co-localized with inflammatory FITC-
Gr-1+ cells (Fig. 3C). However, a high number of FITC-Gr-1+ cells in timp2−/− tumors
demonstrated increased MMP activation (Fig. 3C), indicating that the deficiency of the
MMP inhibitor (TIMP-2) increase MMP activation, and possibly facilitating the infiltration
of a greater number of MDSCs into timp2−/− tumors.

We further compared the profile of inflammatory cytokines and chemokines expressed in
tumors from both TIMP-2 deficient and WT mice using a commercial qRT-PCR array.
Expression of cytokine and chemokine genes with fold change higher than two (> 2) was
determined in three tumors in each mouse group. Twenty-eight genes were differentially
regulated in timp2−/− deficient tumors as compared with WT tumors (Fig. 3D). TIMP-2-
deficient tumors demonstrated significant (p < 0.005) increase in the transcription of genes
for immunosuppressing cytokines IL-11, IL-13 and IL-10, as well as for chemokine ligands
and receptors, CCL-5/RANTES, CXCCR2, CCR8 and 6 along with upregulation of CD40L
and downregulation of IFNγ (Fig. 3E). The results revealed that TIMP-2 deficiency elicited
immunosuppressing factors that are required for the growth of tumor MDSCs 28,37as well as
chemokine receptors such as CCR-8 and CCR-2 expressed by myeloid-derived suppressor
cells 38(Fig. 3E). The chemokine CCL-5/RANTES that has been implicated in tumor
metastasis 38and CD40L that in a recent report39 was also implicated in immunosuppression
mediated by MDSC were all significantly elevated in tumors from timp2−/− mice.

Taken together, these data indicate that TIMP-2 deficiency leads to the increase of
inflammatory factors needed for the recruitment and expansion of MDSCs at the tumor site;
therefore, the lack of TIMP-2 results in an highly immunosuppressive and angiogenic tumor
microenvironment.

TIMP-2 deficiency and the trafficking of immature CD11b+ Gr-1+ myeloid cells
We investigate further the role of TIMP-2 in inflammation outside primary tumors by
evaluating the expression of NF-κB p50 in splenocytes from all mice. Western-blot analysis
of spleens from naive, tumor-free WT and timp2−/− mice demonstrated similar low levels of
NF-κB p50 expression (Fig. 4A). In contrast to tumor-free mice, elevated NF-κB p50
expression was shown in spleens from tumor-bearing mice. However, spleens from tumor-
bearing timp2−/− mice showed a further increase in NF-κB when compared to spleens from
tumor-bearing WT mice (Fig. 4B). Quantification by densitometry of NF-κB expression was
determined in eight spleens from each mouse group. Results demonstrated a significant
upregulation of NF-κB in splenocytes (p=0.006) from tumor-bearing timp2−/− mice (Fig.
4C). This confirms a systemic inflammatory response in tumor-bearing timp2−/− deficient
mice that is not limited to the primary tumor site.
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Next, we determined whether this systemic inflammatory response indicated by elevated
NF-κB in spleens and serum IL-6 levels in tumor-bearing timp2−/− mice was also linked to
increased trafficking of immature CD11b+, Gr-1+ myeloid cells. To this aim, splenocytes
were isolated from both tumor-free-naive mice and tumor-bearing mice and analyzed by
flow cytometry. Splenocytes from tumor-free, naive mice showed similar expression and
low percentage of myeloid cells co-expressing CD11b, and Gr-1 as well as the monocyte
marker F4/80 (Fig. 4D). In contrast, analysis of gated Gr-1high cell population with variable
granularity as indicated by side scatter (SSC) revealed that spleens from both timp2−/− and
WT tumor-bearing mice contained a comparable elevation in the percentage of this cell
population (Fig. 4E). Further analysis of total Gr-1+ splenocytes in tumor-bearing mice
demonstrated increased at the same levels the co-expression of CD11b+ Gr-1+ markers,
indicating that tumors induced comparable high percentage of myeloid-derived-suppressor
cells in the spleens from both tumor-bearing mice (Fig. 4F). However, a two-fold increase in
the percentage of MDSCs with low expression of monocyte F4/80low was detected in
spleens from tumor-bearing timp2−/− mice compared with F4/80 expression by MDSCs in
WT spleens (Fig. 4F). This might represent a small fraction of monocytic MDSCs in the
spleens of tumor-bearing timp2−/− mice. Nevertheless, co-expression of CD11bhigh Gr-1high

myeloid markers is consisting with induction by lung tumors of granulocytic MDSCs in
spleens from both mice.

Spleens from tumor bearing WT and TIMP-2 deficient mice were also analyzed for TIMP-2
expression. Tumor-bearing WT mice demonstrated co-expression of intracellular TIMP-2 by
CD11b+ splenocytes as well as TIMP-2 secreted in the spleen stroma (Supplementary Figure
2A and B). Also, TIMP-2-deficient spleens showed a relatively significant splenomegaly
(Supplementary Figure 2C and D). Thus, this increased inflammation in spleens of tumor-
bearing TIMP-2- deficient mice confirms a systemic inflammatory response that is not
limited to the primary tumor site. Since the spleens from both tumor-bearing timp2−/− and
WT mice contained similar number of granulocytic MDSCs, we further analyze MDSCs on
their expression of the precursor BM marker VEGF-R1.

Enhanced expression of VEGF-R1 by MDS cells in tumor-bearing timp-2−/− mice
The receptor for the placental growth factor (VEGF-R1) has been implicated in the functions
of inflammatory cells during tumor progression21,40. The release of VEGF-R1+

inflammatory cells from the bone marrow is increased during tumor growth and
progression23. Expression of VEGF-R1 by immature myeloid cells has been suggested to
enhance invasion and metastasis following their recruitment into tumors21,41. We used flow
cytometry to assess the effects of TIMP-2 deficiency on the expression of VEGF-R1 by
CD11b+ Gr-1+ immature myeloid cells in spleens of naive and tumor-bearing mice. We
found a very low percentage of MDSCs VEGF-R1+ (below 1%) in spleens from both naive,
tumor-free timp2−/− and WT mice (data not shown), while a three-color flow cytometric
analysis of VEGF-R1 expression by CD11b+ Gr-1+ cells in spleens from tumor-bearing
mice demonstrated a higher VEGF-R1 cell surface expression by MDSCs in timp2−/− spleen
as compared with expression by MDS cells from tumor-bearing WT mice (Fig. 5A).
Analysis of VEGF-R1 expression in the gated MDSC fraction from timp2−/− spleen
demonstrated a significant (p= 0.021) increase (60%) as compared with VEGF-R1
expression in gated MDSCs from WT spleens (approximate 42%). This increased VEGF-R1
expression in timp2−/− spleen MDSCs is well above the percentage frequently reported in
tumor-bearing mice24. Thus, lung tumor induced significantly the percentage of VEGF-R1+

MDSCs in spleens from TIMP-2 deficient mice (Fig. 5B).

We further analyzed tumors for the presence of VEGF-R1+ myeloid cells by immune
fluorescence. While tumors in wild-type mice showed a lower number of Gr-1+ VEGFR1+

cells, tumors in timp2−/− deficient mice demonstrated a readily detectable VEGFR1+Gr-1+
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cell population (Fig. 5C). Quantitation of the number of Gr-1+ VEGF-R1+ cells (yellow
fluorescence) per high power field in four tumor sections in each group demonstrated an
increased infiltrate in timp2−/− tumors (Fig. 5D). These findings demonstrated that TIMP-2
deficiency increased the number of systemic VEGF-R1+ MDSCs and favored their
recruitment into the primary tumor site.

The Annexin A1 molecule is an inflammation modulator and its N-terminal peptide has been
shown to display anti-inflammatory activity in a number of well-established animal models
of acute inflammation42. However, in chronic inflammatory conditions, inflammatory cells
produce a truncated form of Annexin A1 that is highly inflammatory and that results in
increased endothelium transmigration by inflammatory cells43. Moreover, Annexin A1 is
upregulated in tumors, and tumor growth is impaired in Annexin A1-deficient mice44–46.
Analysis of Annexin A1 expression in spleens of tumor-free naive mice demonstrated a
slight up-regulation of intact 37kDa protein in TIMP-2 deficient mice compared with their
wild-type littermates (Fig. 5E). In contrast, Western blot analysis of tumor-bearing mice
showed elevated expression of Annexin A1 in both spleens and tumors. However, TIMP-2-
deficient mice showed up-regulation of intact Annexin A1 (37 kDa) in both spleens and
tumors and increase of the truncated Annexin A1 form (33 kDa) in their tumors as compared
with WT bearing mice (Fig. 5F). This suggests that TIMP-2 could affect pathways that
control expression and processing of Annexin A1 at the primary tumor site, and could
potentially regulate endothelium transmigration of VEGF-R1+ MDSCs.

TIMP-2 up-regulation decreases tumor recruitment of MDSCs and blocks angiogenesis
We have previously reported TIMP-2 negative effects on VEGF signal pathway in lung
microvascular endothelial cells in vitro35. Conversely, we also demonstrated that the
deficiency of TIMP-2 significantly increased the levels of VEGF-A in the serum of tumor-
bearing TIMP-2-deficient mice (Fig. 1B).

Now, we sought to determine the involvement of myeloid derived suppressors cells in the
anti-tumor effect of TIMP-2 in lung cancer in vivo. To this end, we used retroviral-mediated
up-regulation of TIMP-2 into human lung cancer cells A-549 or empty-vector transfected
A-549 control cells as previously reported47. First, we confirmed the effects of TIMP-2 on
VEGF-R2 in vivo by employing an anti-murine VEGF-R2 antibody incorporated into
microbubbles as an ultrasound contrast agent to quantitate total VEGF-R2 expression.
Upregulation of TIMP-2 reduced significantly VEGF-R2 in A549TIMP-2 tumor xenografts
at day 14 by greater than 75% (p = 0.003) when compared to VEGF-R2 expression in
A549Control tumors and this effect correlated with tumor growth (Supplementary Fig. 3A
and B). TIMP-2 anti-angiogenic effect was assessed at later times of tumor growth by
fluorescence molecular tomography (FMT) using infrared-tagged agents Integrinsense
targeting αvβ3 and Angiosense for vascular volume (Fig. 6A). Upregulation of TIMP-2
significantly decreased intra tumor concentrations of both indicators of angiogenesis in mice
bearing A549TIMP-2 xenografts as compared with mice bearing empty-vector A549Control
xenografts (Fig. 6B). Additionally, gross and histological examination of these tumors
showed decreased blood vessels as well as areas of necrosis (asterisks) in A549TIMP-2
tumors as compared with A549Control xenografts showing angiogenesis vessels (arrows)
(Fig. 6C). Staining of endothelial cells with FITC-CD31antibodies and its co-localization
with the fluorescent indicator of angiogenesis (Angiosense) further demonstrated strong
TIMP-2 anti-angiogenesis effect in A549TIMP-2 tumors, as a decreased number of blood
vessels and low Angiosense were observed compared with A549Control tumors (Fig. 6D).

We further determined the expression of TIMP-2 in A549 tumor xenografts. Immune stained
sections of A549TIMP-2 xenografts demonstrated elevated intracellular TIMP-2 in tumor
and (CD11b+) myeloid cells, as well as TIMP-2 secreted into the tumor stroma as compared
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with low TIMP-2 expression by both tumor and myeloid cells in A549Control tumors (Fig.
6E). A significant inhibition of MMP-2 and MMP-9 activation was previously reported in
A549TIMP-2 tumors47. Further analysis of CD11b+ Gr-1+ myeloid cells (yellow
fluorescence) demonstrated decreased number of MDSCs in A549TIMP2 xenografts as
compared with A549Control xenografts (Fig. 6F), and the quantitation of the number of
cells per high power field indicated a significant decrease (p< 0.0001) in the number of
infiltrating MDSCs in A549TIMP-2 xenografts as compared with A549Controls (Fig. 6G).
Furthermore, A549TIMP-2 tumors also demonstrated significantly fewer VEGF-R1+ Gr-1+

cells as compared with A549Control tumors (Fig. 6H and I). Taken together, these results
suggest that TIMP-2 upregulation disrupts the recruitment of MDSCs at the primary tumor
site, and interferes of the reported MDSC functions in tumor angiogenesis.

Discussion
It is now widely recognized that inflammatory cells contribute significantly to tumor
progression48. The recruitment into tumors of myeloid derived suppressor cells alters the
tumor microenvironment and promotes angiogenesis as well as immune suppression13,39.
The role of immature myeloid inflammatory cells in angiogenesis and inflammation has
been studied in mouse models deficient in matrix metalloproteinases, MMPs. These studies
showed that activation of MMPs in the tumor increased angiogenesis mainly by increasing
bioavailability of VEGF bound to the extracellular matrix at the initial steps of tumor
angiogenesis and subsequent signaling for mobilization of BM inflammatory cells including
MDSCs26,49. However, more recent studies have shown that MDSCs produce MMPs and
directly promote angiogenesis and tumor immune suppression15,504951. In addition, these
studies have shown the pivotal role that VEGF-R1 play in many MDSC functions, including
their recruitment by tumors and formation of the pre-metastatic “niche”21,23.

The present study demonstrates the effects of TIMP-2, an inhibitor of MMPs, on the
recruitment and function of MDSCs in lung cancer models. The absence of TIMP-2
accelerated tumor growth and stimulated further mediators of angiogenesis and
inflammation demonstrated by upregulation of VEGF-A, NF-κB p50, Annexin A1 and IL-6.
At the tumor site, the deficiency of TIMP-2 promoted the recruitment of inflammatory cells
expressing granulocytic MDSC phenotype and MMP activation along with downregulation
of IFNγ, and upregulation of immunossupressing cytokines (IL-10, IL-11 and IL-3) as well
as chemokine ligands (CCL-5/RANTES) and their receptors, all known factors required for
the recruitment by tumors of MDSCs. In summary, lung tumors deficient in TIMP-2
demonstrated a further increase in angiogenesis and immunosuppression.

We also determined an increase in inflammation mediators NF-κB p50 and Annexin A1 in
the spleens from tumor-bearing timp2−/− mice, suggesting a systemic inflammatory response
that was not limited to the primary tumor site. Flow cytometric analysis revealed that the
percentage of MDSCs in the spleens from tumor-bearing timp2−/− mice was not different
from the percentage of MDSCs in spleens from tumor–bearing WT mice. However, further
analysis determined that the deficiency of TIMP-2 affects the expression of the BM-
precursor marker VEGF-R1 by MDSCs in the spleens from tumor-bearing timp2−/− cell.
This increased expression of cell surface VEGF-R1 was also demonstrated by VEGF-R1+

MDSCs in timp2−/− tumors.

The increased number of VEGF-R1+ MDSCs in timp2−/− tumors may suggest additional
changes in the tumor microenvironment, and clearly defines the role of activated MMPs in
the MDSC function. TIMP-2 deficient tumors triggered the activation of matrix
metalloproteinases that can mediate MDSC infiltration into tumors as well as, the release of
inflammatory factors such as some members of the TNF-family including CD40L and
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cognate receptor52. This could explain the rise in CD40L in timp2−/− tumors. CD40L is
pivotal for the differentiation and antigen presenting functions of dendritic cells. However,
little information has been reported on the role of CD40L in MDSC function39. Further
research is needed to fully determine the role of CD40L in immature myeloid cells and in
their interaction with T-cells.

The effects of TIMP-2 on the recruitment and pro-tumor functions of VEGF-R1+ MDSCs
were validated in the human NSCLC model A-549. Forced TIMP-2 expression in A549
xenografts disrupts the recruitment of MDSCs and concomitantly decreases angiogenesis
and tumor growth. Increased TIMP-2 expression in A549 cells also modulated inflammation
by blocking the release of IL-6 in vitro (manuscript submitted for publication). Therefore,
these findings demonstrate that TIMP-2 targets immature myeloid inflammatory cells along
with their associated function in tumor angiogenesis and inflammation47.

Myeloid-derived-suppressor cells are now seen as targets of anti-cancer therapy, either for
their tumor immune immunosuppressing functions and/or for their proangiogenic
properties15. They are believed to be the cause of the poor response to tumor
immunotherapies29,30 and resistance to anti-angiogenic treatments30. We have previously
reported TIMP-2 effects on VEGF-A dependent pathways in vitro35 and in the present study
we demonstrate the effects in vivo of TIMP-2 on the MDSC-associated immunosuppression
and angiogenesis in lung cancer with important clinical implications53. The findings in this
study support TIMP-2 as a negative regulator of MDSCs; therefore, making TIMP-2 a
potential adjuvant in the immune therapy of NSCLC.

Methods
Cells

Lewis lung carcinoma (LL-2) cells were obtained from the American Type Culture
Collection (ATCC) and cultured in high glucose Dulbecco's Modified Medium (DMEM),
A-549 cells transfected with both a retroviral empty-vector (EV) A549Controls or a vector
carrying timp-2, A549TIMP-2 were previously reported47 and cultured in RPMI. Media
were supplemented with 10% FBS and 2 mM L-glutamine.

Mice
C57BL/6 timp-2−/− deficient mice were previously described54, maintained in heterozygous
conditions. Wild-type (WT) and timp-2−/− littermates (6 –8 week old) were injected
subcutaneously with 1 × 106 Lewis lung carcinoma cells. Tumor volumes were determined
by Caliper measurements.

Female athymic (nu/nu) nude mice were injected subcutaneously with 5 × 106 A549Control
or A549TIMP-2 cells. Mouse experiments were performed with the approval of the National
Institutes of Health Animal Care and Use Committee.

In vivo molecular imaging
Mice were injected according to manufacturer's instructions with the following infrared
imaging agents: Angiosense and Integrinsense (Visen Medical, Bedford MA). Infrared in
vivo optical imaging was registered in a Pearl imager and analyzed using Pearl Impulse
software (LI-COR, NE). In vivo concentration of imaging agents was determined by
fluorescence molecular tomography (FMT) in a FMT2500 scanner (Visen Medical).
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Immunohistochemistry
Tumor samples were either fixed in 10% formalin or frozen in Optimum Cutting
Temperature (OCT) medium. Immunohistochemistry was performed on 5 μm paraffin-
embedded tumor sections using the avidin-peroxidase method with a Vectastain Elite ABC
kit (Vector Laboratories). Slides were incubated overnight at 4 °C with mAb-CD45
(Biolegend, San Diego CA), followed by color development using 3,3' diaminobenzidine
(DAB) reagent (Sigma). Slides were also stained for H&E. Frozen tumor sections were cut
10–12 μm in a cryostat (Leica Microsystems, Germany), fixed in 4% PFA for 30 min and
stained at RT for 2 hour with the following antibodies: Alexa488-CD31, PE-CD11b, APC-
F4/80 (Biolegend), APC-VEGF-R1 (R&D Systems, MN) and counterstained with mounting
media containing DAPI (InVitrogen). For the intracellular staining of TIMP-2, frozen
sections were fixed in cold acetone and permeabilized with 0.1% Triton-X in PBS. Sections
were stained overnight with a rabbit-anti TIMP-2 antibody (MyBiosource) and FITC-anti-
rabbit secondary antibody (InVitrogen). Sections were analyzed in an epi-fluorescence
microscope (Olympus, PA) equipped with UPlanFL objectives, and AxionVision software
(Zeiss, Germany) or in a LSM510 confocal microscope using Zen2009 software (Zeiss).

Flow Cytometry
Spleens from tumor-free and tumor bearing WT and timp-2−/− mice were isolated and
passed through 70 μm filter, treated with ACK lysing buffer, rinsed in PBS and stained with
mAbs for PE-CD11b, APC-F4/80, FITC-Gr-1 (Biolegend), APC-VEGF-R1 (R&D Systems)
and isotype controls: APC-rat IgG2a, FITC-rat IgG, and PE-rat IgG (Biolegend). Cells were
analyzed in a FACSCalibur using CellQuest Software (BD Biosciences).

Western Blots
Proteins from tumors and isolated splenocytes were extracted in RIPA buffer (Sigma, MO)
containing a cocktail of protease inhibitors, and applied to acrylamide gels. After SDS-
Electrophoresis, gels were transferred to nitrocellulose filters and blotted with the following
antibodies: Annexin A1 (Cell Signaling), p50 NF-κB, Tubulin-α, HRP-donkey anti rabbit
(Biolegend), GAPDH and HRP-rabbit anti goat, -goat anti rabbit (Santa Cruz, CA) and
signal developed using ECL Western blotting detection system (GE Healthcare, UK).

RNA purification and quantitative RT-PCR
Total RNA was extracted from WT and TIMP-2 deficient tumors using RNeasy Kit and
Quiashredder column (QIAGEN). Three microgram of RNA was reversed transcribed using
RT2 First Strand kit (QIAGEN) hybridized to a Mouse Cytokine and Chemokine PCR Array
plates (SABiosciences). Quantitative PCR was performed on a 7900HT Sequence Detection
System (Applied Biosystems). Results were analyzed and data interpreted by using
SABiosciences'web-based PCR array data analysis tool.

Enzyme-linked immunosorbent assay
ELISA Kits (R&D Systems) were used to determine IL-6 and VEGF-A concentration in
serum samples from WT and timp-2−/− mice, following manufacturer's instructions.

MMP activity
In vivo MMP activity was determined by injecting mice with a MMP-activated fluorogenic
agent, MMPsense (Visen Medical) 24 hr prior to tumor dissection. MMP activation was
detected as the Infrared fluorescence emission in tumor frozen sections.
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Statistical analysis
Comparisons between multiple groups were performed with 2-sided ANOVA test using
Prism (Graphpad Software, Inc. CA). Comparisons between two groups was performed
using Student's t- test, results were significant at p ≤ 0.05.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Enhanced angiogenesis and accelerated tumor growth in timp2−/− mice. (A) Growth rate of
Lewis lung carcinoma in timp2−/− mice versus tumors in wild-type WT mice (means ±
SEM, n =10 in each group, * p=0.007, 14 day, ** p= 0.003, 16 day, ***p=0.002, 18 day,
****p=0.005, 20 day post-injection). (B) VEGF-A serum levels in naive, tumor-free WT
versus timp2−/− mice (n=5 in each group, means ± SD *p= n.s.), tumor-bearing WT versus
timp2−/− mice (n=10 in each group, means ± SD ****p = 0.0004), naive WT mice versus
tumor-bearing WT (n=10 in each group, mean ± SD, **p = 0.004), naive timp2−/− mice
versus tumor bearing timp2−/− (n=10, mean ± SD, ***p= 0.0001). (C) Infrared molecular
imaging of αvβ3 in LL-2 tumor-bearing WT and timp2−/−mice (D) Accumulated αvβ3 at the
tumor site, infrared signal in pixels/tumor area of duplicate experiment (n=4 in each group,
mean ± SD). (E) Co-localization of infrared αvβ3 with FITC-CD31 in blood vessels in
tumor sections from timp2−/− mice versus tumor in WT mice. Scale bar= 50 μm.
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Figure 2.
Increased inflammation in LL-2 tumor-bearing timp-2−/− mice. (A) Representative H&E of
tumor sections from timp2−/− mice demonstrating cancer cells, angiogenic vessels and
inflammatory cells invading the dermis (yellow arrowhead) and severe dermis inflammation
(*) as compared with tumors in WT mice, scale bar= 100 μm. (B) A representative IHC,
CD45+ leukocytes in tumor sections from WT and timp2−/− mice, Scale bar= 50 μm. (C)
Number of leukocytes (CD45 brown) per high power field (40×) in tumors from WT and
timp2−/−mice (6 fields per tumor section, 4 sections in each group, n= 24, mean ± SD). (D)
Western blot, NF-κB p50 expression in tumors from timp2−/− mice versus WT tumor over
protein loaded-control GAPDH, integrated densities are shown (E) Relative NF-κB
expression in tumors from WT and timp-2−/− mice, duplicate experiment (n = 6 in each
group, mean ± SD). (F) Serum IL-6 in tumor-bearing timp2−/− mice versus tumor-bearing
WT mice (n=10 in each group, means ± SD).
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Figure 3.
MDSCs, MMP activity and the profile of inflammatory factors in timp2−/− tumors. (A)
Representative tumor sections immune stained for CD11b+, Gr-1+ showing MDSCs (yellow
fluorescence) in tumors from WT and timp-2−/− mice, nuclei counter stained with DAPI.
Scale bar= 60μm. (B) Number of MDSCs per high power field (20×) in timp2−/− tumors
versus WT (4 tumors in each group, n=16, mean ± SD) (C) MMP activation shown as red
emission of cleaved infrared-tagged peptide substrate by tumor cells (arrows), MMP activity
demonstrated by FITC-Gr-1+ cells in timp2−/− tumors (yellow emission) versus WT tumors,
nuclei counter-stained with DAPI. Scale bar= 20 μm. (D) Heat map showing differential
gene expression higher than two (> 2) of inflammatory factors tumors from timp-2−/− mice
versus WT tumors (n =3 in each groups). (E) Fold change in inflammatory factors from
timp2−/− tumors over WT tumors (significant change in three tumors in each group, *p<
0.005).
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Figure 4.
Spleen inflammation and CD11b+ Gr-1+ splenocytes in tumor-bearing timp2−/− mice. (A)
NF-κB p50 expression in splenocytes from naive, tumor-free WT and timp2−/− mice over
loading control GAPDH, density values shown below (representative Western blot of
duplicate analysis) (B) NF-κB p50 expression in four spleens from LL2-tumor bearing mice
over GAPDH loading control, integrated intensity values are indicated below. (C) NF-κB
p50 expression in spleens from tumor-bearing WT vs. timp2−/− mice (n=8 in each group
means ± SD). (D) Total percentage of splenocytes expressing myeloid markers (CD11b,
Gr-1, F4/80) in tumor-free, naive mice (representative FACS analysis of duplicate
experiments). (E) Representative FACS showing total percentage Gr-1+ splenocytes in
spleens from tumor-bearing mice. (F) Co-expression of Gr-1high CD11bhigh and F4/80low by
splenocytes (gate Gr-1 vs SSC) from tumor-bearing mice (representative FACS analysis of 2
independent experiments).
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Figure 5.
Increased VEGF-R1+ MDSCs and Annexin A1 in tumor-bearing timp-2−/− mice. (A) A
representative FACS analysis of VEGF-R1 expression by CD11b+ Gr-1+ (MDSC, gate R4)
splenocytes from tumor-bearing WT and timp2−/− mice. (B) Increased percentage of VEGF-
R1+ MDSCs in spleens from tumor-bearing timp2−/− mice versus tumor-bearing WT mice
(n=6 spleens in each group, means ± SD). (C) Immune staining of VEGF-R1+ Gr-1+

inflammatory cells in timp2−/− tumor sections versus WT tumors. Scale bar = 20 μm. (D)
Number of Gr-1+ VEGF-R1+ cells per high power field (40×) in timp2−/− tumors versus WT
tumors (four tumors per group, n=16 hpf per tumor, mean ± SD). (E) Expression of Annexin
A in spleens from tumor-free WT versus timp2−/− mice over Tubulin-α protein loading
control, integrated density values are shown below. (F) Expression of Annexin A1 (37 kDa)
and bioactive peptides in spleens (S) and tumors (T) from tumor bearing WT mice versus
timp2−/− mice over loading control Tubulin-α, integrated density values are shown.
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Figure 6.
TIMP-2 upregulation decreases tumor MDSCs and angiogenesis. (A) Fluorescence
molecular tomography (FMT) showing decreased angiogenesis indicators Angiosense
(green) and Integrinsense (yellow) in A549TIMP-2 tumor versus Control. (B) Angiogenesis
indicators by FMT in A549TIMP-2 xenograft versus Control (n=5 in each group, means ±
SD **p=0.002). (C) Gross and H&E show low angiogenesis and tumor necrosis (*) in
A549TIMP-2 tumor versus A549Control angiogenic blood vessels (arrows), scale bar= 50
μm. (D) A549TIMP-2 xenograft showing low Angiosense (red) and blood vessels FITC-
CD31+ versus Control xenograft, nuclei counterstained with DAPI, scale bar= 50 μm. (E)
TIMP-2 in myeloid CD11b+ cells, tumor cells (arrows) and stroma, Scale bar= 20 μm (F)
MDSCs in A549TIMP-2 xenograft versus Control xenograft, Scale bar= 50 μm (G) Number
of recruited MDSCs per high power field (40×) in tumor sections (n=12 in each group, mean
± SD, ** p< 0.0001). (H) VEGF-R1+ Gr-1+ cells recruited by tumors, scale bar = 20 μm. (I)
Number of VEGF-R1+ Gr-1+ cells per high power field (60×) in A549TIMP-2 versus
A549Control (n=24 in each group, mean ± SD, ** p< 0.004.
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