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Abstract
Inflammatory pathways may mediate preparation of the “metastatic soil” in the lungs. Some of
these pathways—activation and/or the recruitment of certain inflammatory cells—might depend
on vascular endothelial growth factor receptor 1 (VEGFR1) activity. Thus, blocking the activity of
VEGFR1 (or the interaction with its ligands) has emerged as a potential anti-metastasis strategy to
target not only angiogenesis and cancer cell survival and migration, but also the recruitment of
tumor growth-promoting bone marrow-derived cells (BMDCs). However, inhibition of VEGFR1
activity by blocking antibodies or by genetic deletion of the tyrosine kinase domain neither
prevented nor changed the rate of spontaneous metastasis formation after surgical removal of
primary tumors. Thus, development of VEGFR1-targeted agents should be pursued in selected
tumors (e.g., by identifying cancers that depend on VEGFR1 signaling for survival) or in specific
combination therapies. Preventing metastasis will likely require identification and blockade of
additional or alternative pro-inflammatory pathways that mediate the priming of the metastatic soil
and the growth of micro-metastases.

Background
In 1889, Stephen Paget hypothesized that metastatic cells—the “seeds”—only grow in the
secondary sites—the “soil”—with a permissive microenvironment. While this concept
remains the current wisdom, many determinants of the metastatic process continue to remain
elusive. As a result—while therapy of primary tumors is constantly being improved—the
prevention of metastasis formation is unfortunately still an unmet goal. Metastasis remains
the predominant cause of cancer-related deaths and the ultimate frontier of cancer therapy.

Metastasis is a complex multi-step process in which metastatic cells must detach from their
neighbors, invade the surrounding stroma, intravasate, survive in the circulation, arrest in the
vessels in the target organ where they extravasate, invade the matrix, and grow by co-opting
vessels or recruiting new vessels– all these while evading the immune system (1). To
overcome these hurdles, metastatic cells may express or recruit molecular players that
disrupt the vasculature and facilitate tumor growth in distant sites such as the lungs (2).

Why is lung a good “soil”?
Lung capillary endothelial cells together with the alveolar epithelial cells form the blood-gas
barrier, where the venous blood coming from all the tissues of the body is oxygenated. Thus,
circulating cancer cells have a high likelihood to interact with lung microvasculature. But
what makes the lung (or regions of it) a good “soil”? First, its pre-existing dense and highly
oxygenated vasculature could facilitate early tumor growth. Second, lung tissue is rich in
alveolar macrophages. These myeloid cells are the front line of cellular defense against
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respiratory pathogens and regulators of innate alveolar defenses against respiratory
infection, by secreting pro-inflammatory cytokines. These cytokines––such as, interleukin 6
and tumor necrosis factor-alpha (TNF-α)––may increase vascular permeability, angiogenesis
or tumor growth and their expression may be stimulated by distant tumors (3). In addition,
myeloid cells may express VEGFR1, similar to endothelial cells and some cancer cells, and
secrete proteolytic enzymes such as MMP-9 in response to VEGFR1 activation by its
ligands (4). Knockout mouse models have demonstrated that host cell-derived MMP-9 and
TNF-α are critical for experimental lung metastasis (3,4). Collectively, these results support
the increasingly held view that cancer cells are likely to home to or be entrapped in the
abundant lung microvasculature and grow as tumor nodules by “usurping components of the
host innate immune system” (3).

“Pre-metastatic niche”
Hiratsuka et al. proposed the concept of lung tissue “activation” prior to metastasis (4). They
showed that activation of lung endothelial cells and macrophages by primary LLC tumors
enhanced lung metastasis in a model of experimental metastasis (i.e., after tumor cell
infusion). Deletion of either VEGFR1-tyrosine kinase (VEGFR1-TK) or MMP-9 reduced
lung metastasis. Kaplan et al. introduced the term “pre-metastatic niche” to describe areas of
VEGFR1+ BMDC conglomerates and fibronectin deposition in the lungs– as a result of
primary LLC tumor-released factors. LLC tumor cells preferentially homed to these
“niches” and blockade of VEGFR1 prevented “niche” formation and metastasis (5).

VEGF pathway and tumor progression
VEGF pathway plays critical roles in tumor growth by diverse mechanisms. Among VEGF
family members, VEGF and placental growth factor (PlGF) have been well characterized as
modulators of angiogenesis in many tumors (6,7). These growth factors bind to VEGF
receptors on endothelial cells and promote their proliferation, survival, migration and tube
formation. VEGF binds to VEGFR1, VEGFR2 and neuropilins (NRPs), while PlGF only
binds VEGFR1 and NRP-1 and NRP-2 (8). Knockout of VEGF, VEGFR1, VEGFR2 or both
NRP-1 and NRP-2 induce embryonic lethality, while PlGF deficiency impairs pathological
angiogenesis by attenuating the response to VEGF (6,7,9). VEGF binds with higher affinity
to VEGFR1 than to VEGFR2, but the latter has stronger tyrosine kinase activity and is
widely assumed as the mediator of the pro-angiogenic activities of VEGF (6,7).
Surprisingly, unlike VEGFR1 deficiency, deletion of the tyrosine kinase domain of
VEGFR1 (in flt1TK−/− mice) does not lead to embryonic lethality or vascular phenotypes—
suggesting that VEGFR1 acts as a “decoy” for pro-angiogenic factors during development
(10). Nevertheless, VEGFR1 and VEGFR2 could crosstalk inter– and intramolecularly (11).
These complex phenotypes warrant studies of individual receptor pathways in metastasis
formation.

How is VEGFR1 activity involved in tumor metastasis?
Certain cancer cells may rely on VEGFR1 activity for survival––e.g., epidermoid tumors
(12)––but the potential role of autocrine VEGFR1 signaling in cancer cells during metastasis
remains to be elucidated. On the other hand, VEGF family members could also act as
cytokines and affect VEGFR1+ and/or VEGFR2+ hematopoietic cell populations (7). The
role of inflammatory cells in tumor progression is also under intense investigation, because
there is increasing evidence that certain myeloid cells (pro-angiogenic M2-like macrophages
and immature myeloid cell populations) promote carcinogenesis, invasion and metastasis
(13–15). In this context, the mechanisms by which VEGFR1 facilitates tumor growth and
dissemination remain controversial (5,16). This is highly relevant for clinical development
of agents targeting VEGFR1 alone or along with VEGFR2 and/or VEGFR3 (e.g., VEGFR1-
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specific antibody, tyrosine kinase inhibitors), or targeting VEGFR1 ligands (VEGF, PlGF;
e.g., bevacizumab, aflibercept, PlGF-specific antibody). These strategies, i.e., targeting the
ligand(s) versus the receptor(s), may lead to different effects on tumor growth and
metastasis, and might depend on agent specificity, dose, circulation half-life, and potency of
VEGF blockade. As a result of these complexities, here onwards we will focus our
discussion only on the specific role of VEGFR1 activity blockade in the early steps of lung
metastasis formation in cancers that do not express VEGFR1.

VEGFR1 expression may be constitutive, or could be induced along with VEGF and PlGF
expression by hypoxia, which often accompanies tumor growth (7). Interestingly, a recent
study showed that hypoxia-induced lysyl oxidase released by tumors mediates myeloid
BMDC recruitment to lungs during metastasis formation (17). Collectively, these studies
supported the notion that lung metastasis formation depends on inflammatory pathways,
which include BMDC accumulation and/or activation in lung tissue. VEGFR1 activity may
be critical in this process. However, an intriguing question remains whether blockade of
VEGFR1 alone in neoadjuvant setting (i.e., prior to tumor removal) can prevent metastasis
formation.

Differential role of VEGFR1 activity in tumor growth and pre-metastatic
niche

Despite inherent limitations, metastasis is often studied in mice either by systemic infusion
of metastatic cells or by implanting metastatic primary tumors (followed or not by surgical
removal). The latter strategy allows studies of neoadjuvant (pre-surgery) or adjuvant (post-
surgery) therapies. We used this model to interrogate the potential mediation of spontaneous
metastasis by VEGFR1 activity. Blockade of VEGFR1 activity in LLC or B16
melanomas––cancers that do not depend on VEGFR1 for survival––did not substantially
affect their in vivo growth (16). Based on the prediction from previous studies (5,18), both
BMDCs and metastatic cancer cells had seeded the lungs at the time of primary tumor
resection in these models. Thus, we tested if continuous (neoadjuvant and adjuvant)
inhibition of VEGFR1 activity with antibodies or in flt1TK−/−/C57BL/6 mice could prevent
metastasis formation. In contrast to previous reports (5), blocking VEGFR1 signaling by
either method did not significantly change the number of BMDCs/CD11b+ cells in the lungs
of mice prior to macro-metastases formation in LLC and B16 melanoma models (16)(Figure
1). These inflammatory BMDCs were present in comparable numbers in lungs from healthy
mice, and most likely represented resident pulmonary alveolar macrophages (19).
Nevertheless, once the macro-metastases formed, the blockade of VEGFR1 led to a partial
decrease in BMDC infiltration inside and around the growing metastatic nodules– in a
tumor-dependent manner (16,19). Thus, signaling pathways additional to VEGFR1 are
likely involved in BMDC infiltration in growing tumors and metastases (19). This
conclusion is consistent with the finding that Gr1+CD11b+ BMDCs are recruited by tumors
in spite of VEGF blockade and modulate resistance to anti-VEGF therapy in these tumor
models (20). This is also consistent with the finding that once the tumor cells have seeded
the distant site, VEGFR1 blockade, along with VEGFR2 and VEGFR3 inhibition, has little
effect on metastatic growth in lymph nodes (21). These preclinical findings have direct
implications for the treatment of localized cancers.

Clinical implications
While there are currently no clinical efficacy data for VEGFR1-specific antibodies, agents
that target directly VEGFR1 activity or its ligand VEGF have been approved for patients
with several types of advanced, metastatic cancers. More recently, anti-VEGF agents are
being increasingly tested in pre-operative (neoadjuvant) setting in patients with localized
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tumors with no detectable metastases. In this context, understanding the role of VEGF/
VEGFR1 blockade in progression to metastatic disease will be most relevant. But beyond
reconciling inconsistencies between preclinical models on the role of VEGFR1 activity, an
even greater challenge is gauging the relevance of these experimental results for the clinical
use of anti-VEGF agents. At the time of diagnosis, metastatic cells have most likely seeded
in distant organs in many patients. Thus, treatment strategies need to be directed at targeting
micrometastases and not just prevention of further metastatic dissemination. One validated
strategy to combat these, particularly in locally advanced cancers, is neoadjuvant or adjuvant
cytotoxic therapy. Therefore, integration of anti-VEGF therapies in neoadjuvant protocols
will likely occur in combination with cytotoxics, making impossible the determination of the
specific role of VEGF or VEGFR1 blockade. There are currently no mature data available
on neoadjuvant anti-VEGF therapy with cytotoxics from randomized studies. In a phase II
study of neoadjuvant bevacizumab with chemoradiation for rectal cancer, local control was
92%, and actuarial 5-year disease-free survival was 69% – outcomes comparable to
chemoradiation alone. However, the overall survival rate in the bevacizumab-treated cohort
(95%) compared favorably to chemoradiation alone (22). Future studies should establish
whether VEGF and/or VEGFR1 blockade has favorable impact on metastatic progression in
specific cancers.

Unanswered questions and future directions
In light of the data discussed here, a number of critical questions have become a priority for
preclinical research on metastasis.

• How is the distant stroma activated by metastatic primary tumors?

• Are the mechanisms of activation tumor– and organ-specific?

• Could these pathways be targeted to benefit patients by preventing metastasis?

• Is systemic inflammation a generic/non-specific promoter of metastasis/tumor
growth or is it operating only in the context of lung metastasis formation by
activation of specific inflammatory pathways? If so, why?

• What are the mechanisms by which the “activated soil” promotes metastatic cell
seeding and survival?

• Are these pathways activated in cancer patients?

• If anti-VEGF therapy is used as neoadjuvant therapy, what pathways are
systemically and intra-tumorally upregulated?

Of note, we recently found that neoadjuvant bevacizumab treatment upregulated the
chemokine stromal-derived factor 1 alpha (SDF1α) and its receptor CXCR4, and CXCL6 in
rectal cancer in patients. Interestingly, circulating SDF1α levels during therapy associated
with tumor progression to metastasis after a three-year follow-up (23).

Closing remarks
Recent reports show that spontaneous formation of lung metastases may be independent of
VEGFR1 activity in host cells. This indicates that other pathways––activated in lung-
resident stromal cells prior to metastatic dissemination––may promote BMDC infiltration in
lung metastases. Identifying these pathways will lead to the development of agents targeting
their activation, which might optimize anti-VEGF therapy, to prevent or delay metastasis
formation and growth.
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Figure 1. Mechanisms of "pre-metastatic" lung activation
A, It has been proposed that tumor-derived factors create pre-metastatic “niches" by
recruiting bone marrow-derived cells (BMDCs), which facilitate homing and growth of
metastatic cells. B, Alternatively, paracrine interactions may occur between lung resident
VEGFR1+ endothelial cells and resident myeloid BMDCs––e.g., macrophages––that
"activate" the normal lung tissue in response to tumor-derived factors. (Drawings in A, B
courtesy of Dr. Lance L. Munn.) C, Nonetheless, metastasis formation can occur
independently of VEGFR1 activity in lung stromal cells. Once metastases become
macroscopic, VEGFR1 activity modulates the recruitment of local/circulating myeloid
BMDCs to the growing metastatic nodules. Green, green fluorescence protein (GFP)-
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positive BMDCs; blue, DAPI nuclear counterstaining of lung cells; black in red box,
melanotic B16 melanoma metastases formed in lungs after primary tumor resection despite
VEGFR1 blockade. Images in C are 512 µm across (courtesy of Dr. Michelle R. Dawson).
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