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Abstract

The mechanisms by which a primary tumor affects a selected distant organ before tumor cell
arrival remain to be elucidated. This report shows that Gr-1+CD11b+ cells are significantly
increased in lungs of mice bearing mammary adenocarcinomas before tumor cell arrival. In the
premetastatic lungs, these immature myeloid cells significantly decrease IFN-y production and
increase proinflammatory cytokines. In addition, they produce large quantities of matrix
metalloproteinase 9 (MMP9) and promote vascular remodeling. Deletion of MMP9 normalizes
aberrant vasculature in the premetastatic lung and diminishes lung metastasis. The production and
activity of MMP9 is selectively restricted to lungs and organs with a large number of Gr-1+CD11b
+ cells. Our work reveals a novel protumor mechanism for Gr-1+CD11b+ cells that changes the
premetastatic lung into an inflammatory and proliferative environment, diminishes immune
protection, and promotes metastasis through aberrant vasculature formation. Thus, inhibition of
Gr-1+CD11b+ cells could normalize the premetastatic lung environment, improve host
immunosurveillance, and inhibit tumor metastasis.

Introduction

Tumor metastasis is the primary cause of death for most cancer patients. There are few
effective treatment options (1). In the metastasis process, tumor cells must disseminate,
intravasate into blood vessels at the primary tumor site, travel through the vascular systems,
arrest in capillary beds, and subsequently extravasate into the organ parenchyma. In the
hostile distant organ, they must escape from host immune surveillance to survive and grow.
Interestingly, many tumors show a metastatic predisposition to selected organs. This is
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believed to be influenced by inherent molecular differences in tumor cells (2-5) and their
interaction with host factors (6). In recent years, genes that are responsible for the
acquisition of metastatic abilities, metastatic tissue tropism, and the nature of metastasis
predisposition factors have been identified (7). At the same time, cancer-associated host
immune reaction and inflammation are indispensable factors in tumor progression and
metastasis (8-12).

Emerging data suggest that host bone marrow—derived hematopoietic progenitor cells and
myeloid cells form a “premetastatic niche” regulating organ-specific tumor spread (13-18).
Vascular endothelial growth factor (VEGF) receptor 1 (VEGFR1)—positive cells were
shown to home to distant sites forming premetastatic cell cluster before tumor cell arrival.
Neutralization of VEGFR1 function or depletion of VEGFR1+ cells from the bone marrow
abrogates the formation of these premetastatic clusters and prevents tumor metastasis (14).
Distant primary tumors of lung cancer and melanoma induce the inflammatory
chemoattractants SLI00A8 and S100A9 in the premetastatic lung. SL00A8 and S100A9
attract macrophages and tumor cells. Neutralizing SI00A8 and anti-S100A9 antibodies
block the migration of tumor cells and macrophages (15). Transforming growth factor 8
(TGFB) signaling in primary tumors induces angiopoietin-like 4 expression, which disrupts
vascular endothelial cell-cell junctions and increases the permeability of lung capillaries,
thus facilitating the trans-endothelial passage of tumor cells. This effect is specific for tumor
metastasis to the lungs but not bone or brain (19). A recent report suggests a critical role for
lysyl oxidase in premetastatic niche formation (17). Together, these data have created a
renewed interest in the “seed and soil” theory. However, the cellular and molecular
mechanisms that promote the metastasis of a primary tumor to a selected distant location
remain to be elucidated.

Gr-1+CD11b+ myeloid cells are significantly overproduced in the bone marrow and spleens
of tumor-bearing mice as well as in the peripheral blood of cancer patients (20, 21). This is
partially regulated by granulocyte colony stimulating factor and Bv8 or prokineticin 2 (22).
Gr-1+CD11b+ myeloid cells are composed of immature myeloid cells at the early stages of
differentiation (21, 23). They are also known as myeloid-derived suppressor cells. They
represent one mechanism of how tumors escape from immune system control and
compromise the efficacy of cancer immunotherapy (20, 24, 25). In addition, these cells
infiltrate into tumors, and promote tumor angiogenesis and metastasis (23, 26). Consistent
with the proangiogenic function, they also mediate tumor refractoriness to anti-VEGF
treatment (27). In this study, we report that Gr-1+CD11b+ cells infiltrate into the lungs of
4T1 tumor-bearing mice before tumor cell arrival. They promote tumor metastasis and
subsequent growth through the creation of an appropriate environment that is proliferative,
immune suppressive, and inflammatory. Gr-1+CD11b+ cells also produce a large quantity
of matrix metalloproteinase 9 (MMP9) and regulate blood vessel remodeling, which leads to
increased tumor cell extravasation. Our results suggest that Gr-1+CD11b+ cells alter the
overall landscape of the premetastatic lung environment and tip the balance of immune
protection to tumor promotion.
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Materials and Methods

Cell lines and mice

4T1 and 4T1-GFP cell lines were maintained per standard cell culture techniques. Human
umbilical vascular endothelial cell (HUVEC) line was cultured in LONZA endothelial
growth media. Eight- to 10-week-old female BALB/c mice were from Harlan, Inc. MMP9
knockout (ko) mice were obtained from Dr. Zena Werb at the University of California, San
Francisco. The studies were approved by the Institutional Animal Care and Use Committee
at Vanderbilt University Medical Center and National Cancer Institute (NCI).

Flow cytometry analysis and single-cell sorting

Single-cell suspensions were made from spleens, bone marrow (BM), lungs, or tumor tissues
(28). The cells were labeled with fluorescence-conjugated antibodies (BD Pharmingen) and
analyzed on a FACScan flow cytometer (Becton Dickinson). For the flow cytometry
analysis of Gr-1+CD11b+ cells from various organs, the vascular perfusion was performed
before sacrificing the mice. Gr-1+CD11b+ cells were sorted with a FACStarPlus flow
cytometer (Becton Dickinson).

Green fluorescent protein PCR

Peripheral blood was collected by heart puncture in mice bearing 4T1-GFP tumors. DNA
was extracted from nucleated cells. The presence of green fluorescent protein (GFP) was
examined by GFP-PCR.

IFN-y ELISPOT

Single-cell suspension from normal lungs and lungs of mice bearing 4T1 tumors at day 14
were prepared; 2 x 10° cells were in each well of IFN-y ELISPOT plate, procedure per
manufacture recommendations (BD). The ELISPOT plate was scanned in ImmunoSpot
(Cellular Technology Ltd.), and quantification was assessed using the CTL Scanning and
CTL counting 4.0.

Cytokine antibody array

Tissues and cells were homogenized, lysed, and processed per the manufacturer’s protocol
(Raybiotech). The relative quantification was measured by dot density using the Photoshop
software following the formula below:

interest spot mean number — interest spot background

relative signal intensity=
& Y= control spot mean number — control spot background

MMP9 zymography

Tissues and cells were homogenized and lysed as described (23). Aliquots of 20 ug of
proteins were analyzed by gelatin zymography on SDS-PAGE with substrate (1 mg/mL of
gelatin).

Cancer Res. Author manuscript; available in PMC 2015 December 10.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yan et al.

Page 4

Tumor growth and whole-lung mounting

4T1 tumor cells (5 x 10° cells) were s.c. injected into the right flank of BALB/c mice for

~35 days. The size of tumors was determined (23). Tumor nodules in the lung were counted

and photographed (26).

Immunohistochemistry and immunofluorescence

Paraffin-embedded tissue sections were incubated with antibodies for Gr-1 (BD), VWF8
(Dakocytomation), and GFP (Clontech), following procedures from the Vectastain ABC kit
(Vector Laboratories). For immunofluorescence (IF), Gr-1, MMP9 (Abcam), VE-cadherin
(Abcam), aSMA (DAKO), VWF8, and Alexa flour 488 goat anti-rat and 594 goat anti-
rabbit (Molecular Probes) antibodies were used. The slides were mounted with Prolong Gold
+ 4/ 6-diamidino-2-phenylindole (Invitrogen) and examined using fluorescence microscopy.
Quantification was assessed using MetaMorph version 7.5.3.0.

Lung perfusion and confocal microscopy

Dextran-rhodamine (2 million Dalton, 100 pL, 5 mg/mL) was administered by retro-orbital
injection. Mice were anesthetized, and a small incision was made to expose the trachea,
through which mice were perfused with 4% paraformaldehyde at the speed of 6 mL/min for
5 minutes. The trachea, pulmonary artery and veins, the aorta, and inferior vena cava were
clamped by hemostats and then ligased using surgical gut to prevent dextran leakage. The
lungs were examined under Zeiss Inverted LSM510 Confocal Microscope.

Electron microscopy

Electron microscopy was carried out in the Vanderbilt Research Electron Microscopy Core
following the standard procedures. Thin sections were viewed with an FEI CM12
transmission electron microscope after staining with lead citrate and uranyl acetate.

Statistical analysis

Results

All data were analyzed using the Student’s t test and were expressed as meant SEM.
Differences were considered statistically significant when the P value was <0.05.

Gr-1+CD11b+ cells are recruited to the lungs of mammary tumor hosts before tumor cell

arrival

Gr-1+CD11b+ cells are overproduced in tumor hosts. They exert systemic immune
suppression and modulate the tumor microenvironment. We asked whether Gr-1+CD11b+
cells affect the distant organ environment and contribute to premetastatic niche formation.
We used the 4T1 breast tumor model, which shares many characteristics with human breast
cancer, particularly its ability to spontaneously metastasize to lungs. Using flow cytometry
analysis, we first examined the presence of Gr-1+CD11b+ cells in the lungs of mice bearing
4T1-GFP tumors at different times after s.c. tumor inoculation. There was a clear increase of
Gr-1+CD11b+ cells in the lung of these tumor-bearing mice when compared with normal
mice (Fig. 1Aa and b). Interestingly, Gr-1-CD11b+ cell numbers were not increased (Fig.
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1Ab), indicating the increase in Gr-1+CD11b+ cells is cell type specific. Because
Gr-1+CD11b+ cells in the lungs of tumor-bearing mice expressed both Gr-1 and CD11b
(Fig. 1Aa), this allowed us to use immunohistochemistry (IHC) of anti—Gr-1 antibody to
visualize Gr-1+CD11b+ cells. Gr-1+CD11b+ cells form clusters in the lungs at day 14,
increasing significantly in number by day 21 (D21, arrows), with massive numbers on day
35 (Fig. 1Ac). The results are consistent with flow cytometry analysis.

We next examined the time course of metastatic 4T1 cell arrival in lungs of mice bearing
4T1-GFP tumors using flow cytometry analysis. We did not detect any 4T1-GFP tumor cells
until 14 days after tumor inoculation (Fig. 1Ba and b). Further, we performed GFP-PCR for
nucleated cells isolated from peripheral blood of mice bearing 4T1-GFP tumors. We did not
detect GFP in over 90% of mice examined until D21 after tumor inoculation (Fig. 1C). This
is further confirmed by GFP-PCR of lung samples from these mice (data not shown). These
results suggest that Gr-1+CD11b+ cells were present in the lungs before metastatic tumor
cell arrival. In addition, GFP staining of serial lung sections from day 14 lung (lungs of 4T1
tumor-bearing mice 14 d after tumor inoculation) did not detect any GFP-positive tumor
nodules or positive cells. We thus identified the time between tumor inoculation to day 14 as
premetastatic phase, and day 28 or after as later stage of tumor growth. This agrees with a
previously published report in which the authors found tumor cells arrived in the lung 16 to
18 days after tumor inoculation (14). We further found that 81.2% of the cells are Ly6G
+Ly6C low; 5% are Ly6G-Ly6C high; and 1.6%, 2.5%, 3.7%, and 6.7% express F4/80+,
MMR+, CX3CR1+, and CCR2+, respectively. These data indicate that these Gr1+CD11b+
cells are granulocytic and are not macrophages (Supplementary Fig. S1). The presence of
Gr-1+CD11b+ cells in premetastatic lungs was also shown in the PyVmT/Tgfor2MGKO
genetic mouse mammary tumor model (Supplementary Fig. S2).

We further examined the presence of Gr-1+CD11b+ cells in various organs in the
premetastatic phase and during the later stage of tumor growth. We found that although
there was a significantly increased Gr-1+CD11b+ cells in the lungs of 4T1 tumor-bearing
mice during the premetastatic phase, this was not the case for liver, pancreas, kidney, brain,
ovary, or uterus (Supplementary Fig. S2). However, 28 days after tumor injection,
Gr-1+CD11b+ cells were only found in the organs that harbor tumor metastasis including
lung, liver, and spleen (Supplementary Fig. S2), but not in those in which tumor metastasis
did not occur including kidney, uterus, ovary, brain, and pancreas (Supplementary Fig. S2).
This is consistent with the tropisms of 4T1 cells that primarily metastasize to the lung.
However, small percentages of tumor cells also go to liver and spleen.

Gr-1+CD11b+ cells inhibit IFN-y production in premetastatic lung

We stained serial lung sections with anti—Gr-1 antibody for Gr-1+CD11b+ cells and anti-
GFP antibody for 4T1-GFP tumor cells. We did not observe colocalization of Gr-1+CD11b+
cell cluster with tumor cells in premetastatic lung (Supplementary Fig. S3A). Gr-1+CD11b+
cells did not contribute to vasculogenesis (Supplementary Fig. S3B), different from what we
observed in the primary tumor microenvironment (23). Instead, we noticed a formation of
bronchus-associated lymphoid tissue (Supplementary Fig. S4A). Bronchus-associated
lymphoid tissues are mucosal lymphoid organs often observed in peribronchial,
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perivascular, and interstitial areas throughout the lungs of mice with pulmonary infection
(29, 30).

IFN-vy is one of the key cytokines in the host immune defense against tumor. We next
examined IFN-y production in the premetastatic lung using IFN-y ELISPOT. There was a
significantly decreased number of IFN-y—positive spots from day 14 lung when compared
with the normal lung (Fig. 2Aa). We next sorted Gr-1+CD11b+ cells from the lungs of 4T1
tumor-bearing mice by fluorescence-activated cell sorting (FACS; Fig. 2Ba) and cocultured
them in various numbers (2 x 10°, 1 x 105) with 2 x 106 single cells from normal lung
(referred to as normal lung cells hereafter). Very interestingly, the coculture produced a
significantly decreased number of IFN-y—positive spots (Fig. 2Bb, column 2 and 3) than
normal lung cells alone (P < 0.005; Fig. 2Bb column 1 and Bc). As expected, Gr-1+CD11b+
cells alone did not produce any IFN-y—positive spots. Further examination using flow
cytometry analysis showed that the IFN-y—producing cells are mostly macrophages, and
they are significantly decreased in the day 14 premetastatic lung compared with normal lung
(Fig. 2C). In addition, no difference in CD4+CD25+ regulatory T-cell subsets between
normal lung and day 14 tumor lung was found (Supplementary Fig. S4B). Our data suggest
that Gr-1+CD11b+ cells significantly decreased immune protection in the premetastatic
lung.

A proliferative, immune-suppressive, and inflammatory premetastatic lung environment

We observed a dramatic increase of cellular density and decreased air space in day 14 lung
(Fig. 3Ab) compared with normal lung (Fig. 3Aa) by H&E staining, which was further
confirmed by total cell counts (Fig. 3A, right). This increase was correlated with the increase
of Gr-1+CD11b+ cells as shown in Fig. 1LA. To investigate the possible environmental
change in the premetastatic lung and underlying mechanisms, we extracted protein from
normal lungs, day 10, and day 14 lung, and performed a cytokine and chemokine antibody
array analysis. The relative signaling intensity was quantified by measuring dot density.
Very interestingly, there was a clear change of cytokine/chemokine and protease profiles in
the premetastatic lung compared with normal lung (Fig. 3B and C). Notably, we observed a
significant elevation of basic fibroblast growth factor (b0FGF) and insulin growth factor |
(IGFI), suggesting a highly proliferative phenotype. In addition, Th2 cytokines interleukin
(IL)-4, IL-5, IL-9, and IL-10 were clearly elevated (Fig. 3B and C). As these Th2 cytokines
are well known for their suppressive effect on immune surveillance, these data are consistent
with our observation of the immune suppression properties of Gr-1+CD11b+ cells in the
premetastatic lung in reducing IFN-y production. Further, proinflammatory cytokines IL-1f,
monocyte chemotactic protein-1, SDF-1, and macrophage-derived chemokine were
significantly upregulated (Fig. 3B and C). The expression of MMP9 and MMP?2 is also
significantly elevated, especially MMP9 (P < 0.01), when compared with normal lung (Fig.
3B and C). No changes in Icam-1 (Fig. 3B and C), lymphotactin, resistin, and VEGFR2,
were observed (data not shown). This phenotype was recapitulated by ex vivo coculture of a
lung single-cell suspension (1 x 106 cells) with sorted Gr-1+CD11b+ cells (2.5 x 105), with
a significant elevation in the production of IGFI, bFGF, IL-5, SDF-1, macrophage-derived
chemokine, and MMP9 as well as VEGFR1 (Supplementary Fig. S5A). These data suggest a
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general proliferative, immune-suppressive, and inflammatory environment in the
premetastatic lung that is likely mediated by Gr-1+CD11b+ cells.

MMP9 was highly expressed and activated in the premetastatic lung; Gr-1+CD11b+ cells
are the major contributors

Of all factors upregulated in the premetastatic lung, MMP9 is one of the most significant, in
day 10 lung and to a much greater extent in day 14 lung (Supplementary Fig. S5A; Fig. 3B
and C). Surprisingly, the 4T1 tumor cells only produced a basal level of MMP9, similar to
normal lung (Fig. 3B). The expression of MMP2 was also increased but to a lesser extent
(Fig. 3B and C). MMP3 was not increased (data not shown), indicating the increase in
MMP9 and MMP2 in the premetastatic lung is a specific effect.

We performed co-IF staining of MMP9 and Gr-1+CD11b+ cells in lung sections at various
time after tumor inoculation. Gr-1+CD11b+ cells clearly overlapped with MMP9-positive
cells (Fig. 4A), and they were quantitatively correlated in a time response manner
(Supplementary Fig. S5B). We next used gelatin zymography to examine various organs
harvested 14 days after 4T1 tumor injection. We found significantly increased MMP9
activity in the day 14 lung compared with that of normal mice (Fig. 4B). MMP9 activity did
not increase in liver, brain, or uterus (Fig. 4B). Further, sorted Gr-1+CD11b+ cells from
premetastatic lung showed high MMP9 activity (Fig. 4B). Not surprisingly, there was also a
high level of MMP9 production/activity in the spleen from mice bearing day 14 or day 35
tumors as a large number of Gr-1+CD11b+ cells are produced in the spleen. Together, our
data show a significant increase in MMP9 activity in the premetastatic lung, and that
Gr-1+CD11b+ cells are likely the major cause of this increase.

Aberrant and leaky vasculature in the premetastatic lung

Vasculature is a pivotal mediator of metastasis. To examine whether there is a difference in
vasculature between the normal lung and the premetastatic lung, we stained lung sections
with Von Willebrand factor 8 (VWF8), a marker for endothelial cells. We observed
significantly more VWF8-positive cells and capillary vascular structure with apparent
disorganized morphology from premetastatic lungs than normal lung (Fig. 5A). We next
costained the lung sections with anti-VWF8 and aSMA antibodies to examine vasculature
maturity. The VWF8-positive vessels in day 14 lungs lacked the double staining for aSMA
(Fig. 5B), indicating poor pericyte coverage on the vasculature. Electron microscopy
revealed RBC in the alveoli of the premetastatic lung (Fig. 5Cb and c, arrow), which is
totally absent in normal lung (Fig. 5Ca). There was also a degraded matrix and collagen in
basal membrane of blood vessel in the premetastatic lung compared with that from normal
lung (Supplementary Fig. S6A). These data indicate a leaky vasculature in the premetastatic
lung, which was confirmed by retro-orbital injection of dextran-rhodamine. Confocal
imaging of the vascular structure ex vivo showed disorganized vascular networks in the
premetastatic lungs (Fig. 5Db) compared with normal lung (Fig. 5Da). Interestingly, there
was a notable decrease in fluorescence intensity within the vessels accompanied by
increased fluorescence intensity in the perivascular sites (Fig. 5Db). We next injected 4T1-
GFP cells through the tail vein in mice bearing day 14 tumor. The lungs were perfused with
PBS 24 hours later. The lung sections were then examined with GFP IHC for the presence of
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4T1-GFP cells. Significantly more 4T1-GFP cells were found in the lungs of mice bearing
day 14 tumor than that of normal mice (Fig. 5Dc and d). Metastatic tumor nodules were
found around the leaky blood vessel in late-stage tumors (Supplementary Fig. S6B).
Together, these data show aberrant and leaky vasculature in the premetastatic lung that
likely promote tumor cells to breach lung capillaries.

Host-derived MMP9 regulates premetastatic abnormal vasculature formation; deletion of
MMP9 significantly decreases lung metastasis

MMP9 is a critical regulator of tumor vascular remodeling (31). We asked whether host-
derived MMP9 contributed to aberrant vasculature formation in the premetastatic lung. Lung
sections from MMP9 ko and wild-type (wt) mice bearing 4T1 tumor were stained for VWF8
or aSMA. We observed significantly more blood vessels with double staining of VWF8 and
aSMA in the MMP9 ko premetastatic lung (Fig. 6Ab) than the wt lung (Fig. 6Aa, right). As
VE-cadherin junctions are important for the integrity of vascular endothelium, we next
tested whether Gr-1+CD11b+ cells affect VE-cadherin junctions in vitro. We cocultured wt
or MMP9 ko Gr-1+CD11b+ cells with confluent HUVEC. HUVEC cocultured with wt
Gr-1+CD11b+ cells showed disrupted and diffused VE-cadherin expression (Fig. 6Bb),
whereas HUVECs alone were sharp and localized in cell-cell junctions (Fig. 6Ba).
Interestingly, HUVEC cocultured with MMP9 ko Gr-1+CD11b+ cells was very similar to
that of HUVEC cultured alone (Fig. 6Bc). In vivo examination showed disrupted VE-
cadherin junctions (Fig. 6Cb) in day 14 lung when compared with normal lung. Deletion of
MMP9 decreased such disruption (Fig. 6Cc). These data suggest that MMP9 provided by
Gr-1+CD11b+ cells promotes decreased pericyte coverage and disruption of VE-cadherin
junctions in vascular endothelium. These data agree with significantly diminished tumor
metastasis nodule formation with MMP9 deletion in the host (Fig. 6D), with no significant
difference in primary tumor growth between wt and MMP9 ko (Supplementary Fig. S7).
Together, these data support that the premetastatic lung permits increased extravasation of
tumor cells and metastasis nodule formation in vivo. MMP9 produced by Gr-1+CD11b+
cells is a critical mediator in this process.

Discussion

When immune cells infiltrate into a specific organ, a complex set of interactions occurs.
This is particularly true in a tumor-bearing host, which results in either tumor destruction by
immunosurveillance or tumor outgrowth. Gr-1+CD11b+ myeloid cells exert protumor
activities through the reduction of IFN-y, elevation of inflammatory cytokines, activation of
MMP9, and vascular remodeling in the premetastatic lung.

The premetastatic phase was defined as up to 14 days following implantation using several
technologies including flow cytometry, IHC, and GFP-PCR of lung tissues and nucleated
peripheral blood cells (Fig. 1), which is similar to the 16- to 18-day time frame published
(14). Gr-1+CD11b+ cells did not form a premetastatic niche in lungs in the 4T1 and
PyVmT/Tgfbr2MGKO mouse models (Supplementary Figs. S1 and S3). This is in contrast to
what was previously reported (14, 17), but agrees with a recent report in which inhibition of
premetastatic niche formation with the blockade of VEGFR1 activity did not affect the rate
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of spontaneous metastasis formation (32). Rather, we observed increased tissue cellular
density, decreased air space, and profound molecular changes in the premetastatic lung
characterized by significantly decreased IFN-y production (Fig. 2), elevated growth factors
and TH2 cytokines, as well as elevated proinflammatory factors (Fig. 3B and C) and the
matrix-degrading enzyme MMP9 (Figs. 3B and C, and 4) that regulates aberrant vasculature
formation. Our data support a general microenvironmental change with the infiltration of
Gr-1+CD11b+ cells in the premetastatic lung, which is more permissive for immune
evasion, extravasation, survival, and proliferation of metastatic tumor cells.

Gr-1+CD11b+ cells significantly decreased IFN-y production in the premetastatic lung (Fig.
2). There was also significantly elevated Th2 cytokine production (Fig. 3B and C).
CD4+CD25+ regulatory T cells did not seem to be involved (Supplementary Fig. S4B). Our
observations are supported by a recent report about the tumor microenvironment in which
immune cells may dictate a shift from inflammation/immune responses to anti-
inflammatory/immune-suppressive responses (Th1/Th2-like cytokine shift) within the
metastatic liver milieu (33). Our results are also in agreement with recent data showing that
CD25H1 T regulatory cells were not involved in breast tumor metastasis (34). Our data
disagree with a recent report showing breast lung tumor metastasis requires CCR4+
regulatory T cells (35). Our results are also different from that of a draining lymph node
study in which immature dendritic cells were found to produce TGF that stimulated
CDA4CD25FoxP3 regulatory T-cell proliferation (36). Nevertheless, our data suggest that
Gr-1+CD11b+ cells in premetastatic lung decreased IFN-y and elevated Th2 cytokine
production, thus diminishing host immune surveillance.

We observed a clear difference in vasculature between the normal and the premetastatic
lung. The vessels in the premetastatic lung are increased in number, dilated, tortuous, and
leaky. We reached our conclusion using multiple experimental approaches. Poor coverage of
pericytes and disrupted VE-cadherin likely contribute to decreased vascular integrity and
maintenance. Pericytes are quite abundant on small venules and arterioles but sparse or
disorganized in tumor blood vessels. When lost, the vessels become leaky, hemorrhagic, and
hyperdilated (37). The significant vascular remodeling in the premetastatic lung we
observed is consistent with the observations in mice bearing Lewis Lung Carcinomas (14)
and B16/F10 melanoma (38), although MMP9 was not reported as an important mediator
(38). MMP9 is an important mediator of angiogenesis and vasculature remodeling in the
tumor microenvironment (31, 39-42) through increasing VEGF bioavailability (43, 44) or
activation of TGFf. However, we did not find any significant change in VEGF or TGF
production between the normal lung and the premetastatic lung (data not shown). Recent
studies report a dichotomous role for VEGF and VEGFR2 signaling as both a promoter of
endothelial cell function and a negative regulator of vascular smooth muscle cells in vessel
maturation (45). VEGF can also act as an inhibitor of neovascularization and has the
capacity to disrupt vascular smooth muscle cell function due to VEGF-mediated activation
of VEGFR?2 suppressing platelet-derived growth factor receptor p (PDGFB) signaling (46).
Our research specifically focuses on the premetastatic distant lung in 4T1 tumor-bearing
mice and shows that MMP9 from infiltrating Gr-1+CD11b+ cells regulates vascular
remodeling before tumor cell arrival.
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The specific metastatic location of a certain tumor type is governed by many factors
including blood flow patterns, tumor stage, and tumor cell interactions with the vascular
endothelium (47, 48). We observed highly elevated production and activity of MMP9 that
was restricted to lungs and organs due to abundant Gr-1+CD11b+ cells. This is in contrast to
normal lung or in other organs of the same tumor-bearing mice in the premetastatic phase,
including liver, brain, uterus, and kidney (Supplementary Fig. S2; Fig. 4B), suggesting a
certain level of organ selectivity. Recent studies suggest that bone marrow—derived cells are
recruited to premetastatic sites. Several pathways have been implicated. Resident fibroblast-
like stromal cells express fibronectin under primary tumor influence, and interact and recruit
VLA-4*VEGFR1* myeloid progenitor cells (14). In addition, inflammatory
chemoattractants S100A8 and S100A9 are induced in lung and attract CD11b+ macrophages
for premetastatic niche formation, which is mediated by VEGF-A, tumor necrosis factor a,
and TGFp (15). Very recently, one study reported that hypoxia-induced lysyl oxidase
accumulates at premetastatic sites, cross-links collagen in the basement membrane, and
recruits CD11b+ myeloid cells to form the premetastatic niche (17). In our studies, we
devoted significant effort to identify possible mechanisms responsible for Gr-1+CD11b+
cell recruitment to the premetastatic lung. Our preliminary data suggest that TGFp might be
involved, as treatment with TGF-f—neutralizing antibody decreased the number of
Gr-1+CD11b+ cells in premetastatic lung,® which is currently under investigation.

Collective genetic inhibition of epidermal growth factor receptor ligand epiregulin, COX-2,
MMP1, and MMP2 in human breast cancer cells abrogate the extravasation from lung
capillaries (49). TSU68, an inhibitor of VEGFR2, PDGFR, and FGFR1, modulates the
microenvironment in the liver before the formation of colon cancer metastasis (50).
Gr-1+CD11b+ cells are found in large quantities in the peripheral blood of cancer patients.
Understanding the molecular mechanisms of how Gr-1+CD11b+ cells affect the pre-
metastatic lung will allow us to identify novel molecules for cancer detection and targeting.
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Figure 1.
Gr-1+CD11b+ cells infiltrate into the lungs of mice bearing 4T1 tumors prior to tumor cell

arrival. DO, non-tumor-bearing mice; D7, D14, D21, and D35, days after 4T1 tumor
inoculation (s.c.). Aa, flow cytometry of Gr-1+CD11b+ cells in total lung single-cell
suspension. Ab, quantitative data for Aa. Ac, IHC of Gr-1+CD11b+ cells in lung sections.
Bottom left, enlarged Gr-1+CD11b+ cell cluster. Tu, a tumor metastasis nodule. Ba, flow
cytometry of 4T1-GFP tumor cells in lungs. Bb, quantitative data for Ba. C, GFP-PCR in
nucleated peripheral blood cells from mice bearing 4T1 tumors. Shown is one of the two
experiments performed. Three to four mice per group were examined for all experiments.
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Figure 2.

Gr-1+CD11b+ cells inhibit IFN-y production in premetastatic lung. Aa, IFN-y ELISPOT
from normal lungs and day 14 lungs. Ab, quantitative data from Aa. Ba, Gr-1+CD11b+ cells
before (left) and after (right) sorting. Bb, IFN-y ELISPOT of normal lung single-cell
suspension cocultured with sorted Gr-1+CD11b+ cells. Column 1, normal lung alone (2 x
106); columns 2 to 3, coculture of normal lung (2 x 106) with Gr-1+CD11b+ cells (2 x 10°
for column 2, 1 x 108 for column 3); column 4, Gr-1+CD11b+ cells alone (2 x 10°). B,
quantitative results for Bb. Samples are in triplicate. One experiment of two is shown. C,
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flow cytometry analysis of IFN-y expression in F4/80 +CD11b+ cells in lungs of normal and
4T1 tumor-bearing mice. Three to four mice were analyzed; right, the quantitative data.
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Figure 3.

Cytokine/chemokine profiling of premetastatic lung and normal lung. A, increased tissue
density in premetastatic lung by H&E staining (Aa, normal lung; Ab, day 14 lung) and total
cell counts from lungs at different days after tumor injection (right). Three to four mice per
group. B, relative signal intensity from cytokine/chemokine array. *, P < 0.05; **, P < 0.01;
#, P > 0.05. C, cytokine/chemokine array. Cytokine of interest is labeled with a specific
color. Shown is one of the two experiments performed.
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Figure 4.
Significantly elevated MMP9 in premetastatic lung with Gr-1+CD11b+ cells as the major

resource. A, co-IF staining of Gr-1 (green) and MMP9 (red) in lungs at different day after
tumor injection. Blue, nuclei. One experiment from three is shown. B, gelatin zymography
of protein lysis from indicated organs of normal mice and mice bearing 14 day 4T1 tumors.
One of three experiments is shown.
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Figureb5.

Aberrant and leaky vasculature in premetastatic lung. A, VWFS8 staining. Days after s.c.
tumor inoculation are indicated. Arrows, vessel-like structure. Tu, metastasis nodules.
Quantitative data were obtained in a blinded fashion (top right and bottom). B, co-IF
staining of VWF8 (red) and aSMA (green). C, electron microscopy of blood vessel in
normal lung (Ca) and day 14 lung (Cb—c). Arrows, RBC in alveoli. Two to three mice were
examined. D, vascular leakage in premetastatic lung; Da and b, confocal imaging. Four to
five mice were examined. Dc and d, IHC of GFP to detect 4T1-GFP tumor cells in the lungs.
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Three to four mice were examined. GFP-positive cells were counted in a blinded fashion
(right).
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Deletion of MMP9 in host decreased aberrant vascular phenotype and diminished lung
metastasis. A, co-IF staining of VWF8 (red) and aSMA (green) in lungs of wt or MMP9 ko
bearing 4T1 tumors day 14 after injection. Right, quantitative data. Three to four mice

examined. B, VE-cadherin staining (red) of HUVEC cocultu

red with wt (b) or MMP9 ko

Gr-1+CD11b+ cells (c), or HUVEC alone (a). One of two experiments is shown. C, co-1F
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wt (a and b) and MMP9 ko (c and d) mice bearing 4T1 tumo

nontumor-bearing (a), wt (b),
ction. D, whole-lung mounts of
rs 35 d after s.c. injection.

Right, number of lung metastatic nodules (P < 0.001). Five to six mice per group.
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