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Abstract
One great challenge in our understanding of TGF-β cancer biology and the successful application
of TGF-β targeted therapy is that TGF-β works as both a tumor suppressor and a tumor promoter.
The underlying mechanisms for its functional change remain to be elucidated. Using 4T1
mammary tumor model that shares many characteristics with human breast cancer, particularly its
ability to spontaneously metastasize to the lungs, we demonstrate that Gr-1+CD11b+ cells or
myeloid derived suppressor cells (MDSCs) are important mediators in TGF-β regulation of
mammary tumor progression. Depletion of Gr-1+CD11b+ cells diminished the anti-tumor effect
of TGF-β neutralization. Two mechanisms were involved: first, treatment with TGF-β
neutralization antibody (1D11) significantly decreased the number of Gr-1+CD11b+ cells in tumor
tissues and premetastatic lung. This is mediated through increased Gr-1+CD11b+ cell apoptosis.
In addition, 1D11 treatment significantly decreased the expression of Th2 cytokines & Arginase 1.
Interestingly, the number and property of Gr-1+CD11b+ cells in peripheral blood/draining lymph
nodes correlated with tumor size and metastases in response to 1D11 treatment. Our data suggest
that the efficacy of TGF-β neutralization depends on the presence of Gr-1+CD11b+ cells, and
these cells could be good biomarkers for TGF-β targeted therapy.
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Introduction
TGF-β is over-expressed in many advanced human cancers. It correlates with metastasis and
poor prognosis.1, 2 In preclinical mouse models, systemic inhibition of TGF-β signaling
significantly suppresses pulmonary metastasis.3 Targeting TGF-β signaling is also very
effective in osteolytic bone metastasis.4 TGF-β promotes tumor progression through
dysregulation of cyclin-dependent kinase inhibitors, alteration in cytoskeletal architecture,
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increases in proteases and extracellular matrix formation, decreases in immune surveillance
and increases in angiogenesis. Therapeutic strategies including neutralizing antibodies and
small molecule inhibitors have been developed to target TGF-β signaling.5–7 However,
TGF-β is well known for its dual role in tumor progression 8–10. TGF-β functions as a tumor
suppressor in early tumor development. In a number of human cancers, mutations in the
genes encoding TβRI and TβRII (Tgfbr1 and Tgfbr2, respectively) or decreases in
expression and phosphorylation of other components of this pathway have been reported. In
different mouse tumor models, the conditional knockout of Tgfbr2 has resulted in the much
more aggressive tumor progression.11–14 These data support the notion that TGF-β has a
tumor suppressor function, through which it inhibits cell cycle progression, increases
apoptosis, and suppresses the expression of growth factors, cytokines and chemokines.

A significant challenge to the development of successful TGF-β antagonistic treatment is to
understand the cellular and molecular mechanisms by which TGF-β changes its function
from a tumor suppressor to a tumor promoter.10 TGF-β regulates the infiltration of
inflammatory cells and cancer associated fibroblasts into the tumor microenvironment,
resulting in changes in signaling cascade in tumor cells.15–17 Additionally, TGF-β exerts
systemic immune suppression and significantly inhibits host tumor immune
surveillance.18, 19 Gr-1+CD11b+ cells are overproduced in tumor hosts including cancer
patients. This correlates with stage of tumor progression.20, 21 Gr-1+CD11b+ cells inhibit
the function of NK, B and T cells through the production of arginase and reactive oxygen
species. Further, they inhibit functional maturation of dendritic cells and promote type II
macrophage development. They represent one of the mechanisms by which tumors escape
from immune system control and compromise the efficacy of cancer immunotherapy.22–25

There are two major subpopulations of Gr-1+CD11b+ cells: mononuclear cells (precursors
for macrophages), and low-density polymorphonuclear cells (immature neutrophils). Both
populations suppress antigen-specific T-cell responses, but through distinct effector
molecules and signaling pathways.26 Tumor-infiltrating Gr-1+CD11b+ cells also have non-
immune suppressive effects that could profoundly impact tumor progression and metastasis.
For example, they produce high levels of metallic matrix proteases (MMPs) and TGF-β,
which contribute to tumor angiogenesis, vasculogenesis (incorporate into tumor
vasculature),21 and tumor invasion.17 Very interestingly, the production of TGF-β by
myeloid cells was more important in suppressing the immune response than that by the
tumor cells.27

Although Gr-1+CD11b+ cells are major resource for TGF-β production, and are very
immune suppressive, it remains to be investigated as what roles of Gr-1+CD11b+ cells have
in TGF-β regulation of mammary tumor progression and how do they respond to anti-TGF-
β treatment. Using the 4T1 mammary tumor model, we show that treatment with an anti-
TGF-β antibody (1D11) suppresses metastasis and tumor growth through Gr-1+CD11b+ cell
mediated mechanisms. Depletion of Gr-1+CD11b+ cells diminished the anti-tumor effect of
TGF-β neutralization. This was mediated through increased Gr-1+CD11b+ cell apoptosis in
tumor microenvironment and premetastatic lung. In addition, 1D11 treatment also decreased
the expression of Th2 cytokines (IL-4, IL-10), GM-CSF (which enhances Th2 cytokine
production), and Arginase1. Furthermore, the number and property of Gr-1+CD11b+ cells in
peripheral blood/draining lymph nodes correlated with tumor size and metastases in
response to 1D11 treatment. Our data suggest that Gr-1+CD11b+ cells are important in
TGF-β regulation of tumor progression and might be good biomarkers in TGF-β targeted
therapy.
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Materials and Methods
Cell line and mice

4T1 mammary tumor cell line was maintained per standard cell culture techniques. Balb/
cANCr mice were purchased from NIH Frederick. CL4 transgenic mice specific to HA 518–
526 peptide (IYSTVASSL) were from Jackson lab. All animal studies were performed under
National Cancer Institute IACUC approved protocol LCBG-007.

Tumor growth and metastasis
4T1 tumor cells (5×104 cells) were injected into the #4 & 5 mammary glands of Balb/c
mice. Mice were then randomized into two treatment groups. Anti-TGF-β antibody (1D11; 5
mg/kg body weight) or isotype control (13C4; 5 mg/kg body weight) was administered i.p.
three times per week, starting one day after cell inoculation. For the metastasis studies, the
tumors were surgically removed and weighted on day 12–14. For tumor growth studies, the
tumors were removed and weighted on day 25 or 42 to evaluate the effect of 1D11
treatment. Mice were sacrificed at the end of the experiments by anesthetic overdose. Lungs
were processed as described in the whole lung mounting procedure.28 Tumor nodules in
lung were then counted. Representative lung samples were also fixed. Butterfly sections
were then stained for HE, scanned and photographed.

Gr-1+CD11b+ cell depletion in 4T1 tumor-bearing mice
The 4T1 tumor cells (5×104 cells) were injected into the #2 mammary gland to increase the
number of metastasis. To deplete Gr-1+CD11b+ cells in these tumor-bearing mice, anti-
Gr-1 antibody (from RB6-8C5 hybridoma culture supernatant) or the control IgG (from
Balb/c mouse serum), were purified by affinity chromatography technology in Antibody
Production and Purification Unit, NCI, and the endotoxin level was < 0.1 EU per 1 μg of the
antibody. The antibodies were injected into the tumor-bearing mice (i.p., 100ug per mouse)
every 2 to 3 days. The percentage of Gr-1 positive cells in peripheral blood was analyzed by
flow cytometry to determine the depletion efficiency. The 1D11 treatment started on day 6,
and the treatment dose and schedule were the same as in the other experiments. As shown in
figure 1B, the tumors were surgically removed on day 18. The tumor metastases were
examined on day 42.

Flow cytometry analysis and single-cell sorting
Single cell suspensions were made from peripheral blood, lymph nodes, spleens, and bone
marrow of normal and tumor-bearing mice,21 as well as tumor tissues and lungs.29 These
cells were labeled with fluorescence-conjugated antibodies (BD PharMingen), CD11b-
FITC, Gr-1-PE, Ly6G-APC, Ly6C-PE, CD45-Percp, CD11c-APC, Annexin V-PE, 7-AAD,
and F4/80-Percp (Bio-legend), and isotype-matched IgG controls (BD PharMingen). For
single-cell sorting, splenocytes or peripheral blood cells from normal or tumor-bearing mice
were stained with fluorescence-labeled antibodies (CD11b-FITC, Gr-1-PE, BD
PharMingen), and sorted with a FACSAria flow cytometer (BD Biosciences), or by MACS
(Miltenyi Biotec) using Gr-1-PE and anti-PE conjugated microbeads according to
manufacturer’s instruction. The purity of the both FACS and MACS sorted cells were more
than 90%.

Immunofluorescence
Tissue sections were fixed with 4% paraformaldehyde. The slides were then incubated with
anti-Gr-1 antibody (BD, 1:100 dilution) or anti-PAR antibody (BD, 1:100). Alexa flour 488
goat anti-rat (Invitrogen, 1:500) or Fluoresein horse anti-mouse (Vector Laboratories,
1:3000) antibodies were used to detect the presence of Gr-1+CD11b+ cells. The slides were
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mounted with Prolong Gold + DAPI (Invitrogen) and examined under fluorescence
microscope. The tissue sections were stained by Histoserv, Inc (Germantown, MD) for
H&E.

Bio-Plex assay
The protein samples of Gr-1+CD11b+ cells were prepared by RayBio cell lysis buffer
(RayBiotech, Inc). The Bio-Rad Bio-Plex Pro Assay Mouse Th1/Th2 Group I kit, for
cytokines IL-2, IL-4, IL-5, IL-10, IL-12, GM-CSF, IFN-g and TNF-α, was used to analyze
the cytokines according to manufacturer’s instruction. Briefly, 50 ul of coupled premixed
magnetic beads were loaded into the pre-wetted 96-well filter plate. After washing the plate
two times with wash buffer by vacuum manifold, the standards, controls and samples were
loaded into each well and the plate was incubated on shaker at 1000 rpm for 30 seconds, and
then at 300 rpm for 30 minutes at room temperature. Then, 50 ul of detection antibody was
loaded into the plate and the plate was incubated on shaker for 30 minutes at room
temperature after washing the plate three times. After another 3 times wash, the 50 ul
streptavidin-PE was added into each well and the plate was incubated on shaker for 10
minutes at room temperature. Then, 125 ul of assay buffer was added into each well after
washing the plate three times. After another 30-second shaking, the plate was loaded into the
machine, Bio-Plex 200 system (Bio-Rad), and the data was acquired and analyzed by the
Bio-Plex Manger version 4.0 software (Bio-Rad).

Arginase activity assay
QuantiChrom™ Arginase Assay Kit (BioAssay Systems, Catalog #: DARG-200) was used
to determine arginase activity in Gr-1+CD11b+ cells. Briefly, 106 sorted Gr-1+CD11b+
cells per sample were lysed for 10 min in 100 μL of 10 mM Tris-HCl buffer (pH 7.4)
containing 1 μM pepstatin A, 1 μM leupeptin, and 0.4% (w/v) Triton X-100. The
supernatant was collected after centrifugation. Then, 40 μL of sample and 10 μL of
substrate buffer were combined into wells of 96-well reaction plate. Sample without
substrate buffer, H2O, and Urea standard were used as blank control, ODBLANK, standard
background, ODWATER, and standard, ODSTANDARD respectively. After incubation, Urea
reagent and substrate buffer were added into each well. OD values were read at 520 nm.
Arginase activity was calculated as = (ODSAMPLE − ODBLANK)/(ODSTANDARD −
ODWATER) × [Urea Standard] × 50 × 103/(40 × t).

IFNγ ELISPOT assay
The Gr-1+CD11b+ cells from 4T1 tumor-bearing mice were sorted as described above.
They were pre-treated with 1D11 or 13C4 antibodies (10μg/ml for 3 hours), and then co-
cultured with splenocytes (2 × 105) from CL4 transgenic mice (3:1, splenocytes:myeloid
cells). HA 518–526 peptide (1μg/ml) was added as stimulator. After 24-hour culture, IFNγ
ELISPOT assay were preformed. The ELISPOT plate was scanned in ImmunoSpot (Cellular
Technology Ltd. Shaker Heights, OH) and quantification was assessed using the CTL
Scanning and CTL counting 4.0.

Western blot
Gr-1+CD11b+ cells sorted from spleens, lung, tumor or peripheral blood of 4T1 tumor
bearing mice treated with 1D11 or 13C4 were lysed with RIPA buffer (1X PBS added 0.5%
sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40 and protease inhibitors). Protein
concentrations were measured using Bio-Rad Dc Protein Assay reagent. Proteins were then
separated on 4–12% SDS polyacrylamide gels and transferred to PVDF membranes, which
were then blocked with 5% milk in Tris-buffered saline, 0.1% Tween 20 and incubated with
primary antibodies (Caspase-3, 1/1000; PARP, 1/1000 and β-actin, 1/5000) overnight at 4

Li et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



°C. The membranes were then incubated with horseradish peroxidase-conjugated secondary
antibody (Sigma), and developed using an West Pico Chemiluminescent substrate kit
(Pierce), and scanned in G:Box (syngene).

Quantitative RT-PCR of Arginase
Total RNA was extracted from sorted Gr-1+CD11b+ cells as described using an RNeasy
Mini Kit (QIAGEN Inc). cDNA was synthesized using Invitrogen superscripttm First-strand
synthesis system. Primers specific for Arg-1 and Gapdh were used and relative gene
expression was determined using Bio-Rad iCycler-iQ SYBR Green PCR kit (Bio-Rad
Laboratories). The comparative threshold cycle method was used to calculate gene
expression normalized to Gapdh.

Statistical analysis
Two group comparison was analyzed using the Student t-test, and was expressed as mean
±SE. For peripheral blood Gr-1+CD11b+ cells as biomarker experiment for anti- TGFβ
cancer therapy, Mann –Whitney test was used. Differences were considered statistically
significant when the p-value was < 0.05.

Results
Systemic depletion of Gr-1+CD11b+ cells diminished anti metastatic effect of TGF-β
neutralization

TGF-β neutralization has been reported to inhibit tumor growth and metastasis.30–33

Because Gr-1+CD11b+ cells are the major source of TGF-β,21 we investigated whether they
are responsible for TGF-β neutralization effect. We used the 4T1 mammary tumor model in
which the mice were treated with TGF-β and/or Gr-1 neutralizing antibodies. The 4T1
tumor model shares many characteristics with human breast cancer, particularly its ability to
spontaneously metastasize to the lungs. Mice were implanted with 5×104 4T1 cells
orthotopically in the #4 mammary gland. For the metastasis studies, the tumors were
surgically removed and weighted on day 12–14. For tumor growth studies, the tumors were
removed and weighted on day 25 or 42 to evaluate the effect of 1D11 treatment. Treatment
with the anti-TGF-β antibody (1D11), delivered intraperitoneally (i.p.), showed a significant
reduction in tumor growth (Figure 1A, left panels) and lung metastasis (Figure 1A middle
and right panels). There was a decreased tumor recurrence at the primary tumor injection
site after 1D11 treatment (25%) compared to control antibody (13C4, 57%) (Supplementary
Figure 1). Our results show the inhibitory effect of TGF-β neutralization on mammary
tumor growth and metastasis, similar to previously published reports.32, 33

We next depleted Gr-1+CD11b+ cells and examined whether this would diminish the anti-
tumor phenotype of TGF-β neutralization. In these experiments, the mice received 4T1
injection in the #2 mammary gland, which gave higher number of metastatic nodules. Mice
received 100 ug/mouse of anti-Gr-1 antibody or control IgG (i.p.) on day 5 after tumor
injection and every 2–3 days thereafter (Figure 1B). This was based on increased
Gr-1+CD11b+ cell production and presence in distant lung as early as day 7 after 4T1 tumor
injection.34 The TGF-β neutralization was followed from day 6 (Figure 1B). The percentage
of Gr-1+CD11b+ cells in peripheral blood was examined to evaluate the depletion efficiency
by flow cytometry. The depletion rate was 94%, 63%, and 56% for day 9, 15, and 34
respectively (Figure 1C). To avoid large primary tumor burden and allow metastasis to
develop, the tumors were surgically removed and weighted on day 14. The anti Gr-1
treatment was withdrawn for 5 days after surgery to allow wound healing occur. The lungs
were collected for whole lung mounting on day 42. Depletion of Gr-1+CD11b+ cells
diminished tumor growth inhibition (Figure 1D left panel) and metastasis inhibition (Figure
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1D right panel) by TGF-β neutralization. As expected, depletion of Gr-1+CD11b+ cells
alone inhibited lung metastasis and tumor weights (Figure 1D), similar to that of TGF-β
neutralization. No synergistic effect from combined treatment of 1D11 and anti Gr-1 was
observed. These results suggest that Gr-1+CD11b+ cells likely mediate the anti metastatic
effect of TGF-β neutralization.

TGF-β neutralization decreased the number of Gr-1+CD11b+ cells in tumor
microenvironment, draining lymph node and premetastatic lung

We next examined mechanisms associated with Gr-1+CD11b+ cells that are responsible for
decreased tumor metastasis upon TGF-β neutralization. We first looked into Gr-1+CD11b+
cell profiling in the tumor microenvironment and the immune organs (bone marrow, spleen,
lymph node), as they are important in TGF-β regulation of tumor progression.17, 33, 34 We
also examined the survival of Gr-1+CD11b+ cells in premetastatic lung, defined 14 days or
earlier after tumor injection because these cells change the premetastatic lung into an
inflammatory and proliferative environment, diminish immune protection, and promote
metastasis through aberrant vasculature formation.34 We found significantly reduced
number of Gr-1+CD11b+ cells in tumor microenvironment (figure 2A, with quantitative
data on the right panels), draining lymph nodes (figure 2B, with immune fluorescence of
Gr-1 on the right panels), and premetastatic lung (figure 2C), compared with the 13C4
treatment. No difference was found in Gr-1+CD11b+ cell numbers in bone marrow and
spleen (supplementary figure 2). In two subpopulations of Gr-1+CD11b+ cells, Ly6G
+CD11b, mostly immature neutrophils, and Ly6C+CD11b, mostly immature
monocytes,22, 35, 36 1D11 treatment affected different subpopulations in different organs:
Ly6G+ Gr-1+CD11b+ cells in tumor microenvironment and premetastatic lung (figure 2A
and 2C), and Ly6C+ cells in lymph nodes (figure 2B). These results, together with data in
figure 1, suggest that Gr-1+CD11b+ cells in tumor microenvironment, draining lymph nodes
and premetastatic lung may be responsible for TGF-β regulation of tumor progression, and
are the important target of 1D11 treatment.

TGF-β neutralization increased differentiation of Gr-1+CD11b+ cells into F4/80+ and
decreased their Th2 cytokine expression

One potential explanation for decreased Gr-1+CD11b+ cells could be due to an increase in
Gr-1+CD11b+ cell differentiation. We looked into two mature myeloid cell type: F4/80+
macrophages and CD11c+ dendritic cells upon TGF-β neutralization. We noticed that the
decrease in Gr-1+CD11b+ cells is associated with a significantly increased number of
macrophage (F4/80 positive) but not CD11c+ dendritic cells in the tumor, lymph nodes and
premetastatic lung (figure 3A). Further examination showed significantly increased F4/80
positive cells within the Gr-1+CD11b+ cell population in tumor and premetastatic lung in
mice treated with 1D11 (Figure 3B), indicating that Gr-1+CD11b+ cells, the immature
myeloid cells, may differentiate into macrophages.

To further characterize the properties and functionality of Gr-1+CD11b+ cells from tumor-
bearing mice that received 1D11 treatment, we examined Th1/Th2 cytokine profile (IL-2,
IL-4, IL-5, IL10, IL12, GM-CSF, IFN-γ and TNF-α) in sorted Gr-1+CD11b+ cells from
peripheral blood. We utilized Bioplex technology which uses up to 100 unique fluorescently
dyed beads that permit the simultaneous detection of up to 100 different types of molecules
in a single well of a 96-well microplate.37 Gr-1+CD11b+ cells from 1D11 treated mice
showed significantly decreased Th2 cytokine expression including IL-4, IL-10, but not IL-5.
Additionally, 1D11 treatment also decreased GM-CSF, a cytokine that enhances Th2
cytokine production. There was no difference in Th1 cytokine production including IFNγ,
TNF-α, IL-12, and IL-2 (figure 4A). Our results show that 1D11 inhibits the production of
immune suppressive cytokines IL-4, IL-10 and GM-CSF in Gr-1+CD11b+ cells.
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Gr-1+CD11b+ cells and T cells require L-arginine for protein synthesis, however, high level
of arginase in Gr-1+CD11b+ cell could deplete their environmental L-arginine and limit L-
arginine availability to T cells, which results in inhibited anti-tumor immunity.38 To
examine whether neutralization of TGF-β affect L-arginine level in Gr-1+CD11b+ cells, we
analyzed the Arg 1 mRNA level and the arginase activity. We found a significantly
decreased Arg 1 expression (figure 4B, left panel) and arginase activity (figure 4B, right
panel) after 1D11 treatment. Therefore, 1D11 treatment not only decreased Gr-1+CD11b+
cells number but also inhibited arginase mediated suppressive function of Gr-1+CD11b+
cells.

Decreased Th2 cytokine and arginase in Gr-1+CD11b+ cells after 1D11 treatment suggests
that these cells may reduce immune suppressive effect on the T lymphocytes. We thus
performed IFNγ ELISPOT assay in which the Gr-1+CD11b+ cells from 4T1 tumor-bearing
mice were pre-treated with 1D11 or 13C4 antibodies and then co-cultured with splenocytes
from CL4 transgenic mice (3:1, splenocytes:myeloid cells). We found that Gr-1+CD11b+
cells pre-treated with 1D11 significantly increased IFNγ production by T cells (figure 4C).
The data suggest that 1D11 treatment also decreased immune suppressive effect of
Gr-1+CD11b+ cells.

TGF-β neutralization induced apoptosis in Gr-1+CD11b+ cells in the tumor
microenvironment and premetastatic lung

TGF-β is an important growth factor in hematopoiesis homeostasis. We next asked the
question whether TGF-β neutralization affects Gr-1+CD11b+ cell survival and apoptosis.
We observed significantly increased Annexin V expression in Gr-1+CD11b+ cells in the
tumor microenvironment (figure 5A) and premetastatic lung (figure 5B) in mice that
received 1D11 treatment compared to 13C4 control. The increased apoptosis was not
observed in Gr-1+CD11b+ cells from blood, spleen, and lymph nodes (Supplementary
Figure 3). We next looked into two prominent markers, Caspase-3 and Poly (ADP-ribose)
polymerase (PARP), which are critical in apoptosis induction. Surprisingly, there was no
difference in the expression of Caspase-3 between 1D11 and 13C4 treatment (figure 5C, left
panel). Interestingly, there was an increased expression of PARP in Gr-1+CD11b+ cells
from 1D11 treated tumors compared to 13C4 control (figure 5C, left panel). However, the
PARP was not cleaved (figure 5C). PARP catalyzes the synthesis of Poly (ADP-ribose)
PAR, an important signaling component of PARP dependent apoptosis. Therefore, we
examined the expression of PAR in tumor sections by immunofluorescence staining.
Notably, we observed an increased expression of PAR in tumors treated with 1D11
compared to 13C4 where no PAR was detected (figure 5C, right panels). Primarily, the PAR
expression was localized in the invasive front where infiltration of Gr-1+CD11b+ cells was
observed (data not shown). These data suggest that the therapeutic effect of TGF-β
neutralization is likely dependent on the induction of Gr-1+CD11b+ cell apoptosis in the
tumor microenvironment and premetastatic lung.

Circulating Gr-1+CD11b+ cells and effector cells as biomarkers for TGFβ-targeted therapy
Clinical studies demonstrate that the percentage of immature myeloid cells (the equivalent to
the Gr-1+CD11b+ cells in mouse) in peripheral blood correlates with the stages of cancer
patients.20, 21 Together with the significant responsiveness of Gr-1+CD11b+ cells to 1D11
treatment we observed in current studies lead us to investigate whether Gr-1+CD11b+ cells
can be used as a biomarker in detecting the effectiveness of 1D11 treatment. We asked
whether the number of Gr-1+CD11b+ cells correlates with the treatment outcome. We
examined Gr-1+CD11b+ cells in peripheral blood as they are easily obtained and clinically
relevant. We treated a large cohort of tumor bearing animals (20 for 13C4, and 30 for
1D11), with surgical tumor removal on day 12 after tumor injection. We then divided the
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animals that received 1D11 into non-responders and responders. This is based on the median
of the tumor volume (figure 6A, measured at day 12 after surgical removal) or on number of
lung metastasis nodules (figure 6B, on day 56 at the end of the experiments). In addition, the
mouse number for each group was taken into consideration thus each group would have
similar mouse number (n=14–16). For lung metastasis, non-responders were those mice with
an average of 9 metastases (n=14), the responders were those with less than 4 metastases
(n=16). Interestingly, there was a clear correlation of Gr-1+CD11b+ cell number with tumor
size and lung metastasis. The 1D11 responders showed a significantly reduced number of
Gr-1+CD11b+ cells in blood compared to the non-responders (figure 6A and 6B, right
panels). The number of Gr-1+CD11b+ cells from non-responders was not significantly
different from the 13C4 control treatment (figure 6B). Interestingly, mice with higher
percentage (60–90%) of Gr-1+CD11b+ cells showed significantly decreased lung metastasis
in response to 1D11 treatment but not those with lower number of Gr-1+CD11b+ cells (10–
60%) (Supplementary Figure 4).

Gr-1+CD11b+ cells inhibit T lymphocyte proliferation and function under tumor condition.
We next examined whether the decrease in number of Gr-1+CD11b+ cells are associated
with increased T cells in the peripheral blood with 1D11 treatment. There were more CD3+
T cells, CD4 T cells, and CD8 T cells but not B cells in 1D11 treated mice than those treated
with 13C4 (figure 6C). This was also true for responders compared to the non-responders
(figure 6C). We further examined draining lymph nodes as they are often biopsied in clinic
and can be used to monitor the treatment outcome. The increased number of CD3 and CD4
T cells was also observed (figure 6D). These data suggest that Gr-1+CD11b+ cells and their
interacting effector T cells in peripheral blood as well as draining lymph nodes might be a
good biomarker for TGFβ-targeted therapy.

Discussion
TGF-β exerts both anti-oncogenic and pro-oncogenic functions in cancer. Despite its
complex biology, initial preclinical studies showed considerable efficacy of antibody-like
TGF-β antagonists in suppressing metastasis.39, 40 Anti–TGF-β antibodies also completely
inhibited tumor recurrence in a fibrosarcoma model and reduced metastasis in a colon cancer
model.27 As a result of these and other studies, a number of TGF-β pathway antagonists are
in late preclinical or early clinical development for treatment of patients with advanced
cancer.6, 7 However, successful development of TGF-β antagonism will require a detailed
understanding of which cell compartments and which biological processes are affected by
TGF-β antagonism in vivo. Many questions remain to be answered. These include how
patient should be selected? When such treatment should be given? What indicative
biomarkers can be used? This is particularly important as TGF-β neutralization may
jeopardize the homeostasis of many normal tissues and organs. Like a number of
molecularly targeted therapeutics entering clinical cancer treatment, patient selection and
inflammation/immune biomarkers for TGF-β antagonism therapy are to be explored.

Our studies show that Gr-1+CD11b+ cells are important mediators in tumor-promoting
effect of TGF-β in mammary cancer progression. We also found that the number of
Gr-1+CD11b+ cells in peripheral blood and T cells, as well as molecular properties can be
used as biomarkers for TGF-β antagonism therapy. We built our studies on the 4T1
orthotopic mammary tumor model that shares many characteristics with human breast
cancer, particularly its ability to spontaneously metastasize to the lungs. This model has
been used as preclinical mouse model to study the effects of TGF-β neutralization on tumor
metastasis.33 Here we demonstrate that deletion of Gr-1+CD11b+ cells diminished the anti-
tumor effect of 1D11 treatment. The efficiency of Gr-1+CD11b+ cell depletion was very
good in the earlier stage of tumor growth, but relapsed after the tumor size increased.
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However the effect on tumor growth and metastasis was still significant, suggesting that the
Gr-1+CD11b+ cells may promote tumor in the earlier phase rather than later. We found two
mechanisms for Gr-1+CD11b+ cells in response to 1D11 treatment: (1) 1D11 neutralizing
TGF-β made by Gr-1+CD11b+ cells and (2) 1D11 affecting numbers and biological
properties Gr-1+CD11b+ cells. Indeed, Gr-1+CD11b+ cells are a major source of TGF-β
production under tumor conditions.17, 27

Gr-1+CD11b+ cells have been known to be immune suppressive. They consist of two major
subpopulations: mononuclear cells (precursors for macrophages), and low-density
polymorphonuclear cells (immature neutrophils).26 In addition to immune suppression,
Gr-1+CD11b+ cells also infiltrate into tumors, promote tumor angiogenesis and metastasis
by producing high levels of MMPs and TGFβ.21 These cells also mediate tumor
refractoriness to anti-VEGF treatment.41 While these effects are distinct for each immune
cell population, they are also interrelated. For example, TGF-β inhibition of CD8 cytotoxic
activity is largely due to TGF-β produced by Gr-1+CD11b+ myeloid cells, which is further
regulated by IL-13 produced by natural killer T cells, a novel natural killer cell type
discovered in recent years.27 Very interestingly, this production of TGF-β by myeloid cells
was more important in suppressing the immune response than production of TGF-β by the
tumor itself. Blocking production of TGF-β in these myeloid cells (by eliminating these
cells or by blocking the upstream signal from natural killer T cells or IL-13) abrogated the
suppression even though TGF-β production by the tumor itself was not affected.27

TGF-β neutralization significantly decreased the number of Gr-1+CD11b+ cells in tumor
tissues, draining lymph nodes, and premetastatic lung of 4T1 tumor bearing mice. The
effects of 1D11 treatment on the tumor microenvironment has been previously
reported.42, 43 Our data suggest two additional sites as important targets of 1D11 treatment:
the draining lymph nodes and premetastatic lung. The latter is very interesting, as many
therapeutic studies have not looked into the effect in the distant premetastatic organ. In fact,
a recent report demonstrates an important role of TGFβ in the distant premetastatic lung.
TGFβ regulates the production of the chemoattractants S100A8 and S100A9. These attract
Mac1+ myeloid cells that activate mitogen-activated protein kinase p38 in tumor cells. This
activation confers invasive activity via the development of pseudopodia (invadopodia).43

We found two mechanisms involving Gr-1+CD11b+ cells that are responsible for the anti
TGF-β effect: 1D11 treatment skews Gr-1+CD11b+ cells to a less M2 phenotype through
decreased Th2 cytokine expression, and increases Gr-1+CD11b+ cell apoptosis. The effect
on the immune phenotype of the Gr-1+CD11b+ cells is not surprising as inhibition of TGF-
β signaling using a small molecule inhibitor targeting kinase activity significantly modulates
cytokine profiling of macrophages co-cultured with renal cell carcinoma and tumor
associated neutrophils (identified as CD11b+Ly6G+ cells) in vivo.44, 45 These tumor-
associated neutrophils, in fact are part of the Gr-1+CD11b+ cells. 44 Although in these
studies, the Th1 cytokine was increased, whereas in our studies we found a decreased Th2
cytokine production using Bioplex technology. It has been previously reported that one of
the major effects of TGF-β antagonism is to reverse the systemic immune suppression of
TGF-β on the host immune system. In fact, neutralizing TGF-β in preclinical mouse models
enhances CD8+ T-cell and natural killer cell-mediated anti-tumor immune response.30, 46, 47

As Gr-1+CD11b+ cells interact with multiple effector cells to exert immune suppression,
our data suggest myeloid cells may play a primary and causal role in the immune effect by
TGF-β targeted therapy.

Gr-1+CD11b+ myeloid cells are significantly increased in 4T1 tumor-bearing mice. In
human, overproduction of immature myeloid cells are also reported, however, they are
identified differently. Interestingly, the number of immature myeloid cells in peripheral
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blood of cancer patients correlates with the stages of tumor progression including breast,
lung, and head & neck cancers.48 Our studies have further extended those findings to show
that Gr-1+CD11b+ cells are important mediators in TGFβ antagonism treatment. The
number and molecular properties of these Gr-1+CD11b+ cells in the peripheral blood can be
used as biomarker for efficacy of the treatment outcome. This is supported by recent
findings indicating that the immune/inflammatory responses are reliable markers for
predicting clinical outcome in human hepatocellular carcinoma49 and colorectal tumors.50

These new understanding of TGF-β signaling in regulation of tumor microenvironment and
immune response may provide useful information, particularly for patient selection and
inflammation/immune biomarkers for TGF-β antagonism therapy in clinical trials.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Depletion of Gr-1+CD11b+ cells diminished the anti-tumor effects of TGF-β neutralization.
(A) 1D11 treatment reduced tumor growth and lung metastasis of 4T1 cells. Mice bearing
4T1 tumors (#4 mammary gland) were treated (i.p.) with 1D11 or control 13C4. Tumor
weight was taken at day 25 and 42 (left panel). HE staining of butter flying section of
representative lungs is shown in the middle. In separate experiments for the metastasis
studies, the tumors were surgically removed on day 12–14, number of lung metastasis was
examined at the end of the experiment and the data are on the right panel. (B) Schematic
diagram of the experimental plan for systemic depletion of Gr-1+CD11b+ cells (anti-Gr-1
antibody) in TGF-β neutralization therapy. (C) Flow cytometry analysis to examine
Gr-1+CD11b+ cell depletion efficiency, shown are Gr-1+CD11b+ cells in peripheral blood
on day 9, 15 and 34 after tumor injection. Nucleated blood cells are gated and analyzed by
CD11b-FITC and Gr-1-PE. (D) Depletion of Gr-1+CD11b+ cells reduced tumor growth (left
panel) and lung metastasis of 4T1 tumors (right panel), and diminished the anti-metastatic
effects of TGF-β neutralization. Mice received 4T1 tumor cell injection in the #2 mammary
gland. Bar shows mean ± SEM, each dot represents one mouse.
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Figure 2.
Decreased Gr-1+CD11b+ cells in tumor microenvironment, draining lymph nodes, and
premetastatic lung of tumor bearing mice that received 1D11 or 13C4 treatment. The mice
received orthotropic implantation of 4T1 cells (5 × 104) into #4 mammary gland. Three
representative mice with average tumor size were selected from each group containing 6–8
mice for the assay, data show one of at least three repeats. Flow cytometry analysis of
Gr-1+CD11b+ cells (upper panel) and subsets (gated CD11b+ cells, lower panel) in (A) 4T1
tumor tissues, one of three experiments is shown: representative dot plots (left) and statistic
results (right, n=3). (B) Draining lymph nodes (n=3, left panel). Immunofluorescence
staining of Gr-1+CD11b+ cells (green) in formalin-fixed draining lymph nodes are on the
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right. One of three independent experiments is shown. Magnification: X20. Scale bar: 200
μm (C) The lungs of 4T1 tumor bearing mice 14 days after tumor injection (n=3). One of
two independent experiments is shown. Error bar = SEM.

Li et al. Page 16

Int J Cancer. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
TGF-β neutralization decreased the number of Gr-1+CD11b+ cells, TH2 cytokine secretion,
and immune suppressive activity. Three representative mice with average tumor size were
selected from each group containing 6–8 mice for the assay, data show one of at least three
repeats. (A) A decreased number of Gr-1+CD11b+ cells correlated with increased F4/80+
(Gr-1−CD11b−) cells in tumor tissue, draining lymph node (LN), and D14 lung of 4T1
tumor bearing mice. No difference in CD11c+ cells was found. One of three experiments is
shown. (B) Increased F4/80 expression within Gr-1+CD11b+ cell population from tumor
tissues and lungs of mice received 1D11 treatment.
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Figure 4.
Decreased TH2 cytokine expression and immune suppressive property in Gr-1+CD11b+
cells. (A) Bioplex analysis of Th1/Th2 cytokines in FACS sorted peripheral blood
Gr-1+CD11b+ cells. Three mice were used for each group. (B) Arginase expression and
activity in FACS sorted blood Gr-1+CD11b+ cells. qRT-PCR of arginase expression,
normalized to GAPDH, is shown on the left, arginase activity was on the right. n=3. Error
bar = SEM, for all figures. Three representative mice with average tumor size were selected
from each group containing 6–8 mice for the assay, data show one of at least three repeats.
(C) IFNγ ELISPOT assay showing Gr-1+CD11b+ cells pre-treated with 1D11 significantly
increased IFNγ production by T cells. The Gr-1+CD11b+ cells from 4T1 tumor-bearing
mice were pre-treated with 1D11 or 13C4 antibodies and then co- cultured with splenocytes
from CL4 transgenic mice (3:1, splenocytes:myeloid cells). HA 518–526 peptide was added
to stimulate IFNγ production by T cells. Data are represented as mean ± SEM. * indicate
p<0.05.
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Figure 5.
Treatment with 1D11 increased Gr-1+CD11b+ cell apoptosis in tumor microenvironment
and premetastatic lung. Single cell suspension from tumor tissues (A) or D14 lung (B) were
prepared and stained with Gr-1, CD11b, Annexin V and 7-AAD. The samples were then
analyzed by flow cytometry. Three representative mice with average tumor size were
selected from each group containing 6–8 mice for the assay, data show one of at least three
repeats. Representative dot plots (gated Gr-1+CD11b+ cell, left) and statistic results (right,
n=3 each for 1D11 or 13C4) are shown. Error bar = SEM. (C) Left panels: Western analysis
showing an increased PARP expression in Gr-1+CD11b+ cells sorted from 1D11 treated
tumors. β-actin was used as loading control. Right panels: Immunofluorescence staining of
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PAR in tumor tissue sections from mice that received 1D11 or 13C4 treatment. Scale bar
−10 μm.
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Figure 6.
The number of Gr-1+CD11b+ cells in peripheral blood is explored as a potential biomarker
for anti-TGFβ cancer therapy. A large cohort of tumor bearing mice was given 1D11 (n=30)
or 13C4 (n=20) treatment. Mice in 1D11 treatment group were further divided into non-
responder (n=14) and responder (n=16), according to the median of tumor volume (A, left
panel) or number of lung metastasis (B, left panel), as indicated. Tumor weight, number of
lung metastasis and percentage of peripheral blood Gr-1+CD11b+ cells were evaluated on
Day 56 after tumor injection. The correlation of Gr-1+CD11b+ cell percentage with tumor
size (A, right panel) or metastasis (B, right panel) is shown. C. The responder of 1D11
treatment showed increased CD3+, CD4+ and CD8+ T cells in peripheral blood compared to
the control treatment or the non-responder group. D. The increased CD3+ and CD4+ but not
CD8+ T cells were also observed in draining lymph nodes of mice treated with 1D11.

Li et al. Page 21

Int J Cancer. Author manuscript; available in PMC 2013 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


