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Abstract
CD11b+Gr-1+-expressing cells, termed myeloid-derived suppressor cells (MDSC), can mediate
immunosuppression and tumor progression. However, the intrinsic molecular events that drive their
pro-tumorigenic behavior remain to be elucidated. Although CD11b+Gr-1+ cells exist at low
frequencies in normal mice, it also remains unresolved whether they are biologically distinct from
those of tumor-bearing hosts. These objectives were investigated using CD11b+Gr-1+ cells from both
implantable (4T1) and autochthonous (MMTV-PyMT) mouse models of mammary carcinoma.
Limited variation was observed in the expression of markers associated with immunoregulation
between CD11b+Gr-1+ cells of both tumor models, as well as with their respective controls. Despite
limited differences in phenotype, tumor-induced CD11b+Gr-1+ cells were found to produce a more
immunosuppressive cytokine profile than that observed by control CD11b+Gr-1+ cells. Furthermore,
when admixed with tumor cells, CD11b+Gr-1+ cells from tumor-bearing mice significantly enhanced
neoplastic growth compared to counterpart cells from control mice. However, the pro-tumorigenic
behavior of these tumor-induced CD11b+Gr-1+ cells was significantly diminished when the
expression of IRF-8, a key myeloid-associated transcription factor, was enhanced. The loss of this
pro-tumorigenic effect occurred independently of the host immune system, and correlated with a
CD11b+Gr-1+ cytokine/chemokine production pattern that resembled cells from non-tumor-bearing
control mice. Overall, our data indicate that (a) tumor-induced CD11b+Gr-1+ cells from both cancer
models were phenotypically similar, but biologically distinct from their non-tumor-bearing
counterparts; and (b) modulation of IRF-8 levels in tumor-induced CD11b+Gr-1+ cells can
significantly abrogate their pro-tumorigenic behavior, which may have important implications for
cancer therapy.
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INTRODUCTION
Myeloid-derived suppressor cells (MDSC) (1) have been shown to accumulate during a range
of pathologies, including cancer (2,3), graft-versus-host disease (4), stress (5) and infections
(e.g., viral, bacterial and parasitic) (6,7). There is increasing interest in MDSC, particularly in
neoplastic disease, where these cells have been shown to play a role in both immune
suppression and angiogenesis (3,8-10). In mouse models, MDSC are characterized as a
heterogeneous mixture of myeloid cells that express both the CD11b and Gr-1 differentiation
markers. MDSC-like subsets have also been shown to accumulate in patients with a variety of
tumor types, including carcinoma of the head and neck, non-small cell lung carcinoma, renal
carcinoma, melanoma and adenocarcinomas of the colon, breast and pancreas (11-17).

Both in vitro and in vivo immune responses can be suppressed by MDSC through a number of
mechanisms including, the production of reactive oxygen species, the activation of arginase-1
resulting in arginine depletion and altered TCR signaling (18-20). A range of tumor-derived
factors (TDF), including IL-10 (21), CSF-1 (22), VEGF (23-25), GM-CSF (26), IL-1β
(27-30), PGE2 (15,31), IL-6 (28) and G-CSF (32) have been implicated in the development,
regulation and/or function of MDSC. CD11b+Gr-1+ cells can be found at low frequencies in
the periphery of normal hosts; however, it remains to be clarified whether these cells are
phenotypically, functionally and biologically distinct from those of tumor-bearing hosts. We
therefore chose to study aspects of MDSC biology in two distinct mouse mammary tumor
models; one involved an orthotopic implant of the well-characterized 4T1 tumor cell line
(20,28,33), while the other utilized a transgenic model of spontaneously arising autochthonous
mammary carcinoma that demonstrates longer-term disease progression (34-36).

Interferon regulatory factor-8 (IRF-8), an IFN-γ-inducible transcription factor, has been shown
to play an essential role in ensuring normal myelopoiesis (37-39) and the production of certain
pro-inflammatory type-1 cytokines, such as IL-12p40 and RANTES (38,40,41). In both 4T1
and spontaneous tumor models,we recently observed a strong inverse correlation between
IRF-8 expression levels and the emergence of these CD11b+Gr-1+ cells. Whereas
CD11b+Gr-1+ cells of non-tumor-bearing control mice constitutively expressed IRF-8 as
expected (37,42), similarly isolated myeloid populations from tumor-bearing mice of both
models expressed significantly lower levels (43). Moreover, IRF-8 null mice possess
significantly increased frequencies of various myeloid populations, including neutrophils,
macrophages and CD11b+Gr-1+ myeloid cells (37-39). Ultimately, IRF-8-deficient mice
develop a CML-like syndrome (37-39). Thus, IRF-8 exerts a multi-functional role in both
normal and aberrant stages of myeloid cell biology. Using these two mammary carcinoma
models, we therefore addressed the following questions: 1) Are CD11b+Gr-1+ cells that arise
in an implantable tumor model distinct from those that arise from a slower growing
autochthonous tumor model in terms of phenotype and function? 2) Are CD11b+Gr-1+ cells
from these tumor-bearing mice distinct from those of non-tumor-bearing control mice in terms
of these same features? and 3) What molecular events impact the biological function of these
cells, with an emphasis on the role of IRF-8?

MATERIALS AND METHODS
Mice

Female C57BL/6, BALB/c and bg-nu-XID mice were obtained from the National Cancer
Institute-Frederick Cancer Research Animal Facility (Frederick, MD). Hybrid CB6F1/J
(C57BL × BALB/c) mice were obtained from The Jackson Laboratories (Bar Harbor, ME).

The MMTV-PyMT/B6 transgenic mouse, termed MTAG, expresses the polyomavirus middle
T antigen controlled through the MMTV-LTR promoter (34). These transgenic mice were
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originally derived in FVB mice (34) and were backcrossed > 10 times onto a C57BL/6
(H-2b) background (44) and kindly provided by S. Gendler (Mayo Clinic, Scottsdale, AZ).
MTAG mice develop multifocal mammary carcinomas with progression to pulmonary
metastases. Only female MTAG mice were used in these experiments and were obtained by
breeding transgenic male MTAG mice with wild-type C57BL/6 female mice. Progeny were
monitored for transgene expression by PCR, with 100% of transgene-positive (Tg+) female
mice developing mammary carcinoma. Transgene-negative (Tg-) littermates were used as age/
gender-matched controls. Mice were housed in a specific-pathogen free environment, and the
experiments were conducted according to institutional regulations for animal care and use. In
accordance with these regulations, no single tumor mass was allowed to exceed 2 cm3, although
MTAG mice could develop up to 10 discrete mammary gland tumors. Therefore, total tumor
volume in female MTAG mice was determined as the sum of each distinct tumor volume within
an individual mouse. Tumor-bearing MTAG mice used in experiments for the isolation of
CD11b+Gr-1+ cells harbored total tumor loads > 6 cm3 and were older than 160 days of age.
MTAG mice were euthanized when any single tumor mass reached 2 cm3 in size or for other
health considerations specified by institutional regulations. Tumor growth was measured
weekly in two dimensions, using a digital caliper, and tumor volume was calculated using the
formula (w2 × l)/2, whereby w = width and l = length of tumor mass, measured in millimeters

Production of IRF-8 Tg mice
Complementary DNA encoding the mouse IRF-8 coding sequence was cloned into the
pcDNA3.1(+) plasmid (Invitrogen, Carlsbad, CA) under the control of the CMV promoter
(plasmid kindly provided by K. Ozato, NIH, Bethesda, MD). A 4.3 kb fragment, which
contained the transcriptional unit (i.e., promoter, gene, poly A sites) was then generated from
the construct by cleavage at an FspI restriction site, and isolation by sucrose gradient
purification. This purified material was then microinjected into the pronuclei of one cell
embryos of fertilized eggs from B6 mice to obtain several founder mice (Laboratory Animal
Sciences Program, Frederick, MD). Transgene integration in progeny was verified by Southern
blot analysis using the 4.3 kb fragment as the probe and PCR genotyping of tail snips. The
founder line, E5, was selected for this study based on the highest IRF-8 copy number and
mRNA levels. Furthermore, no atypical effects of IRF-8 transgene expression were observed
on various hematologic parameters, as determined by phenotypic analysis of the spleen and
complete blood count (CBC) on peripheral whole blood. F1 progeny were produced by mating
transgenic male mice with either wild-type female B6 or BALB/c mice as indicated in the
Results. Transgene expression was verified by PCR analysis of tail DNA using the PCR/RT-
PCR conditions described below.

Tumor cell lines and culture conditions
The 4T1 tumor cell line (ATCC, Manassas, VA) was originally derived as a spontaneously
arising mammary carcinoma from BALB/c mice (33) and maintained in vitro in an RPMI-
based culture medium (36). A tumor cell line, termed AT-3, was established from a primary
mammary gland carcinoma of an MTAG mouse (36) and propagated in a DMEM-based culture
medium (36). All in vitro assays were performed in RPMI-based culture medium. The Mtg2
cell line was derived from a primary mammary gland carcinoma (approximately 1 cm3) of an
MTAG mouse in a fashion similar to that of AT-3 (36).

Isolation of CD11b+Gr-1+ Cells
CD11b+Gr-1+ cells were purified from single cell preparations of mouse splenocytes from non-
tumor-bearing control mice, 4T1 tumor-bearing mice (1 – 2 cm3) or MTAG tumor-bearing
mice (as defined above), using similarly established protocols (26,45,46). Selections were
performed using CD11b+ magnetic beads (#130-049-801) from Miltenyi Biotec (Auburn, CA)
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and double column separation protocols on an AutoMACs system. Splenocytes were incubated
with the Ab-coated magnetic beads for 30 min on ice prior to separation. The purity of the
enriched cells was determined by flow cytometry following each separation, and the percentage
of CD11b+ cells was routinely > 95%. Of these cells, > 90% expressed both CD11b and Gr-1
cell surface markers from both control and tumor (4T1 or MTAG)-bearing mice.
CD11b+Gr-1+ cells were stimulated by culturing for 24 hr with or without lipopolysaccharide
(LPS/L-6143; 1 μg/ml; Sigma-Aldrich, St. Louis, MO)and recombinant mouse IFN-γ (100 U/
ml; R&D Systems, Minneapolis, MN). Cell-free supernatants were then collected for cytokine
analysis.

Flow cytometry
Cells were incubated with directly conjugated mAb for 30 – 60 min, as described (36). At least
10,000 gated events were collected on a FACSCalibur flow cytometer (Becton-Dickinson, San
Jose, CA) and analyzed by CellQuest software (Becton-Dickinson). mAbs reactive against the
following cell surface markers were assessed: PE-conjugated CD4, CD8, NK1.1, Gr-1,
H-2Kb, H-2Db, H-2Kd, H-2Dd, CD11a, CD11c, CD11b, CD14, CD40, CD48, CD80, CD95
(Fas), CD95L (FasL), CD154; PE-Cy5 conjugated CD3; FITC-conjugated I-Ab, H-2Ld, I-
Ad, I-Ed, CD45R, CD4, CD8, CD19, CD54, CD86, Mac-3, Gr-1; and allophycocyanin (APC)-
conjugated CD31 (all mAbs listed above were obtained from BD Biosciences/Pharmingen,
San Diego, CA). FITC-CD11b (Southern Biotech, Birmingham, AL), PE-conjugated-CD115
(Serotec, Raleigh, NC) and APC-conjugated F4/80 (eBioscience, San Diego, CA) were also
used. All samples were run with appropriate isotype controls.

Cytokine analysis
Cell-free supernatants were collected and stored at −20°C until assayed. Cytokine analysis was
performed initially using a Cytometric Bead Array assay (BD Biosciences). The Th1/Th2 array
kit detects IL-2, IL-4, IL-5, IFN-γ and TNF-α. Assays were performed with dual laser
acquisition per manufacturer’s protocols. A more comprehensive analysis of cytokines and
chemokines was performed using Quansys multipex ELISA services (Quansys Biosciences,
Logan, UT), and included IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70,
MCP-1, TNF-α, GM-CSF, MIP-1α, RANTES, MDC and IP-10. A similarly extensive
cytokine/chemokine analysis was conducted on cell culture supernatants of the 4T1 and MTAG
tumor cell lines. A mouse “20 plex” Cytometric Bead Array (CBA) system (BD Biosciences)
was used, as per manufacturer’s instructions. Supernatants were collected from incubating
tumor cells (1×106 cells/ml) for 24 hr in 24 well plates. A Quantikine mouse VEGF
immunoassay (R&D Systems, Minneapolis, MN) was used to determine tumor-derived VEGF
levels. Serum cytokine levels were analyzed using the CBA system, as above. Sera were
collected from terminal blood draws of 4T1 or AT-3 tumor-bearing mice (with average tumor
volumes between 1. 5 and 2 cm3), and frozen at -20°C until analysis.

Proliferation/Suppression Assay
Flat-bottomed 96-well plates were coated with anti-CD3 mAb (1 μg/well) by incubation at 4°
C overnight. Unbound anti-CD3 mAb was removed by washing. CD4+ or CD8+ T cells were
purified from the spleens of naïve CB6F1/J hybrid mice using T cell subset-specific
MicroBeads and the AutoMACS separator, and plated at 5×104 cells/well. Splenic
CD11b+Gr-1+ cells were purified from the different groups of mice, as described above and
added to the plate at a CD11b+Gr-1+ cell:T cell ratio of 2:1. Plates were incubated for 48 hr at
37°C, after which 3H-thymidine (1 μCi/well) was added for an additional 24 hr of culture. Cells
were recovered using an automated plate harvester, and proliferation determined by
measuring 3H-thymidine uptake.
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In vivo tumor growth studies
Mice were injected orthotopically in the abdominal mammary gland (#4) with 5×104 4T1 tumor
cells and tumor growth monitored thrice weekly. In the admix experiments, 5×104 4T1 or
5×105 AT-3 tumor cells were mixed with MACS-purified, MHC-matched CD11b+Gr-1+ cells
at a 2:1 ratio just prior to orthotopic implantation. Tumors were measured thrice weekly until
masses reached ethical limits or until mice were euthanized for other health considerations.

In vivo cell depletions
Mice were injected ip with anti-Gr-1 Ab (clone RB6-8C5; Cedarlane, Ontario, Canada) to
deplete Gr-1+ cells or an isotope control Ab. Antibodies were administered at 1 μg/mouse in
a 200 μl volume on days 5, 6, 10 and 13 after tumor implantation using a modified protocol
(47). CTLA-4 mAb-based immunotherapy was initiated by the administration of purified anti-
mouse CTLA-4 mAb (clone 9H10) ip at 100 μg/mouse in 200 μl, on days 7, 11, and 14, where
day 0 represented the day of tumor implantation, using a protocol similar to that previously
described (48,49). The anti-CTLA-4 hybridoma was kindly provided by J. Allison (Memorial
Sloan-Kettering, NY) via J. Schlom (NCI, NIH), and was purified at the NCI-Protein
Expression Laboratory (Frederick, MD). A combination therapy strategy utilized the combined
protocols for Gr-1 depletion and CTLA-4 mAb administration as outlined above.

RT-PCR and PCR analyses
For RT-PCR, total RNA was isolated from CD11b+Gr-1+ cells using RNeasy Mini kits from
Qiagen (Valencia, CA) according to manufacturer’s instructions. The RNeasy kit includes a
silica-membrane technology that efficiently removes genomic DNA without DNase treatment.
Total RNA was used for first strand cDNA synthesis using the ThermoScript RT-PCR system
(Invitrogen). The cDNA was then used as the template for PCR amplification of mouse
GAPDH and mouse IRF-8. PCR reactions were carried out in a PTC-200 thermal cycler (MJ
Research, Waltham, MA) under the following conditions: 94°C for 2 min, 30 cycles (94°C for
30 sec, 60°C for 30 sec and 72°C for 1 min) and 72°C for 10 min. The PCR primers for GAPDH
were as follows: forward primer: 5’-CATCACCATCTTCCAGGAGCG-3’; reverse primer:
5’-ACGGACACATTGGGGGTAGG-3’. The PCR primers for IRF-8 were as follows: forward
primer: 5’-CGTGGAAGACGAGGTTACGCTG-3’; reverse primer: 5’-
GCTGAATGGTGTGTGTCATAGGC-3’. For PCR analysis, various cycle numbers were
previously tested, and 30 cycles was found to be optimal for effectively distinguishing
differences in IRF-8 levels between control and tumor-induced CD11b+Gr-1+ cells. For
genotyping transgenic offspring, PCR analysis was performed using these IRF-8 primers (30
cycles), which effectively distinguished transgenic from endogenous genomic IRF-8 levels
(the latter of which were undetectable under these conditions), while the PCR primers (40
cycles) for PyMT were as follows: forward primer: 5’-AGTCACTGCTACTGCACCCAG-3’;
reverse primer: 5’-CTCTCCTCAGTTCCTCGCTCC-3’. PCR products were separated on 1
or 2% agarose gels, and images captured with the BioDocIt imaging system (UVP, Upland,
CA).

Statistical analysis
Analysis of data (see Figs. 4 and 6A) was performed on the slopes to preclude any time effect
from the analysis and to determine a global treatment effect. For each data set, a separate linear
regression analysis was performed on cubed root transformed data for each mouse to give a
single estimated slope value. The estimated slope represents the average growth rate over the
entire period. Since the distribution of the slope estimates were not normally distributed, the
Wilcoxon rank sum test was used to compare distributions of slope estimates. For Fig. 5, some
of the data were not linear after the transformation, thus, O’Brien’s method (50) was used to
make overall pair-wise comparisons. For Fig. 6B, Anova on the estimated slopes was
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performed (after a cubed root transformation). Statistical analysis of the cytokine data was
done using the exact Wilcoxon rank sum test (see Figs. 1B and 3A) or the Wilcoxon signed
rank test (see Fig. 3B) after establishing ratios between tumor-bearing and control cells. The
Hochberg method was used to adjust p-values for multiple comparisons (see Figs. 1B, 4 and
6B). In Fig. 7, paired differences for each of the log10 cytokine values were obtained from each
tumor-bearing non-transgenic and IRF-8 transgenic mouse analyzed in the same experiment.
Then, ANOVA was used on these values to determine if the differences were equal to zero. In
all analyses, a p-value less than 0.05 was considered significant.

RESULTS
Accumulation of CD11b+Gr-1+ cells in mouse models of implantable and autochthonous
mammary tumor growth

The vast majority of studies on these myeloid populations have been conducted using
implantable tumor models, where the MDSC usually accumulate rapidly and may not
recapitulate the chronic nature of human disease. It remains unclear whether MDSC from such
implantable tumor models are distinct from those produced in an autochthonous disease setting
where protracted host-tumor interactions may influence MDSC development or biology in a
fundamentally distinct manner. We therefore chose to study aspects of MDSC biology in two
distinct mouse mammary tumor models; one involved the orthotopic implant of the 4T1 tumor
cell line, while the other utilized a transgenic model of spontaneously arising autochthonous
mammary carcinoma, which demonstrates longer-term disease progression.

The 4T1 tumor model is a well-characterized model that exhibits aggressive primary tumor
growth resulting in spontaneous metastasis to the lymph nodes, lungs, liver, bone, and brain
(20,28,33). In contrast, the transgenic mouse tumor model engineered to express the
polyomavirus middle T antigen (PyMT) under the control of the mouse mammary tumor virus
(MMTV) promoter, henceforth termed MTAG, develops autochthonous mammary carcinomas
over an approximate 6-month lifespan, with eventual metastatic spread to the lungs (34). This
MTAG mouse has also been shown to mimic human breast cancer disease progression at
morphological, molecular (35,51) and immunological levels (36,52).

We have previously demonstrated that as tumor load increased, there was a concomitant
increase in the absolute number and percentage of splenic CD11b+Gr-1+ cells in MTAG mice
(36,52). Here, we compared the onset of development/accumulation of CD11b+Gr-1+ cells in
implantable versus autochthonous mouse tumor models. We observed a profound difference
in the timing and quantity of CD11b+Gr-1+ cells that arise in the transgenic MTAG model
compared to the 4T1 implantable model (Fig. 1A). CD11b+Gr-1+ cells in 4T1 tumor-bearing
mice accumulated much more rapidly and in greater numbers than in MTAG mice. By the time
total tumor volume approached 2 cm3, the splenic compartment of 4T1 tumor-bearing mice
consisted of 30 – 50% CD11b+Gr-1+ cells (Fig. 1A). In contrast, the splenic compartment of
MTAG mice contained > 20% CD11b+Gr-1+ cells only when the total tumor load was greater
than 6 cm3, which encompassed a period of tumor growth of several months. These
CD11b+Gr-1+ myeloid populations therefore developed in both types of models, albeit in a
fundamentally distinct dynamic and temporal manner.

The observation that these CD11b+Gr-1+ myeloid populations accumulated in both tumor
models via distinct kinetics suggested that this temporal disparity may be attributed to the types
or quantities of factors produced by the different tumors. It is now clear that different
malignancies secrete a variety of tumor-derived factors (TDF) that modulate the accumulation,
differentiation, mobilization and/or function of CD11b+Gr-1+ myeloid cells, notably VEGF,
GM-CSF, G-CSF, IL-10, PGE2, IL-1β and IL-6 (21,23-26,28,31,32). Therefore, we measured
TDF produced by 4T1 cells in vitro, along with two distinct autologous MTAG-derived tumor
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cell lines, termed AT-3 (36) and Mtg2, as surrogates for the spontaneous primary mammary
tumors in MTAG mice (Fig. 1B). 4T1 cells were found to produce demonstrable levels of G-
CSF, GM-CSF, VEGF as well as two myeloid-associated chemokines, CCL2 (MCP-1) and
KC (keratinocyte-derived chemokine; CXCL1) and a lymphoid-associated chemokine, CCL5
(RANTES) (Fig. 1B), but negligible amounts of IL-1β, IL-6 and IL-10 (data not shown).
Whereas, AT-3 and Mtg2 cells also produced G-CSF, VEGF, KC and CCL5 at varying
amounts, they did not secrete detectable levels of GM-CSF and CCL2 (Fig. 1B). Thus, all three
tumor cell lines were shown to produce several TDF that have been implicated in MDSC
accumulation. In terms of comparing the two MTAG-derived tumor cell lines to each other,
we found that the profiles for GM-CSF and CCL2 profiles were similar, but the profiles for
G-CSF, VEGF, KC and CCL5 were different (p < 0.002 for these latter cytokines/chemokines),
indicating tumor heterogeneity within this MTAG model. Such tumor heterogeneity may
contribute to the variability in CD11b+Gr-1+ myeloid cell accumulation that has been observed
between individual MTAG mice (36,52).

We then analyzed serum cytokine levels from 4T1 and AT-3 tumor-bearing mice to determine
correspondence with these in vitro results (Fig. 1B vs. 1C). We assayed sera for several of the
cytokines shown in figure 1B, including: G-CSF, CCL2 (MCP-1), KC, CCL5 (RANTES) and
GM-CSF (Fig. 1C). We found that the cytokine patterns for G-CSF and RANTES mirrored
what was observed in vitro. In the case of G-CSF, higher amounts of G-CSF were detected in
4T1 compared to AT-3 tumor-bearing mice, while comparable amounts of RANTES were
observed between both groups of tumor-bearing mice. However, the patterns for CCL2 and
KC showed somewhat less correspondence with the in vitro data. In the case of 4T1 tumor-
bearing mice, we still detected CCL2, but now only minor amounts of KC. Interestingly, in
the case of AT-3 tumor-bearing mice, we detected not only KC, but now also CCL2 which was
previously not observed in vitro. GM-CSF was undetectable in both groups of tumor-bearing
mice. The reasons for these differences may reflect a number of complex biological factors.
Several factors that may influence detection in vivo include: the exact cytokine source(s) (i.e.,
tumor vs. host response), cytokine utilization (which affects availability) and/or the sites of
cytokine action (i.e., local vs. systemic). Overall, the differences in TDF types and levels
observed between the models (implantable vs. autochthonous) may account, at least in part,
for the distinct kinetics in CD11b+Gr-1+ myeloid cell accumulation.

Phenotype of the various CD11b+Gr-1+ cell populations
To better characterize the CD11b+Gr-1+ cells arising in either the implantable or autochthonous
tumor models, we isolated these cells from both control and tumor-bearing mice and examined
them for the expression of a range of immunologically relevant cell surface markers.
Enrichment for this population was achieved by positive selection of CD11b+ cells (> 95%
purity), with at least 90% of these cells being double-positive for the expression of both the
CD11b+ and Gr-1+ cell surface markers (Fig. 2B). Differences in the pattern of CD11b and
Gr-1 expression were evident between cells isolated from 4T1 tumor-bearing mice versus those
of tumor-bearing MTAG mice. The CD11b+ cells from MTAG mice showed greater
heterogeneity in Gr-1 staining than CD11b+ cells from 4T1 tumor-bearing mice (Fig. 2B).
Heterogeneity in the expression levels of both CD11b and Gr-1 markers were similarly
observed in myeloid cells isolated from non-tumor-bearing control BALB/c or C57BL/6 mice
(Fig. 2B).

Despite these observations, and with the exception of Mac-3 staining, there appeared to be no
striking differences in the staining profiles between CD11b+Gr-1+ cells from 4T1 versus
MTAG tumor-bearing mice (Fig. 2A). However, when comparing CD11b+Gr-1+ cells of
tumor-bearing mice of either model with their respective control cells, some differences were
noted. Reduced levels of staining were observed on CD11b+Gr-1+ cells from tumor-bearing
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mice for F4/80, CD31, CD115, CD48, CD54 and CD40 when compared with cells from non-
tumor-bearing control mice (Fig. 2A). There were also elevated numbers of CD11c+ cells in
the CD11b+Gr-1+-enriched preparations of control mice compared to similarly purified cells
from tumor-bearing mice. In contrast, there was no obvious difference between the staining
profiles of CD11b+Gr-1+ cells from control and tumor-bearing mice for MHC class I and II
molecules, nor for the costimulatory molecules CD80 and CD86 (Fig. 2A). Similar levels of
additional cell surface markers, including CD95, CD11a and CD14, were expressed on cells
from control and tumor-bearing mice (data not shown). Markers that were not expressed in
any of the populations studied, included CD154, CD19, CD45R (B220) and CD4.

Tumor-induced CD11b+Gr-1+ cells produce an altered cytokine profile
It has been established that CD11b+Gr-1+ cells from tumor-bearing mice are
immunosuppressive, and inhibit T cell proliferation in vitro through a number of mechanisms
(3,8). However, less is known regarding the cytokine production profiles of tumor-induced
CD11b+Gr-1+ cells, which may also impact the outcome of an adaptive immune response. The
approach taken was to trigger cytokine release in response to LPS and IFN-γ treatment,
similarly as described (38,41,53). It is important to note that these activation experiments were
performed in the absence of any myelopoietic growth factor known to affect differentiation
(i.e., GM-CSF, G-CSF or M-CSF). Although little-to-no cytokines were detectable in the
absence of stimulation, CD11b+Gr-1+ cells of 4T1 tumor-bearing mice, following LPS and
IFN-γ exposure, demonstrated an altered cytokine production profile when compared with
similarly purified cells from control mice (Fig. 3A). Tumor-induced CD11b+Gr-1+ cells
produced significantly higher levels of IL-10, MCP-1, MIP-1α, IL-1α, IL-1β, TNF-α and
significantly lower amounts of IL-12, IL-6 and RANTES. For all cytokine differences shown,
the p-values were < 0.005.

The cytokine patterns of CD11b+Gr-1+ cells from MTAG mice were similar to that of 4T1
tumor-bearing mice (Fig. 3B). To account for potential differences in age and tumor burden
or inter-assay variability, CD11b+Gr-1+ cells of MTAG mice were directly compared to age-
and gender-matched control mice. In most cases, CD11b+Gr-1+ cells of tumor-bearing MTAG
mice produced significantly higher amounts of IL-10, MCP-1, MIP-1α, IL-1α and IL-1β and
lower levels of IL-6, IL-12 and RANTES. For the ten pairs of mice tested, the overall
differences between control and tumor-bearing MTAG-derived CD11b+Gr-1+ cells were
significant (p < 0.015) for all the indicated cytokines, except TNF-α (p = 0.28). Screening was
also performed for IL-2, IL-3, IL-4, IL-5, IL-9 and GM-CSF; however, these cytokines were
undetectable from the cells of both tumor models. Lastly, using the 4T1 model, we verified
that the CD11b+Gr-1+ cells from tumor-bearing mice were immunosuppressive based on their
ability to inhibit anti-TCR-induced CD4+ or CD8+ T cell proliferation (Fig. 3C). We had
previously shown that CD11b+Gr-1+ cells from tumor-bearing MTAG mice also possessed
immunosuppressive capabilities (52).

Tumor-induced CD11b+Gr-1+ cells are pro-tumorigenic in vivo
Next, we evaluated whether the tumor-induced CD11b+Gr-1+ cells from these two models
demonstrated distinct biological activities compared to their respective non-tumor-bearing
controls. In addition to promoting immunosuppression, tumor-induced CD11b+Gr-1+ cells
have been described to enhance tumor growth when admixed with syngeneic tumor cells and
reinjected into naïve mice (9,10). We therefore investigated whether CD11b+Gr-1+ cells
obtained from either the 4T1 or the MTAG model were similarly pro-tumorigenic, but
functionally distinct from CD11b+Gr-1+ cells of control mice.

We found that when 4T1 tumor-induced CD11b+Gr-1+ cells were admixed with fresh 4T1
tumor cells and injected orthotopically into new groups of syngeneic mice, there was an
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enhanced rate of tumor growth compared to admixtures of CD11b+Gr-1+ cells derived from
the spleens of non-tumor-bearing control mice (p = 0.011) (Fig. 4A). In contrast,
CD11b+Gr-1+ cells derived from non-tumor-bearing control mice, when admixed with fresh
4T1 tumor cells, had a comparable rate of tumor growth compared to 4T1 tumor cells injected
alone (Cnt vs. alone, p = 0.57), revealing that control CD11b+Gr-1+ cells had no pro-
tumorigenic effect (Fig. 4A). Similarly, in the MTAG model, when CD11b+Gr-1+ cells
generated from tumor-bearing or control mice were admixed with AT-3, an autologous MTAG-
derived tumor cell line, a significantly enhanced tumor growth rate was observed in recipient
B6 mice using tumor-induced, but not control CD11b+Gr-1+ cells (p = 0.031, when compared
to each other) (Fig. 4B). As with the 4T1 model, there was no difference in the rate of AT-3
growth alone when compared to the rate of growth of AT-3 cells admixed with
CD11b+Gr-1+ cells from control mice (Cnt vs. alone, p = 0.85). Thus, tumor-induced
CD11b+Gr-1+ cells isolated from both implantable and autochthonous models were similarly
pro-tumorigenic, but biologically distinct from CD11b+Gr-1+ cells of their non-tumor-bearing
counterparts, as determined by this admixture analysis.

Depletion of tumor-induced CD11b+Gr-1+ cells enhance a T cell-based immunotherapy
In addition to using an “admix” approach to determine whether tumor-induced
CD11b+Gr-1+ cells augment tumor growth (Fig. 4), we made use of a reciprocal approach to
examine whether the elimination of these myeloid populations would reduce tumor growth
and, perhaps, further improve response to extrinsic immunotherapy. In the 4T1 model, an Ab-
based approach was employed to deplete Gr-1-expressing cells in vivo (47) alone or in
combination with CTLA-4-blockade (Fig. 5), which has previously been used successfully to
potentiate tumor immunity (48,49). Depletion of Gr-1+ cells alone retarded 4T1 tumor
progression (p = 0.0002), and appeared to be most effective in the early phases of tumor growth.
Treatment with anti-CTLA-4 mAb alone also had an overall significant inhibitory effect on
tumor growth (p = 0.001), although becoming evident later during tumor progression, as would
be expected from the induction of an improved antitumor T cell response. Interestingly, a
synergistic enhanced antitumor response was observed when the two treatments were
combined, relative to Gr-1 depletion alone (p = 0.0002) or CTLA-4 blockade alone (p =
0.0002).

Therefore, as evident in both the admix (Fig. 4) and depletion experiments (Fig. 5), our findings
are consistent with the hypothesis that CD11b+Gr-1+ cells generated in these models favor
tumor progression, and that the elimination of potentially immunosuppressive and pro-
tumorigenic (Gr-1-expressing) myeloid populations can augment certain T cell-based
immunotherapies. These findings also extend other studies, revealing that biological- or
immune-based therapies mediate stronger antitumor effects when combined with strategies
that eliminate MDSC or inhibit their suppressive function (54-57).

Increased IRF-8 expression decreases the pro-tumorigenic behavior of tumor-induced
CD11b+Gr-1+ cells

Recently, we found that IRF-8 expression, an essential myeloid-associated developmental/
differentiation transcription factor (37-39) is inversely related to, and a potential negative
regulator of, CD11b+Gr-1+ cell accumulation in tumor-bearing MTAG mice (43). IRF-8 has
also been shown to play an important role in myeloid cell function, including the regulation of
IL-12p40 and RANTES production (38,40,41). Given the importance of IRF-8 in myeloid cell
biology and function, including ensuring normal myelopoiesis and governing the production
of certain type-1 pro-inflammatory cytokines, we investigated whether IRF-8 may be an
important molecular determinant of the pro-tumorigenic behavior of CD11b+Gr-1+ cells. We
therefore examined whether IRF-8 over-expression could modify the pro-tumorigenic behavior
of tumor-induced CD11b+Gr-1+ cells. Based on the earlier observations that revealed that
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tumor-induced CD11b+Gr-1+ myeloid cells were similarly pro-tumorigenic in both 4T1 and
AT-3 tumor models (Fig. 4), we therefore focused on the 4T1 model for the following
experiments.

To test this hypothesis, we purified CD11b+Gr-1+ cells from 4T1 tumor-bearing wild-type and
IRF-8 transgenic mice and compared their pro-tumorigenic behavior in the tumor cell-myeloid
cell admix model. Since the IRF-8 transgenic mouse was originally developed on a B6
background (H-2b), we used semi-syngeneic (hybrid) mice to examine the impact of IRF-8 in
the 4T1 tumor model (Fig. 6A). These mice were produced by breeding IRF-8 transgenic male
mice with wild-type female BALB/c mice to generate F1 progeny (H-2b/d), which will accept
the H-2d-expressing 4T1 tumor allograft. Although in this model we observed no significant
impact of the IRF-8 transgene on the percentage of splenic CD11b+Gr-1+ cells or their
expression of the CD11b and Gr-1 markers (data not shown), we did however observe a
significant difference in the biology of the CD11b+Gr-1+ cells based on their reduced
tumorigenic behavior in the tumor cell-myeloid cell admix experiments (Fig. 6).

Similar to what we previously demonstrated in fully syngeneic mice (Fig. 4A),
CD11b+Gr-1+ cells of tumor-bearing wild-type mice exerted a pro-tumorigenic effect on 4T1
tumor growth in this hybrid model (p = 0.0004) (Fig. 6A). However, when 4T1 cells were
admixed with CD11b+Gr-1+ cells of tumor-bearing IRF-8 transgenic mice, this resulted in a
significant decrease in the size and tumor growth rate compared to 4T1 cells injected either
alone (p = 0.001) or with CD11b+Gr-1+ cells of tumor-bearing wild-type mice (p = 0.0002)
(Fig. 6A). Thus, increased expression of IRF-8 in tumor-induced CD11b+Gr-1+ cells
significantly impacted the biology of these cells and led to a reduction in their pro-tumorigenic
capacity. The increase in IRF-8 expression in CD11b+Gr-1+ cells from individual 4T1 tumor-
bearing IRF-8 transgenic mice compared with similarly isolated cells of 4T1 tumor-bearing
wild-type mice, which were used in these admix experiments, was verified by RT-PCR analysis
(Fig. 6C; upper panels). An analysis of IRF-8 expression levels revealed that the higher levels
of IRF-8 observed in non-tumor-bearing IRF-8 transgenic (Tg+) mice, compared to the non-
tumor-bearing wild-type (Tg-) mice, were maintained during tumor growth (Fig. 6C).

To examine whether host immune responses were involved in the mechanism of the observed
CD11b+Gr-1+-mediated pro- or antitumor effect, we repeated these experiments in
immunodeficient bg-nude-XID mice, which are functionally deficient in T, B and NK cells
(Fig. 6B). Interestingly, the pro-tumorigenic effect of CD11b+Gr-1+ cells from tumor-bearing
wild-type mice on 4T1 tumor growth was abrogated (p = 0.21). These data indicated that
eliminating the host immune system in recipient mice also eliminated the functional capacity
of the CD11b+Gr-1+ cells to enhance tumor growth. In contrast, CD11b+Gr-1+ cells of tumor-
bearing IRF-8 transgenic mice maintained their ability to significantly inhibit the overall rate
of tumor growth when compared to 4T1 cells injected either alone (p < 0.0001) or coinjected
with CD11b+Gr-1+ cells of tumor-bearing wild-type mice (p = 0.003). When these cells were
examined in vitro for their ability to suppress T cell proliferation, we observed that tumor-
induced CD11b+Gr-1+ cells from both IRF-8 transgenic and non-transgenic mice were equally
effective in their ability to inhibit anti-TCR-induced CD4+ or CD8+ T cell proliferation (Fig.
6D).

However, the cytokine/chemokine production profiles of tumor-induced CD11b+Gr-1+ cells
from IRF-8 transgenic mice were different from those of the corresponding non-transgenic
mice (Fig. 7). CD11b+Gr-1+ cells from tumor-bearing IRF-8 transgenic mice produced
significantly higher levels of RANTES, IL-6 and IL-1α, as well as significantly lower levels
of IL-10 and MIP-1α. Although we did not observe a significant change in IL-12 levels, there
was a tendency toward the production of higher amounts by CD11b+Gr-1+ myeloid cells of
the IRF-8 transgenic group. Furthermore, we observed significant increases in two other pro-
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inflammatory chemokines, MDC (macrophage-derived chemokine) and IP-10. Thus, enhanced
IRF-8 expression within the tumor-induced CD11b+Gr-1+ population resulted in a cytokine
production pattern that had reverted to a more “normal”, non-tumor-bearing phenotype (Figs.
3 & 7). Together, these data indicated that IRF-8 expression directly affected the pro-
tumorigenic behavior of these cells, and rendered tumor-induced CD11b+Gr-1+ cells less
tumorigenic, presumably due to cell contact-dependent or –independent (cytokine-driven)
interactions with the tumor and/or other non-immune host cells within the tumor
microenvironment.

DISCUSSION
In this study, we investigated whether tumor-induced CD11b+Gr-1+ cells were biologically
distinct from those of non-tumor-bearing hosts and whether IRF-8 regulated molecular events
influenced their pro-tumorigenic behavior. To do so, we made use of both implantable and
autochthonous mouse models of mammary carcinoma. We found that the accumulation of
CD11b+Gr-1+ cells in the 4T1 model occurred more rapidly and at much lower tumor loads
than that of MTAG mice. This disparity may reflect the acute nature of the implant model, or
the aggressiveness of 4T1 tumor growth, which may override host homeostatic mechanisms
that restrict CD11b+Gr-1+ cell expansion. In contrast, in the autochthonous MTAG model
where host-tumor interactions occur over a prolonged period of time, these homeostatic
mechanisms may have the opportunity to elicit some control.

The differential expansion of CD11b+Gr-1+ cells in the 4T1 versus MTAG models may also
reflect the types or levels of TDF produced. For instance, several studies have reported that
different tumors secrete various TDF that modulate the development, differentiation and/or
function of CD11b+Gr-1+ cells, namely VEGF, GM-CSF, G-CSF, IL-10, PGE2, IL-1β and
IL-6 (21,23-32). Indeed, this is supported by our analysis of TDF produced by 4T1 and MTAG-
derived (AT-3, Mtg2) tumor cells. These tumor cell lines produced varying levels of G-CSF,
GM-CSF, MCP-1 and/or VEGF, which may influence the tumor growth rates and govern, at
least in part, the rate and magnitude of MDSC accumulation in tumor-bearing hosts. Another
TDF that was expressed by these tumor cell lines was KC, which is functionally equivalent to
GROα (58). Although the production of KC by tumor cells has not previously been shown to
be related to MDSC accumulation, trafficking or function, it has the potential to affect MDSC
biology due to its ability to chemoattract certain myeloid subsets. Future studies are needed to
evaluate the contribution of these and/or other TDF that affect MDSC biology, and the
physiological significance of the different time-courses of CD11b+Gr-1+ cell generation on
host immunosuppression and tumor growth.

We also demonstrated that other than Mac3 staining, there appeared to be no overt differences
in the expression of a range of cell surface markers associated with immunoregulation between
CD11b+Gr-1+ cells derived from either the 4T1 (BALB/c) or MTAG (C57BL/6) models.
However, some interesting phenotypic differences were observed between tumor-induced
CD11b+Gr-1+ cells of either model when compared to similarly isolated cells from
corresponding non-tumor-bearing control mice. For example, reduced levels of F4/80, CD31,
CD48, CD54 and CD40 staining were detected on tumor-induced CD11b+Gr-1+ cells when
compared with control cells of either model. In contrast, no differences in MHC class I or II
staining or staining for the costimulatory molecules, CD80 and CD86, were observed.
Although it remains to be further investigated, it is conceivable that the reduction in markers,
such as the adhesion molecules CD31, CD48 and CD54 and/or the costimulatory molecule
CD40, may contribute to the immunosuppressive phenotype of the tumor-induced
CD11b+Gr-1+ cells and may be used to further define specific functional subsets of MDSC.
Despite the marked differences in the rate of CD11b+Gr-1+ cell accumulation between the two
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mammary tumor models, these tumor-induced myeloid populations were essentially
phenotypically and functionally similar.

To evaluate cytokine phenotype, we made use of IFN-γ and LPS stimulation. This rationale
was based on the notion that if tumor growth intrinsically altered the biology of these myeloid
cells, then their cytokine response under these same activation conditions would be distinct
from that observed with myeloid cells from non-tumor-bearing control mice. Our observations
supported that hypothesis, indicating that the cytokine phenotype of CD11b+Gr-1+ myeloid
cells from tumor-bearing mice were indeed intrinsically altered. Thus, despite the use of an
activation cocktail that is thought to elicit a M1 phenotype in “naïve” (control)
CD11b+Gr-1+ myeloid cells, this same stimuli combination led to a distinct cytokine pattern
in those cells from tumor-bearing mice. Overall, this profile revealed not only a higher
production of certain inflammatory cytokines/chemokines, such as IL-1α, IL-1β, MCP-1,
MIP-1α and IL-10, but also a lower production of IL-12, RANTES and IL-6. The elevated
levels of IL-1α, IL-1β, MCP-1 and MIP-1α may contribute to diverse aspects of MDSC
function, such as tissue or tumor infiltration, as well as how they affect the biology of other
infiltrating myeloid populations, such as tumor-associated macrophages (59). IL-10 is a major
determinant of a type-2 response (60), and can enhance the immunosuppressive behavior of
MDSC (21). Additionally, elevated IL-10 production from these cells may promote T cell
anergy (61), block DC-mediated priming of naïve T cells (61) and, when detected in sera, serve
as a poor prognostic indicator in a variety of cancers (62,63). IL-1β has also been shown to
promote tumor progression by enhancing the accumulation of MDSC (27-30).

Additional studies have shown that MDSC can impair tumor immunity by increasing
macrophage production of IL-10 and decreasing IL-12, thus leading to diminished T cell
activation (64). Therefore, along with a reduction in RANTES, which may lessen the extent
of T cell migration to the tumor microenvironment, decreased IL-12 levels could impair an
adaptive immune response. In terms of IL-6, it was somewhat surprising that tumor-induced
CD11b+Gr-1+ cells produced significantly less IL-6 than control cells, since elevated IL-6
levels has been associated with poor prognosis in cancer patients (65) and MDSC accumulation
(21). However, because IL-6 may be utilized by MDSC as shown in vivo, (28) reduced IL-6
levels of tumor-induced CD11b+Gr-1+ cells in vitro may reflect in part cytokine consumption,
which remains to be elucidated. Collectively, these data identify previously unrecognized
cytokine/chemokine patterns of tumor-induced CD11b+Gr-1+ cells, notably elevated levels of
MCP-1 and MIP-1α and diminished amounts of RANTES, which may also contribute to their
pro-tumorigenic phenotype.

Lastly, we investigated the role of IRF-8 in the modulation of the pro-tumorigenic capabilities
of these CD11b+Gr-1+ cells. Because MDSC represent an aberrantly expanded heterogeneous
population of CD11b+Gr-1+ myeloid cells, we postulated that this altered phenotype may
reflect altered IRF-8 levels that ordinarily control key aspects of normal myeloid cell
differentiation and biology (37-39,42). Therefore, we further reasoned that modulation of
IRF-8 levels in tumor-induced CD11b+Gr-1+ cells may restore, at least to some extent, normal
myeloid cell functions. Using the tumor cell-myeloid cell admix approach, we found that
CD11b+Gr-1+ cells that accumulated in tumor-bearing IRF-8 transgenic mice were
significantly less pro-tumorigenic, although not immunosuppressive (at least in vitro), than
similar cells produced in tumor-bearing non-transgenic mice. These observations were made
in both immune-competent and immune-deficient mice, indicating that such IRF-8-mediated
changes also directly affected myeloid cell-tumor cell interactions and/or myeloid-associated
interactions with other non-immune host cells within the tumor microenvironment. Future
studies are warranted to investigate these possibilities in detail, as well as to examine further
the roles played by IRF-8.
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In addition to IRF-8 modulation of the in vivo biology of these tumor-induced CD11b+Gr-1+

cells, our data indicate that the cytokine/chemokine patterns of these cells can be partially
restored to a more normal cytokine profile, particularly in terms of IL-6 and RANTES levels,
which were significantly elevated, as well as IL-10 and MIP-1α levels, which were significantly
reduced relative to tumor-induced CD11b+Gr-1+ cells from non-transgenic mice. Moreover,
it is interesting to note that IP-10 (CXCL10) and MDC (CCL22) levels produced by
CD11b+Gr-1+ cells from tumor-bearing IRF-8 transgenic mice were significantly higher
compared with similarly isolated cells from tumor-bearing non-transgenic mice. IP-10 has been
shown to inhibit tumor growth by blocking tumor angiogenesis, enhancing apoptosis and
facilitating CTL development (66,67). Ectopic expression of the gene encoding MDC in a
murine lung tumor model has been shown to promote tumor rejection in vivo, and both T cells
and DC have been shown to play important roles in this MDC-mediated mechanism of tumor
rejection (68). Thus, tumor-induced changes in the IRF-8 levels of CD11b+Gr-1+ myeloid cells
may have important pathological as well as therapeutic implications, and represent an integral
determinant for the regulation of these myeloid populations.
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Abbreviations used in this paper
IRF-8  

interferon regulatory factor-8

LPS  
lipopolysaccharide

MTAG  
Middle T AntiGen

MDSC  
myeloid-derived suppressor cells

MMTV-PyMT 
mouse mammary tumor virus-polyomavirus middle T antigen

TDF  
tumor-derived factors

Tg  
transgenic
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Figure 1. Tumor model-specific differences in the generation of CD11b+Gr-1+ MDSC
(A) Using both implantable and autochthonous mouse models of mammary tumor growth,
spleens of mice with increasing tumor loads were recovered and the percentage of
CD11b+Gr-1+ cells determined by flow cytometry. For the 4T1 model, syngeneic BALB/c
mice were injected orthotopically with 4T1 tumor cells, and analyzed at various time points
post-tumor implantation (n=5 mice per timepoint). Error bars represent standard deviations.
For the MTAG model, results for individual MTAG mice with increasing tumor burdens are
shown. (B) Cell-free supernatants from 4T1, AT-3 and Mtg2 tumor cells were collected in
vitro and analyzed for the indicated cytokines/chemokines. The sample size varied between 5
– 8 determinations per cytokine/chemokine. Data represent mean ± SEM. (C) Sera were

Stewart et al. Page 18

J Immunol. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collected from 4T1 or AT-3 tumor-bearing mice and analyzed for the indicated cytokine/
chemokines. GM-CSF levels were undetectable. Each data point represents the results from
an individual mouse (n = 8), while the horizontal bar in the graph indicates the mean.
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Figure 2. Phenotypic analysis of purified CD11b+Gr-1+ cells from 4T1 and MTAG tumor models
CD11b+Gr-1+ cells were isolated from the spleens of either 4T1 or MTAG tumor-bearing mice,
as described in the Materials and Methods, and compared with similarly purified cells from
age/gender-matched non-tumor-bearing BALB/c or C57BL/6 control mice, respectively. (A)
Cells were stained for a range of cell surface markers. Solid line, cells of tumor-bearing mice;
dotted line, cells of control mice; gray-filled histogram, isotype control Ab. Results are
representative of at least 2 similar experiments. (B) Purity of the cells analyzed in panel A and
their expression of the CD11b and Gr-1 markers.
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Figure 3. Cytokine production profiles of CD11b+Gr-1+ cells from 4T1 and MTAG tumor models
CD11b+Gr-1+ cells were isolated from the spleens of either 4T1 or MTAG tumor-bearing (TB)
mice or age/gender-matched non-tumor-bearing control (Cnt) mice, as in Fig. 2. Cells were
incubated for 24 hr with or without LPS (1 μg/ml) and IFN-γ (100 U/ml) stimulation.
Supernatants were harvested and analyzed for a range of cytokines/chemokines. Cytokines,
including IL-2, IL-3, IL-4, IL-5, IL-9 and GM-CSF were also measured, but are not shown
because they were undetectable. (A) Supernatants from the culture of CD11b+Gr-1+ cells
isolated from either BALB/c Cnt or TB mice are shown. Each individual sample was run in
triplicate and the average value plotted. The horizontal line represents the mean of the values
for 10 individual mice. Data shown are representative of two separate experiments (n=5 in the
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first experiment, which is not shown). For all the cytokines/chemokines shown, the differences
between cells from TB vs. control mice were highly significant (p < 0.005). (B) Individual TB
MTAG mice were directly compared with an age/gender-matched control mouse (usually
littermates). Error bars represent the standard deviations of triplicate values. Total tumor
volumes for the ten individual mice covered a range from 7.3 cm3 to 12.5 cm3. (C) Splenic
CD4+ or CD8+ T cells were purified from non-tumor-bearing wild-type (wt) CB6F1/J mice.
T cells were mixed with CD11b+Gr-1+ cells (1:2 ratio) purified from the spleens of either wt
(n=4) or one of several 4T1 tumor-bearing (TB) CB6F1/J mice. Cultures were then incubated
in the absence or presence of immobilized anti-CD3 mAb for 48 hr. Proliferation was measured
by 3H-thymidine uptake after an additional 24 hr of incubation. Results represent the mean ±
SD of triplicate wells.
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Figure 4. CD11b+Gr-1+ cells from tumor-bearing mice are pro-tumorigenic
CD11b+Gr-1+ cells were isolated from the spleens of either 4T1- (A) or MTAG (B) tumor-
bearing mice (TB) or age/gender-matched non-tumor-bearing control (Cnt) mice, as in Fig. 2.
These CD11b+Gr-1+ cells were admixed with 4T1 or AT-3 tumor cells, respectively, just prior
to orthotopic tumor challenge in the abdominal mammary gland, as described in the Materials
and Methods. Tumor growth was monitored thrice weekly. Error bars represent the standard
error of 10 mice per group. P-values are for the overall significance in the tumor growth rate
difference between the groups.
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Figure 5. Depletion of Gr-1-expressing cells enhances T cell-based immunotherapy
4T1-challenged BALB/c mice were depleted of Gr-1-expressing cells using anti-Gr-1 mAb
administered i.p. on days 5, 6, 10, and 13 after tumor implantation. In other groups, mice were
treated with anti-CTLA-4 mAb i.p. on days 7, 11, and 14 relative to tumor implantation or a
combination of protocols for both Gr-1 depletion and anti-CTLA-4 administration. Tumor
growth was monitored thrice weekly. Error bars represent the standard error of 10 mice per
group. P-values were calculated by O’Brien’s method, which tested for overall differences in
tumor volumes across all time points.
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Figure 6. Increased expression of IRF-8 in tumor-induced CD11b+Gr-1+ cells exerts an antitumor,
rather than pro-tumorigenic effect
CD11b+Gr-1+ cells were purified from the spleens of 4T1 tumor-bearing hybrid (Tg-) or 4T1
tumor-bearing IRF-8 transgenic hybrid (Tg+) mice. These CD11b+Gr-1+ cells were then
admixed with fresh 4T1 tumor cells (at a 1:2 ratio) just prior to tumor cell implantation. The
admixed cell preparation was injected orthotopically into the abdominal mammary gland of
(A) wild-type BALB/c mice or (B) immunodeficient bg-nu-XID mice. Tumor growth was
monitored thrice weekly. Error bars represent the standard error of 7 mice in the group given
4T1 alone, and 10 mice each for the other two groups. P-values for overall significance in the
tumor growth rate between groups are shown. (C) Top: IRF-8 expression in splenic
CD11b+Gr-1+ cells of representative individual 4T1 tumor-bearing IRF-8 Tg- and IRF-8
Tg+ hybrid mice, as determined by RT-PCR analysis; Bottom: IRF-8 expression in splenic
CD11b+Gr-1+ cells of non-tumor-bearing Tg- or non-tumor-bearing IRF-8 Tg+ hybrid mice
from two separate experiments. (left) CD11b+Gr-1+ cells pooled from four Tg- and three
Tg+ mice; (right) CD11b+Gr-1+ cells pooled from four Tg- and five Tg+ mice. (D) Splenic
CD4+ or CD8+ T cells were purified from non-tumor-bearing wild-type (wt) CB6F1/J mice.
T cells were mixed with CD11b+Gr-1+ cells (1:2 ratio) purified from the spleens of either wt
or 4T1 tumor-bearing IRF-8 transgene-positive (TB:Tg+) or transgene-negative (TB:Tg-)
CB6F1/J mice. Proliferation was measured by 3H-thymidine uptake, with the results
representing the mean ± SD of triplicate wells.
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Figure 7. Cytokine production patterns of CD11b+Gr-1+ cells from tumor-bearing IRF-8
transgenic versus non-transgenic mice
CD11b+Gr-1+ cells were isolated from the spleens of either 4T1 tumor-bearing IRF-8
transgenic or non-transgenic mice, as in Fig. 6. Cells were incubated for 24 hr with or without
LPS (1 μg/ml) and IFN-γ (100 U/ml). Supernatants were harvested and analyzed for a range
of cytokines/chemokines. The sample size varied between 5 and 11 determinations per group.
Prior to this analysis, the cytokine data was transformed (log10(y)), and then the log10
differences between the transgenic and non-transgenic groups were calculated according to
sample number. The values of the log differences [i.e., log10 (Tg+ group) minus log10 (Tg-
group)] are shown for each cytokine tested, along with the associated two-tailed p-value as
determined by ANOVA. In this figure, a positive difference indicates that the Tg+ value is
greater than that of the paired Tg- mouse. Seven cytokines had a mean difference that was
significantly different from zero.
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