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Abstract
B7x (B7-H4 or B7S1) is an inhibitory member of the B7 family of T cell costimulation. It is
expressed in low levels in healthy peripheral tissues such as the lung epithelium, but over-
expressed in a variety of human cancers with negative clinical associations including metastasis.
However, the function of B7x in the cancer context, whether expressed on cancer cells or on
surrounding “host” tissues, has not been elucidated in vivo. We utilized the 4T1 metastatic breast
cancer model and B7x knockout (B7x−/−) mice to investigate the effect of host tissue-expressed
B7x on cancer. We found that 4T1 cells were B7x negative in vitro and in vivo and B7x−/− mice
had significantly fewer lung 4T1 tumor nodules than wildtype mice. Furthermore, B7x−/− mice
showed significantly enhanced survival and a memory response to tumor rechallenge. Mechanistic
studies revealed that the presence of B7x correlated with reduced general and tumor-specific T cell
cytokine responses, as well as with an increased infiltration of immunosuppressive cells, including
tumor associated neutrophils (TANs), macrophages, and regulatory T cells into tumor-bearing
lungs. Importantly, the TANs strongly bound B7x protein and inhibited proliferation of both CD4
and CD8 T cells. These results suggest that host B7x may enable metastasizing cancer cells to
escape local anti-tumor immune responses through interactions with the innate as well as the
adaptive immune systems. Targeting the B7x pathway thus holds much promise for improving the
efficacy of immunotherapy for metastatic cancer.
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Introduction
Metastasis is the most clinically challenging aspect of cancer. The majority of cancer-related
deaths are due not to primary tumors, which are amenable to treatment, but to metastases,
which are difficult to detect early and even harder to eradicate. Metastasis is an inefficient
process consisting of a series of rate-limiting steps (1). Tumor cells must break away from
the primary tumor, invade blood vessels, survive in the circulation, leave the bloodstream
and enter tissues, and start growing into metastatic colonies. All of these steps must occur
for metastasis to happen. There is currently an intense effort to understand the pathways that
promote cancer metastasis so as to identify therapeutic targets and develop strategies against
metastasis.
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Among the many factors that are necessary for the establishment of metastases is an
immunosuppressive secondary site. Once they have successfully left the primary tumor and
entered and survived the circulation, metastasizing cells arrest in tissue and attempt to
proliferate. These cells often develop into micrometastases which can further grow into
independent tumors, but this depends largely on interactions between these cells and their
new environment (1). The immune system plays an important role in these processes. In
addition to infiltration by effector immune cells attempting to mount anti-tumor responses,
growing metastases are inundated by immunosuppressive cells and molecules that enable
tumor cells to escape destruction by the immune system (2–4). To design immunotherapies
that are effective in metastatic cancers, it is necessary to understand the pathways involved
in promoting tumor immunosuppression (5), particularly in the metastatic site.

B7x (B7-H4 or B7S1) is a recently-discovered protein that is overexpressed in numerous
human cancers and, in many cases, correlates with negative clinical outcome (6–21). B7x
expression in renal cell carcinoma and tumor vasculature is associated with cancer
progression and survival (6, 14). Prostate cancer patients with strong expression of B7x by
tumor cells is significantly more likely to have disease spread and are at increased risk of
clinical cancer recurrence and cancer-specific death (15). In human gastric cancer, tumor
expression of B7x predicts poor survival (17). Similar findings have also been reported in
studies of ovarian cancer and lung cancer (10, 21). Among the negative clinical associations
of B7x is increased metastasis, itself a strong predictor of mortality, as was found in lung,
kidney, prostate, and gastrointestinal cancers (10, 14, 15, 17, 18, 20).

While there is a growing literature on B7x expression and associations in cancer, little is
currently known regarding the particular functions of B7x in the cancer context. An
inhibitory member of the B7 family of T cell costimulation, B7x binds activated T cells and
inhibits proliferation and cytokine production in vitro (22–24). In contrast to classical B7
family members B7-1 and B7-2, which are expressed on antigen presenting cells (APCs) in
lymphoid organs, B7x is expressed on non-immune cells in peripheral tissues (12, 25–27).
We initially observe relatively high B7x mRNA expression in murine lung (22) and recently
find that this extends to protein expression. Specifically, we find that normal mouse lung
tissue shows expression of B7x protein on epithelial cells, but not on immune cells (25, 27).
The localization of B7x and its ability to inhibit activated T cells suggest a role in
modulating T cell responses on site in the periphery. Furthermore, there is some clinical
evidence linking B7x expression in cancer to reduced T cell infiltration into tumors (7, 10,
19, 21, 28). These data suggest a potential pro-tumor function for B7x through the reduction
of anti-tumor immune responses. B7x overexpression in cancer may be a mechanism of
tumor immune evasion that results in increased survival and metastasis of cancer cells.
However, this has yet to be proven in an in vivo cancer model.

In addition to B7x overexpressed in tumor cells, B7x is expressed in low levels in some
normal peripheral tissues. We wondered whether the presence of B7x in particular organs,
independent of that expressed on tumor cells themselves, played a role in supporting
metastatic growth by biasing the immunological milieu of a metastatic site towards
immunosuppression. We therefore investigated the role of B7x in a cancer model focusing
specifically on B7x expressed in non-tumor, “host” tissue cells. As B7x is expressed in the
lung, we used a B7x knockout (B7x−/−) mouse and 4T1, a B7x-negative lung metastasis
model, and found that B7x−/− mice had reduced lung metastasis, more potent effector
immune responses, and fewer regulatory T cells (Tregs), macrophages, and tumor associated
neutrophils (TANs) as compared to wildtype (wt) mice. Surprisingly, we found that B7x
strongly bound TANs, which could suppress proliferation of both CD4 and CD8 T cells.
This study suggests that host B7x may be a factor in organs such as lung that promotes
growth of metastases through immunosuppressive functions.
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Material and Methods
Animals

B7x−/− mice were previously described (26) and backcrossed to BALB/c for over 10
generations. Age- and sex-matched BALB/c mice were purchased from National Cancer
Institute (Fredrick, MD) and the Jackson Laboratory (Bar Harbor, ME). Mice were
maintained under specific pathogen-free conditions at the Albert Einstein College of
Medicine and experiments were performed according to Institutional Animal Care and Use
Committee guidelines.

Cell Lines and stimulation
The 4T1 cell line was derived from a spontaneous mammary carcinoma in a BALB/c mouse
(29) and cultured in DMEM containing 10% FBS and 0.4 HSP U/ml insulin. 105 4T1 cells
were injected for experimental metastasis and mechanism experiments. For survival studies,
105 4T1 cells were injected initially and 2 × 105 4T1 cells were injected for re-challenge.
Thy1.1/MSCV vector was used to generate retrovirus and then transfected into 4T1 cells,
and Thy1.1 positive 4T1 cell transfectants, Thy1.1/4T1, were sorted out by FACS using an
anti-Thy1.1 mAb. 105 Thy1.1/4T1 cells were injected into mice. Human cell lines (HL60,
AP-1060, Jurkat, Raji, and HeLa) were cultured in complete RPMI, with the exception of
AP-1060 cells, which were cultured in complete RPMI with 5% A5637 cell conditioned
media(30). For in vitro stimulation, 4T1 cells were incubated with IFN-γ (10 and 100 ng/
ml) for 24–72h. The expression of B7x and PD-L1 were then measured with FACS.

RT-PCR
RNA was isolated from tissue using the Trizol system (Sigma) and converted to cDNA
using the Im-Prom-II system (Promega). Primers for B7x cDNA or beta-actin were used in
PCR to detect B7x expression.

Experimental lung metastasis quantification
Mice were sacrificed and injected intratracheally with 15% India ink (Sigma). Lungs were
excised and fixed/destained overnight in Fekete’s solution (31) and surface nodules were
enumerated under a dissecting microscope.

Cell isolation and flow cytometry
Following mouse anesthetization and perfusion with PBS, lungs and spleens were digested
using GentleMACS (Miltenyi Biotec) or frosted glass. After RBC lysis, filtered cell
suspensions were resuspended in FACS buffer (0.5% BSA in PBS) or for co-culture
experiments, in sterilized MACS buffer (0.5% BSA, 2 mM EDTA in PBS). In co-culture
experiments, T cells were purified from lung using Thy1.2 MACS beads (Miltenyi Biotec)
in sterile MACS buffer. Cells were incubated with anti-mouse CD16/32 (eBioscience) to
block Fc receptors and then stained with the following biotin- or fluorophore-conjugated
anti-mouse monoclonal antibodies: From eBioscience, anti-B220, B7-H4 (clone 9), PD-L1,
CD11b, CD11c, CD4, CD45, CD49b (clone Dx5), CD8α, F4/80, FoxP3 (clone FJK-16s),
GR1 (clone RB6-8C5), IFN-γ, Streptavidin, TNF-α; From BD Biosciences, anti-CD4,
CD11b, Ly6G (clone 1A8), and Ly6C; From Abd Serotec, F4/80-alexa fluor 647. For
intracellular staining, cells were permeablized using the FoxP3 staining buffer set
(eBioscience). Samples were acquired on a FACSCalibur, LSRII or LSRII yellow (BD
Biosciences), and analyzed with FlowJo (Treestar). Cells were gated on live cells using
forward scatter and Live/dead marker (Molecular Probes), and then on CD45-positive cells,
followed by additional lineage markers.
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Intracellular cytokine staining
Cells were stimulated in 37°C for around 6 h with 0.5 or 1 ug/ml PMA (Enxo Life Science
International) and 1.87 ug/ml ionomycin (Sigma) in the presence of Golgistop (BD
Biosciences) and monensin (Sigma). Cells were washed, Fc blocked, and stained with CD4,
CD8, and Live/dead marker, then permeablized and stained with anti-IFN-γ, TNF-α, or
isotype controls in permeablization buffer for 30 min.

Tumor-specific cytokine stimulation
Bone marrow cells were isolated from the femur and tibia of naïve mice and cultured in
complete RPMI containing GM-CSF and IL-4 (20 ng/ml each) (BD Biosciences), replaced
every other day for 6 d, to generate dendritic cells (DCs). Cells were incubated for an
additional day with 200 ng/ml LPS and 4T1 lysate, generated through 3 freeze/thaw cycles.
Loaded DCs were incubated for 18 h with cell suspensions from lungs of day 18 4T1
intravenous (i.v.) injected mice. Golgiplug (BD Biosciences) was added during the last 4
hours, and then cells were stained extracellularly and for cytokine production as above.

T cells and neutrophils co-culture assays
T cells were purified from naïve spleen using Thy1.2 MACS beads (Miltenyi Biotec) and
labeled with CFSE (Invitrogen) at a final concentration of 2.5 μM. Neutrophils were
isolated from bone marrow or lung by labeling single cell suspensions with FITC-
conjugated Ly6G antibody (BD Biosciences) followed by positive selection using FITC
MACS beads. Purity was generally > 90%. Neutrophils and T cells were co-cultured in
complete RPMI in 96 well round bottom plates coated with 5 μg/ml anti-CD3 (145-2C11)
(eBioscience). After 4 days, cells were labeled and acquired by FACS. Proliferation index
was calculated by FlowJo (32).

Cytospin
Ly6Ghi cells were sorted using a FACSAria (BD Biosciences), resuspended in PBS with
10% FBS, centrifuged in a Cytospin 2 (Shandon), stained with harris hematoxylin (Fisher),
and photographed by Coolscope Digital camera (Nikon).

Histology
Lungs were fixed in zinc fixative (BD Pharmingen) and embedded in paraffin. Five μm
sections were stained with harris hematoxylin and eosin (Polyscientific) and photographed
by CoolScope.

Ig fusion proteins
B7x-Ig and control Hu-IgG were generated as previously described (22). MACS-purified
neutrophils or total cell suspensions were incubated with 1 μg/100ul Ig protein for 45 min
on ice. Cells were washed, incubated with fluorophore-conjugated anti-human IgG Fcγ
(Jackson Immunoresearch) for 30 min, and acquired by FACS.

Statistics
Statistical analysis was performed with Prism software (Graphpad) using the unpaired
Student t-test or the log-rank test (survival studies), with results typically displayed as mean
± SEM. P values of < 0.05 were considered statistically significant.
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Results
B7x deficiency protects mice from experimental lung metastasis

We recently show that B7x protein is detected on the bronchial epithelium of the lung (25),
but not on any cells of hematopoietic origin or lymphoid tissues (25–27). Therefore, we
utilized B7x−/− mice on a BALB/c background and a syngeneic pulmonary metastasis
model, 4T1, to explore the effect of tissue-expressed B7x on cancer metastasis. Like naïve
B7x−/− mice on 129 background (26), naïve BALB/c B7x−/− mice had no apparent
phenotype and had normal numbers and distribution of immune cells. 4T1 is an aggressive,
highly metastatic mammary carcinoma cell line that spontaneously metastasizes to lung
(29). We first ascertained that 4T1 cells did not express B7x so as to preclude recognition of
B7x as a foreign antigen in B7x−/− mice. 4T1 cells did not express B7x in vitro (Fig. 1A).
This did not change upon stimulation with IFN- γ. Whereas IFN-γ stimulation was able to
up-regulate PD-L1 expression on 4T1 cells, it had no effect on B7x expression (Fig. 1B).
Furthermore, 4T1 tumors did not express B7x in vivo. RT-PCR of mRNA isolated from 4T1
metastatic lung of B7x−/− mice did not detect B7x expression (Fig. 1C). Finally, we i.v.
injected Thy1.1/4T1 cells into mice and found that Thy1.1 positive cells (4T1) from
metastatic lung of wt and B7x−/− mice were B7x negative (Fig.1D). 4T1-induced
pulmonary metastasis in B7x−/− and wt mice was thus a suitable model for our study of the
effects of B7x expressed in the tissue of the metastatic site.

B7x−/− and wt mice were i.v. injected in the tail-vein with 4T1 in an experimental
metastasis study, where tumor cells deposited in the circulation are transported to the heart
and frequently arrest in the lungs. By day 17 or 18 post i.v.-injection, wt mice appeared sick
and all mice were sacrificed. We evaluated the lungs of these mice for metastatic nodules
and found that numerous tumor nodules were visible on the surface of the lungs of wt mice,
whereas B7x−/− mice had significantly fewer lung nodules (Fig. 1E–F). The average
number of lung tumor nodules in wt mice was approximately 9 times higher than that in B7x
−/− mice (64.8 in the wt group vs. 7.1 in the B7x−/− group). As the only difference in these
two groups of mice was tissue expression of B7x, such as in the lung, these results suggest
that local B7x expression was sufficient to support and promote the growth of metastatic
colonies arising from cancer cells reaching the lungs.

B7x knockout mice can survive 4T1 challenge and generate memory response
Survival studies were also conducted using the 4T1 tail-vein model. In agreement with the
lung tumor nodule results, B7x−/− mice had a significantly lower death rate than wt mice.
By day 33 post-injection, 100% of wt mice were dead, whereas only 26% of B7x−/− mice
had died. At the end of ten weeks, one third of the B7x−/− mice were still alive and
appeared healthy (Fig. 2A). We investigated whether the surviving B7x−/− had generated a
memory response to 4T1. These B7x−/− mice were re-challenged on day 71 with double the
number of 4T1 cells and all of them remained alive and appeared healthy. Upon sacrifice at
day 140, the lungs were found free of visible surface nodules. Furthermore, H&E staining
was performed on lung sections of these mice, and the lung tissue appeared metastasis-free
(Fig. 2B). The 100% survival rate and tumor-free status in B7x−/− mice after 4T1 re-
challenge confirmed a memory response against 4T1.

B7x knockout mice generate higher T cell cytokine responses
The 4T1 metastasis and survival results revealed that tissue B7x deficiency resulted in
protection from malignancy with the ability to generate immune memory. To investigate the
protective mechanism, we isolated the immune cell infiltrate from the lungs of i.v. 4T1-
injected wt and B7x−/− mice and analyzed the cell populations by flow cytometry.
Surprisingly, we did not find a significant difference in the total number of T cells, B cells,
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NK cells, or dendritic cells (DCs) (Fig. 3A). However, a functional difference between T
cells in the lungs of B7x−/− and wt mice was observed in the enhanced ability of T cells
derived from the lungs of B7x−/− mice to produce inflammatory cytokines IFN-γ and TNF-
α in response to PMA/ionomycin stimulation (Fig. 3B–C). We further tested whether T cells
from lungs of B7x−/− mice had an increased ability to generate a tumor-specific response.
DCs were generated from wt bone marrow and loaded with 4T1 lysate, and then incubated
with total immune cells isolated from lungs of 4T1-injected wt and B7x−/− mice. We found
that the CD8 T cells from B7x−/− mice produced significantly more IFN-γ in response to
4T1 lysate-loaded DCs than those from wt mice (Fig. 3D–E). T cells from 4T1-injected B7x
−/− mice thus appeared more functionally competent and tumor-responsive than those from
4T1-injected wt mice, suggesting that T cells from wt but not B7x−/− lungs may have been
in a suppressed state.

B7x knockout mice have a lower immunosuppressive cell infiltrate
Suppression of T cells in the context of cancer often results from tumor recruitment of
immunosuppressive cells and factors. We therefore investigated the immunosuppressive cell
infiltrates in the lungs of wt and B7x−/− mice. We found that wt mice had a significantly
higher percentage and total number of Foxp3+CD4+ Tregs in the lungs than B7x−/− mice
(Fig. 4A–B). F4/80+ macrophages were also increased in number in lung as well as spleen of
wt mice (Fig. 4B). Most striking, however, was the huge population of CD11b+Ly6G+ cells
found infiltrating both lung and spleen of metastatic mice (Fig. 4B–C). It has been
previously reported that implanted 4T1 tumors induce a leukemoid reaction resulting in
myeloid cell over-production in bone marrow and high levels of granulocytic cells in
peripheral blood and spleen (33). In the tail-vein 4T1 model, we too observed a large
increase in percentage and total number of these myeloid cells in spleen as well as in lung of
wt and B7x−/− mice. However, the percentage and total number were significantly reduced
in B7x−/− mice. Tumor-associated cells double-positive for CD11b and Ly6G are often
referred to as myeloid derived suppressor cells (MDSCs) (34). Both Tregs and MDSCs are
known to suppress T cell responses. The reduction of both of these cell populations in B7x−/
− mice afforded them a significantly higher ratio of effector CD4 and CD8 T cells to the
Tregs and presumably suppressive MDSCs (Fig. 4D). These results suggest that the
presence of B7x may have resulted in indirect inhibitory effects on T cells through
suppressor cell populations.

Metastatic lung-infiltrating CD11b+Ly6G+ cells are GR1hi tumor-associated neutrophils
Because of the overwhelming CD11b+Ly6G+ MDSC infiltrate into the lung and spleen of
4T1-injected mice and significant reduction in B7x−/− mice, we took a closer look at the
phenotype and function of these cells. MDSCs have been reported as a heterogeneous group
of cells that can include monocytic and/or granulocytic cells at various stages of maturity.
The Ly6G marker on MDSCs can help to identify the MDSC subtype, depending on the
antibody clone. The Ly6G antibody clone RB6-8C5, also called GR1, recognizes the
epitopes Ly6C on monocytic cells as well as a granulocytic epitope also called Ly6G (35).
The Ly6G antibody clone 1A8, on the other hand, recognizes only the granulocyte-specific
Ly6G epitope (36). We used the 1A8 clone in the experiments evaluating the percentage and
number of CD11b+Ly6G+ cells infiltrating the lung and spleen as well as in all subsequent
experiments. We found by flow cytometry that the cells expressing CD11b and Ly6G clone
1A8 were GR1hi and Ly6Clo/int and that the overwhelming majority of myeloid cells
(CD11b+) and CD11b+GR1+ cells in this model were Ly6Ghi granulocytes (Fig. 5A).

To further identify these cells morphologically, we FACS-sorted Ly6Ghi cells from wt and
B7x−/− 4T1-metastatic lungs, adhered them to slides using Cytospin, and stained with
hematoxylin. We found that the sorted cells showed the characteristic morphology of
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neutrophils, with ring-shaped and/or segmented nuclei (Fig. 5B), confirming that the
myeloid cell influx in this model was predominantly neutrophilic. Therefore, our results
suggest that host B7x affected tumor-associated neutrophils in pulmonary metastasis.

Neutrophils isolated from tumor-bearing lungs suppress T cell proliferation
MDSCs have been reported to inhibit T cell responses in various models (37–39). We
therefore tested whether the neutrophilic MDSCs, or TANs, in the 4T1-metastatic lungs
were indeed capable of suppressing T cell responses. We designed an in vitro co-culture
system, stimulating CFSE-labeled T cells from naïve wt spleen with plate-bound anti-CD3
in the presence of neutrophils purified from either naïve bone marrow (control) or metastatic
lung (TANs) from wt or B7x−/− mice. We found that TANs from metastatic lungs, but not
naïve bone marrow neutrophils, suppressed T cell proliferation as observed by CFSE
dilution, when plated in a ratio of at least 1:1 neutrophils to T cells (Fig. 6A). After 4 days in
culture with stimulation, CFSE dilution revealed that around 90% or more of T cells plated
alone or with bone marrow naïve neutrophils were in divisions 1–7, whereas only 30–70%
of T cells co-cultured with TANs were in division; in many cases the majority of T cells co-
cultured with TANs had not divided at all. Correspondingly, the proliferation index of T
cells cultured with lung TANs was significantly lower in both CD4 and CD8 T cells than
those cultured with control neutrophils (Fig. 6B). Surprisingly, TANs from B7x−/− mice as
well as wt mice could suppress T cell proliferation, suggesting that the TANs infiltrating
both wt and B7x−/− mice were suppressive and differed in number (Fig. 4C) but not in
function (Fig 6B).

B7x-Ig strongly binds tumor associated neutrophils
The ability of neutrophils from 4T1-metastatic lungs to suppress the proliferation of T cells
suggested a mechanism by which T cell responses against growing metastases in the lung
were kept limited. We next investigated the role of B7x expression in lung tissue in this
process. We asked whether B7x was directly involved in regulating immune cell responses
through expression on the surface of immune cells or through interactions with these cells.
B7x protein expression has been reported inconsistently, with some reports showing B7x is
induced on some immune cells (23, 24), whereas others reporting immune cells are B7x
negative (26, 27, 40). We found that all CD45+ immune cells infiltrating 4T1-metastatic
lungs of wt mice including APCs and neutrophils, were negative for B7x expression (Fig.
7A). We therefore turned our attention to immune cells that could bind B7x. As the B7x
receptor is currently unknown, we looked for cells that might express the B7x receptor using
an engineered fusion protein consisting of the extracellular domain of B7x and the Fc
portion of human IgG1 (22), which could be detected with an anti-human IgG fluorophore-
conjugated antibody. To our surprise, we found that this B7x-Ig fusion protein bound very
strongly to neutrophils isolated from 4T1 metastatic lungs (Fig. 7B), suggesting that
neutrophils express a receptor for B7x. The B7x-Ig could also slightly bind naïve
neutrophils, from lungs of wt and B7x−/− mice (Fig. 7C) and two human cell lines of
neutrophilic lineage HL60 and AP-60, but not of other human cell lines such as Jurkat, Raji,
and HeLa cells (Fig. 7D). The strongest binding, however, was observed in neutrophils from
the lungs, spleen, and blood of mice whose lungs were highly metastatic, suggesting that the
neutrophils in these mice upregulate their putative B7x receptor in response to growing 4T1
metastases or may be a different type of neutrophil that have a receptor with a stronger
affinity for B7x. These findings suggest an unexpected mechanism of immunosuppression in
metastatic mice, whereby B7x on local lung tissue binds TANs, which, together with Tregs,
suppress T cells. Perhaps together with inhibition of T cells by direct binding of lung B7x,
TAN-induced suppression results in reduced antitumor immunity and increased metastasis.
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Discussion
This study reveals that host B7x promotes metastatic tumor growth in an in vivo cancer
model. While many clinical studies have shown B7x overexpression in human cancers and a
strong correlation to metastasis, cancer recurrence, and/or cancer related-death (6–17), it
was unclear whether B7x was causative or merely correlative. In this study, B7x deficiency
in mice resulted in significant protection from lung metastases and increased survival in the
4T1 tumor model.

Using 4T1 in an experimental metastasis model highlighted the effect of lung B7x
specifically on the growth and establishment of metastasized cells. Tumor cells were directly
deposited into the circulation, bypassing primary tumor and the early stages of metastasis.
As lung is the first organ receiving blood supply from the circulation, tumor cells in the
circulation preferentially extravasate there and, if the conditions are right, establish
“metastases” (41). This model therefore did not allow for exploration of the effect of B7x on
most of the steps of the metastatic cascade, but did directly evaluate the connection between
presence of host B7x and growth of metastatic colonies from cells that have successfully
metastasized to lung tissue. As B7x is present in the lungs of wt mice, but not in B7x−/−
mice, the highly increased growth of lung metastases in wt mice supported the notion that
B7x was a factor in the lungs promoting metastatic growth.

It has been previously hypothesized that B7x upregulated on cancer cells protects them from
tumor-infiltrating CTLs by binding and inhibiting them, thus enabling tumor progression
(22, 42, 43). We found that the T cells in B7x−/− lungs appeared to be more functional and
tumor-responsive than those in wt mice, as they produced more inflammatory cytokines in
response to general and tumor-specific stimulation. One explanation for this is that B7x
expressed on lung tissue cells in the wt mice acted directly on T cells by binding them and
inhibiting their function. Because T cells were less functional in wt mice, tumors grew and
recruited more Tregs and TANs, which had further suppressive effects on T cells. This cycle
was reduced in B7x−/− mice as their T cells remained functional and were more capable of
controlling tumor growth.

A second explanation is that the TANs recruited into tumor-bearing lungs had a more
dominant role in inhibiting T cell function and this was enhanced by the presence of B7x.
An association between B7x expression and neutrophils has been reported in the context of
infection. In one study, B7x−/− mice infected intraperitoneally with L. monocytogenes had
an increased neutrophil response as compared to wt mice (44). On the other hand, B7x−/−
mice intranasally infected with S. pneumonia had a reduced neutrophil response (25). While
neither study describes the nature of link between B7x and neutrophils, a connection
between B7x and neutrophil density is nonetheless highlighted. In the present study, we
found that TANs were highly increased in the lungs of wt mice, corresponding to the extent
of lung metastasis. We found that these TANs were capable of suppressing T cell
proliferation in vitro, suggesting that they functioned to reduce anti-tumor immune
responses in the lungs, thereby supporting metastatic growth. These results are consistent
with other studies demonstrating various pro-tumor effects of TANs (45), including a recent
study in which depletion of TANS with anti-Ly6G increased antitumor immunity in
experimental lung metastasis model (46). Furthermore, an important, unexpected finding in
this study was that TANs could bind B7x. To our knowledge, this is the first study revealing
B7x binding to cells other than activated T cells. We found that B7x-Ig could slightly bind
naïve neutrophils from lung, and strongly bind TANs from highly metastatic lungs. This
suggested that TANs upregulated their putative B7x receptor in response to growing
metastases. Furthermore, it suggested that B7x had an important effect on TANs, which in
turn could suppress T cell responses against tumor. Therefore, it is possible that the binding
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of B7x expressed on lung or other tissue cells in wt mice to TANs led to enhanced TAN
density and/or function and thereby resulted in increased metastatic growth. Future work is
necessary to distinguish whether host tissue-expressed B7x primarily causes
immunosuppression through direct inhibition of T cells or through effects on TANs resulting
in indirect inhibition of T cells, or through a combination of both mechanisms.

We identified the CD11b+Ly6G+ cells infiltrating 4T1-metastatic lungs as TANs on the
basis of their expression of the specific granulocytic Ly6G marker, neutrophil morphology,
and infiltration into tumor. If and how TANs are distinct from granulocytic MDSCs is
currently under investigation (47, 48). We, however, did not distinguish between these terms
and consider our findings a contribution to MDSC research in general and the granulocytic
MDSC and TAN fields in particular. While there are extensive reports showing suppression
of T cells by monocytic MDSCs or MDSCs consisting of mixed monocytic and granulocytic
subsets, there is less definitive evidence regarding the suppressive capabilities of
granulocytic MDSCs or TANs (48). Furthermore, most published reports on MDSCs focus
on MDSC suppression only of CD8 T cells or only under antigen-specific conditions (34,
37, 39, 49, 50). By contrast, in the tail-vein 4T1 model, we revealed TAN suppression of
proliferation of both CD4 and CD8 T cells in response to general anti-CD3 stimulation. This
unusual result may be due to the fact that we utilized CD11b+Ly6G+ cells from tumor-
bearing lungs, as opposed to splenic MDSCs, which are used in many studies. Tumor
MDSCs have been reported to be more suppressive than splenic MDSCs (51).

While the binding of B7x-Ig to TANs provided an important link between TAN
accumulation and the presence of B7x, the functional relationship between B7x and TANs
was difficult to decipher. Using in vitro systems, we failed to detect any effect of B7x-Ig on
TAN survival or production of suppressive factors, such as ROS, arginase, or nitric oxide
(data not shown). Furthermore, TANs from B7x−/− mice could also suppress T cells in vitro
if the TANs were isolated from mice with metastatic lungs, which happened in a percentage
of B7x−/− mice. Therefore, the most salient difference between TANs in wt and B7x−/−
mice was their number. The reduction of both TANs and Tregs in B7x−/− mice provided
them with a far more favorable effector:suppressor ratio than wt mice, which could explain
the enhanced T cell responses to ex vivo stimulation as well as the reduced 4T1 metastasis
and improved survival in B7x−/− mice. Further study is necessary to clarify the exact
functional relationship between B7x expressed in non-tumor tissue, MDSCs, effector T
cells, and Tregs as well as to identify the receptor for B7x both on T cells and myeloid cells.
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Figure 1.
4T1 cells are B7x negative and B7x knockout mice have reduced lung metastasis of 4T1.
(A) 4T1 cells were stained with anti-B7x (open line) or isotype control (shaded line). (B)
4T1 cells were stimulated with IFN-γ (100 ng/ml) for three days and then stained with anti-
B7x (open line), anti-PD-L1 (dash line) or isotype control (shaded line). (C) RT-PCR of
mRNA isolated from naïve or 4T1 metastatic lung. (D) Thy1.1 positive cells (4T1) from
tail-vein Thy1.1/4T1 injected lungs of wt and B7x−/− mice were stained with anti-B7x
(open line) or isotype control (shaded line). (E, F) Lung metastases resulting from tail-vein
4T1 injection; representative lungs after India ink injection (E) and lung tumor nodule
counts (F) pooled from 2 independent experiments, n=10–12. ***P<0.001.
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Figure 2.
B7x knockout mice can survive 4T1 and 4T1 re-challenge. (A) Survival of mice injected
with 4T1 cells in the tail-vein, n=13–15, representative of 2 separate experiments. At 71 d
post-injection, remaining mice were re-challenged with double the number of 4T1 cells. (B)
H&E staining of lung sections of the double-challenged mice at day 140 and other 4T1-
injected mice. Left image: lung tissue bearing 4T1 metastasis. Right image: representative
lung tissue from the double-challenged B7x−/− mice. ****P<0.0001. Scale bar = 25 μm,
40x.
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Figure 3.
Analysis of lung immune cell infiltrate reveals higher cytokine responses to general and
tumor-specific stimulation by T cells from knockout mice. (A) Numbers of immune effector
cells infiltrating lungs at 17–18 d after 4T1 injection, pooled from 2–5 experiments, n=8–22.
(B, C) PMA/ionomycin-stimulated T cells from lungs of 4T1-injected mice were analyzed
for cytokine production. Percentages of IFN-γ+ or TNF-α+ cells are shown in representative
FACS plots (B) and pooled from 3 independent experiments, each dot representing an
individual mouse, n=11–12 (C). (D, E) CD8 T cell cytokine response after stimulation with
4T1 lysate-loaded DCs shown as representative FACS plots (D) and percentages of IFN-γ+

cells (E), n=4. *P<0.05; **P<0.01.
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Figure 4.
B7x knockout mice have fewer suppressive cells and a higher ratio of effector to suppressor
cells. Cell suspensions from lungs and spleens of day 17–18 4T1-injected wt and B7x−/−
mice were stained with lineage markers. (A) Representative FACS plots of permeablized
CD4 cells stained for Foxp3. (B) Cell type numbers determined by flow cytometry, pooled
from 4–5 independent experiments, n=16–22 (lungs, left) and 2–4 experiments, n=8–10
(spleens, right). (C) Representative FACS plots of CD11b+Ly6G+ cells among total CD45+

cells in wt and B7x−/− lungs. (D) The ratios of Foxp3-CD4+ (CD4eff) and CD8 T cells to
CD11b+Ly6G+ (TAN) cells (left) and CD4eff and CD8 T cells to Foxp3+ CD4+ (Treg) cells
(right) were calculated within each lung sample. Results are pooled from 4 independent
experiments, n=16–18. *P<0.05; **P<0.01; ***P<0.001.

Abadi et al. Page 16

J Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
CD11b+Ly6G+ cells infiltrating metastatic wt and B7x−/− lungs are GR1hi morphologically
mature neutrophils. (A) Metastatic lung cell suspensions were stained with lineage markers.
Shown is a representative wt lung sample gated on CD45 and analyzed for CD11b, GR1,
Ly6G, and Ly6C expression. (B) Ly6Ghi cells sorted from lungs of 4T1-injected wt and B7x
−/− mice were stained with hematoxylin following Cytospin centrifugation. Representative
images are shown, 40x.
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Figure 6.
Neutrophils isolated from tumor-bearing lungs suppress T cell proliferation. 105 CFSE-
labeled T cells from naïve spleen were stimulated with plate-bound anti-CD3 alone or in the
presence of 105 neutrophils purified from naïve bone marrow or from 4T1-metastatic wt or
B7x−/− lungs. After 4 d, cells were stained with CD4, CD8, and Live/dead marker, and
acquired by flow cytometry. (A) Representative FACS plots show CFSE dilution among live
CD4-gated and CD8-gated stimulated (open line) compared to unstimulated control (shaded
line) T cells. (B) Proliferative index of CD4 and CD8 T cells co-cultured with control or wt
tumor associated neutrophils was calculated by FlowJo. Results are pooled from 2–3
independent experiments, n=3–10. *P<0.05; **P<0.01.

Abadi et al. Page 18

J Immunol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Tumor-associated neutrophils strongly bind B7x. (A) Single cell suspensions from lungs of
wt 4T1-injected mice were stained with CD45 and anti-B7x (open line) or isotype control
(shaded line). (B, C) Ly6G+ cells isolated from lung and spleen and RBC-depleted blood
cells from 4T1-injected wt mice (B) and naïve wt and B7x−/− lung cell suspensions (C)
were incubated with B7x-Ig (open line) or control Hu-IgG (shaded line) followed by
staining with Ly6G and antibody recognizing the Ig portion of both fusion proteins (anti-
HuIgG). (D) Cells were incubated with B7x-Ig (open line) or Hu-IgG (shaded line) and
stained with anti-HuIgG. Histograms in A-C are representative of 2–5 separate experiments.
Staining of HL-60 was repeated three times with similar results.
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