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Abstract

Metastatic tumors have been shown to establish microenvironments in distant tissues that are 

permissive to disseminated tumor cells. Hematopoietic cells contribute to this microenvironment, 

yet the precise initiating events responsible for establishing the pre-metastatic niche remain 

unclear. Here, we tracked the developmental fate of hematopoietic stem and progenitor cells 

(HSPCs) in tumor-bearing mice. We show that a distant primary tumor drives the expansion of 

HSPCs within the bone marrow and their mobilization to the bloodstream. Treatment of purified 

HSPCs cultured ex vivo with tumor-conditioned media induced their proliferation as well as their 

differentiation into immunosuppressive myeloid cells. We furthered tracked purified HSPCs in 

vivo and found they differentiated into myeloid-derived suppressor cells (MDSCs) in early 

metastatic sites of tumor-bearing mice. The number of CD11b+Ly6g+ cells in metastatic sites was 

significantly increased by HSPC mobilization and decreased if tumor-mediated mobilization was 

inhibited. Moreover, pharmacological mobilization of HSPCs increased metastasis, whereas 

depletion of Gr1+ cells abrogated the metastasis-promoting effects of HSPC mobilization. Finally, 

we detected elevated levels of HSPCs in the circulation of newly diagnosed cancer patients, which 

correlated with increased risk for metastatic progression. Taken together, our results highlight 

bone marrow activation as one of the earliest steps of the metastatic process and identify 

circulating HSPCs as potential clinical indicators of metastatic niche formation.
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Introduction

Metastasis remains the most lethal aspect of cancer, yet identifying patients with systemic 

disease who will develop metastatic progression remains a challenge (1). Successful 

metastatic progression from disseminating tumor cells likely involves a combination of 

tumor-intrinsic characteristics and extrinsic signals from the local milieu of the distant site, 

much like stem cells within their specialized microenvironment, or niche (2–4). 

Microenvironmental signals impact disseminating tumor cells and regulate quiescence or 

proliferation, survival or apoptosis, and renewal or differentiation(5–7). The cell fate 

decision of these seeding tumor cells dictates metastatic progression and ultimately drives 

clinical outcome.

Previously, we demonstrated that tumor-derived factors form a metastasis-conducive 

microenvironment by activating resident stromal cells and recruiting bone marrow-derived 

VEGFR1+ progenitor cells(8). This process, which we termed the “pre-metastatic niche”, 

not only introduced non-neoplastic cells as key players in metastatic progression, but also 

conveyed that cancer is systemic, utilizing niche biology for its dispersion (9,10). Others 

have confirmed and expanded the concept of the pre-metastatic niche, enforcing its essential 

role in the metastatic process (10–20). However, the initiating events that lead to pre-

metastatic niche formation remain unclear. Moreover, a marker for pre-metastatic niche 

initiation in patients could provide a useful new addition to current approaches to stratify 

patients based on metastatic risk.

Our data suggest mobilized HSPCs emerging from tumor-mediated activation of the bone 

marrow can be used to monitor the metastatic process. HSPC production and mobilization 

are elevated in cancer patients and murine models before detectable metastases and foster an 

immunosuppressive milieu within the pre-metastatic niche of distant tissue sites. This is the 

first study to directly track the developmental fate of HSPCs in tumor-bearing hosts to 

identify the origins of MDSC formation. HSPCs represent a powerful tool as a potential 

novel approach to direct therapies based upon re-establishing the balance of altered 

hematopoiesis.

Results

Hematopoietic stem cells expand in response to a growing primary tumor

We first defined tumor growth rate and metastatic progression after orthotopic injection for 

two C57BL/6 syngeneic tumor cell lines: the E0771 breast carcinoma (BCA) and M3-9-M 

rhabdomyosarcoma cell lines (ERMS) (Supplementary Figure 1). Primary tumors release 

tumor cells early during tumor development, but the majority of these cells die upon 

vascular arrest or extravasation into distant tissues (21,22). To detect low numbers of 

disseminated luciferase-expressing tumor cells, we utilized the In Vivo Imaging System 

(IVIS). In both models we identified a period before overt metastasis when either no cells or 

single tumor cells were detected in distant tissues. We termed this period “metastatic tumor 

seeding” and determined that it occurred during formation of the pre-metastatic niche.
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We investigated the bone marrow (BM) as a potential source of the key hematopoietic 

component of the pre-metastatic niche and as one of the earliest targets of tumor-secreted 

factors given its integral role in the stress response to inflammation. The LSK gate 

(Lineage− Sca1+ c-Kit+) was utilized to identify the total population of HSPCs within the 

bone marrow (Figure 1A). Notably, these LSK HSPCs expressed VEGFR1, a potential 

marker for this population that is consistent with our previous studies (Figure 1B)(8). The 

total number of LSK HSPCs in the bone marrow of tumor-bearing E0771 BCA and M3-9-M 

ERMS mice significantly increased within the two weeks following tumor implantation and 

their numbers doubled, relative to basal levels, during the period of metastatic tumor seeding 

(Figure 1C and D). BrdU uptake analysis demonstrated a greater number of proliferating 

LSK cells in the bone marrow of pre-metastatic E0771 BCA tumor-bearing mice relative to 

controls (Figure 1E). Furthermore, a significantly greater proportion of the LSK population 

was proliferating in tumor-bearing relative to control mice (40% versus 19%, respectively; 

Figure 1F).

LSK HSPCs can be sub-divided by flow cytometric analysis into 

Flt3−CD34−CD48−CD150+ long-term (LT-HSC), Flt3−CD34+ short-term (ST-HSCs), and 

Flt3+CD34+ multipotent progenitors (MPPs). LT-HSCs, which are resistant to cycling and 

represent the most stem-like population of HSPCs, maintained basal levels until later stages 

of tumor development (Figure 1G and 1J)(23,24). However, ST-HSCs and MPPs expanded 

during initiation of the pre-metastatic niche of both E0771 BCA and M3-9-M ERMS tumor-

bearing mice (Figure 1H–1I and 1K–1L). Together, these data demonstrate hematopoiesis is 

activated in response to a growing tumor, resulting in expansion of hematopoietic progenitor 

populations within the bone marrow.

HSPCs are mobilized during pre-metastatic niche initiation and contribute to myeloid 
subsets in pre-metastatic sites

Flow cytometry analysis of peripheral blood revealed significantly elevated numbers of LSK 

HSPCs during formation of the pre-metastatic niche in both the E0771 BCA and M3-9-M 

ERMS models (Figure 2A–2B). Elevated levels of stem-like hematopoietic progenitor cells 

in the peripheral blood of pre-metastatic mice were confirmed functionally with a colony 

forming unit assay (Figure 2C). Together, these data demonstrate that LSK HSPCs expand 

and mobilize in response to a growing primary tumor. Because these events occurred during 

pre-/early metastatic period, we sought to determine if expanded LSK HSPCs in circulation 

contributed to hematopoietic cell types within the pre-metastatic site.

Mobilized stem cells rapidly home to and migrate through peripheral tissues. To track the 

developmental fate of mobilized LSK HSPCs in vivo, LSK HSPCs were sorted from E0771 

BCA tumor-bearing CD45.1+ mice and intravenously injected into either E0771 BCA 

tumor-bearing or control CD45.2+ recipients. CD45.1+ donor cells were detected in lung, 

tumor, and bone marrow 24 hours after injection, demonstrating that circulating LSK cells 

can home to multiple tissues (Figure 2D). Interestingly, 3.4-fold fewer donor cells homed to 

the bone marrow of tumor-bearing mice. We hypothesized that decreased homing of HSPCs 

to the bone marrow was linked to increased LSK HSPC mobilization observed in tumor-

bearing mice. qPCR analysis revealed that the LSK homing cytokine Cxcl12 was 
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significantly down-regulated in the bones of pre-metastatic tumor-bearing mice 

(Supplementary Figure 2A). Consistent with this, peripheral blood of tumor-bearing mice 

also contained elevated levels of CXCR4-expressing LSK cells, suggesting that the 

CXCR4:CXCL12 signaling axis may contribute to stem cell mobilization in tumor-bearing 

mice (Supplementary Figure 2B–2D).

Within the lung of tumor-bearing recipients, twice as many donor-derived LSK HSPCs 

developed into CD11b+ cells compared to non-tumor bearing mice, including significantly 

greater numbers of CD11b+Ly6g+ and CD11b+Ly6chigh cells (Figure 2E–2G). 

Immunofluorescence of tumor-bearing mice revealed CD11b+ myeloid cells that co-

expressed Gr-1, consistent with a phenotype of immune-suppressive MDSCs. These 

immune-suppressive cells were found in close proximity to GFP-expressing spontaneous 

tumor metastases in the lungs of E0771 BCA tumor-bearing mice (Figure 2H and 

Supplementary Figure 3A–3C). MDSCs within a primary tumor possess strong 

immunosuppressive properties (25–27). Indeed, E0771 BCA tumor-bearing mice developed 

immunosuppressive MDSCs within the primary tumor and spleen (Supplementary Figure 4). 

Thus we tested the functional capability of CD11b+Gr-1+ cells from pre-metastatic lungs to 

suppress anti-CD3/anti-CD28-mediated T cell proliferation. Tumor-bearing E0771 BCA and 

M3-9-M ERMS mice displayed elevated numbers of CD11b+Ly6g+ and CD11b+Ly6chigh 

cells as well as CD11c+ cells in pre/early metastatic lung (Supplementary Figure 5A–5F). At 

these times other myeloid subsets, such as tumor-associated macrophages 

(CD11b+Ly6chighF4/80+CD115+), M2 macrophages (CD11b+Ly6chighCD206+CD115+), 

and M1 macrophages (CD11b+Ly6chighCD80+) were not increased relative to control mice 

(Supplementary Figure 5GE–5I). To assess the immune suppressive function of MDSCs in 

lung, CD11b+Gr-1+ myeloid cells, which encompassed both granulocytic MDSCs and 

monocytic MDSCs, were sorted from the lungs of pre-metastatic tumor-bearing mice. 

Importantly, these lungs had no evidence of metastasis based on luciferase activity. The 

majority of sorted Gr-1+ MDSCs had the characteristic ring-shaped morphology of 

granulocytic MDSCs (Figure 2I). Sorted CD11b+Gr-1+ myeloid cells from the lungs of 

E0771 BCA pre-metastatic mice possessed powerful immunosuppressive capacity and 

suppressed anti-CD3/anti-CD28-stimulated T cell proliferation by approximately 50% 

(Figure 2J).

MDSCs suppress T cell activation through several mechanisms, including depletion of L-

arginine through arginase-1 or by production of nitric oxide and reactive oxygen species 

with inducible nitric oxide synthase (iNOS)(28). To determine whether the MDSCs isolated 

from pre-metastatic lungs utilized these pathways to mediate T cell suppression, we 

performed a T cell suppression assay in the presence of the arginase inhibitor, NOR-NOHA, 

or the iNOS inhibitor, L-NMMA. MDSCs cultured with L-NMMA, but not NOR-NOHA, 

were significantly impaired in their ability to suppress T cell proliferation (Figure 2K). 

Therefore, MDSCs found within pre-metastatic or early metastatic sites are functionally 

capable of suppressing T cell proliferation, and the suppression is mediated in part by iNOS 

activity.
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LSK HSPCs expand in response to tumor-derived factors and differentiate into immune 
suppressive myeloid lineages

We next utilized ex vivo culture to determine if tumor-derived factors directed LSK HSPC 

expansion or differentiation into immune suppressive myeloid lineages. Lineage-depleted 

bone marrow was cultured for one week with StemSpan or StemSpan conditioned by E0771 

BCA or M3-9-M ERMS, and LSK and myeloid subsets were quantified by flow cytometry. 

All culture conditions were supplemented with 25ng/mL FLT3 ligand, an essential cytokine 

for ex vivo HSPC culture. E0771 BCA and M3-9-M ERMS tumor-conditioned media 

(TCM) significantly expanded LSK HSPCs relative to control medium (57 fold and 9 fold 

over StemSpan alone, respectively; Figure 3A). In addition, CD11b+Ly6g+, and 

CD11b+Ly6chigh subsets were also significantly increased with TCM (Figure 3B–3C).

As both HSPCs and myeloid subsets were expanded with TCM, we sought to determine if 

LSK HSPCs directly contributed to myeloid populations. Flow cytometry sorted LSK cells 

were cultured with plain medium or E0771 BCA TCM. Once again, myeloid cells were 

significantly expanded as assessed by CD11b+, CD11b+Ly6g+, and CD11b+Ly6chigh 

staining (Figure 3D–3F). Furthermore, cells derived from LSK cultured with E0771 BCA 

TCM demonstrated potent, dose-dependent T cell suppressive capability (Figure 3G). 

Interestingly, cells derived from LSK cultured with control medium significantly promoted 

T cell expansion relative to T cells cultured with anti-CD3/anti-CD28 microbeads alone, 

demonstrating that cells derived from LSK culture are not made immune suppressive by 

culture conditions alone.

The potential for TCM to expand LSK diminished rapidly when the media were heated 

increasing temperatures prior to culture, leading us to investigate protein factors as 

mediators of this process (Supplementary Figure 6A–6D). Cytokine analysis of E0771 BCA 

and M3-9-M ERMS TCM identified multiple factors that can contribute to LSK expansion, 

including FLT3 ligand (Supplementary Table 1). FLT3 ligand is critical for LSK 

maintenance and synergizes with other cytokines to promote stem cell expansion (29). 

Consistent with these observations, recombinant FLT3 ligand synergistically expanded LSK 

HSPCs cultured in E0771 BCA TCM and M3-9-M ERMS TCM (Supplementary Figure 

6E). Therefore, FLT3 was targeted as a common pathway for tumor-mediated stem cell 

expansion. AC-220, a second generation FLT3 receptor inhibitor, effectively blocked LSK 

expansion in control medium at 100nM, reflecting the ability of this inhibitor to block the 

FLT3 ligand supplemented in this culture system (Figure 3H). LSK expansion mediated by 

E0771 BCA and M3-9-M ERMS TCM was reduced by over 90% with 100nM AC-220 

relative to vehicle. Further, FLT3 blockade significantly inhibited both CD11b+Ly6g+ and 

CD11b+Ly6chigh myeloid cell production from TCM (Figure 3I–3J).

We next sought to determine if targeting FLT3 ligand could diminish tumor-mediated LSK 

expansion in vivo. Mice bearing 0.5cm E0771 BCA primary tumors were treated daily with 

vehicle or 5mg/kg AC-220 for 8 days. Mice treated with AC-220 had diminished levels of 

circulating LSK HSPCs relative to vehicle-treated mice (Figure 3K). Futhermore, 

CD11b+Ly6g+ myeloid cells were decreased in lungs of AC-220-treated tumor-bearing mice 

relative to vehicle-treated tumor-bearing mice (Figure 3L). These data were accompanied by 
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a notable decrease in tumor-derived luminescence in the lungs of AC-220-treated mice 

(Figure 3M). Together these data suggest that tumor-derived factors promote LSK HSPC 

expansion and differentiation into immune suppressive myeloid subsets. By targeting tumor-

mediated HSPC expansion through FLT3 inhibition, both LSK HSPC mobilization and 

CD11b+Ly6g+ accumulation at early metastatic sites are diminished.

Circulating HSPCs promote experimental metastasis

We next sought to determine if mobilization of HSPCs could confer a survival advantage to 

disseminating tumor cells. To mimic the surge in circulating LSK HSPCs induced by a 

primary tumor, we targeted the CXCL12 pathway that tethers LSK within the bone marrow 

niche. This pathway was targeted due to our earlier finding that the CXCL12:CXCR4 axis 

was altered in the bone marrow of tumor-bearing mice (Supplementary Figure 2A). We 

utilized the CXCR4 receptor antagonist AMD3100, which rapidly and acutely mobilizes 

CXCR4-expressing hematopoietic cells by transiently blocking the CXCR4:CXCL12 axis 

when administered in a single dose (30,31). Importantly, AMD3100, similar to G-CSF, 

mobilizes HSPCs but does not promote myeloid lineage skewing as seen with G-CSF.

A single dose of AMD3100 elevated circulating LSK HSPCs to over twice basal levels 

within one hour of treatment (Figure 4A). Mice that first received one dose of AMD3100 

followed by tail-vein injection of E0771 BCA tumor cells developed more metastases and 

had a significantly shorter survival time than control mice that were given PBS prior to tail-

vein injection (median survival of 28 days for AMD3100 versus 48 days for PBS; Figure 4B 

and 4C). Thus, short-term mobilization of hematopoietic cells directly influences metastatic 

survival. Evaluation of the lungs at two weeks post-tumor injection revealed significantly 

greater numbers of CD11b+Ly6g+ granulocytic MDSCs in the lungs of PBS-treated tumor-

bearing mice and AMD3100-treated tumor-bearing mice relative to non-tumor-bearing 

control mice (Figure 4D and 4E). However, within tumor-bearing subsets, those mice pre-

treated with AMD3100 contained significantly greater numbers of granulocytic MDSCs 

relative to mice pre-treated with PBS. Thus, mobilization of LSK HPSCs resulted in 

increased CD11b+Ly6g+ cells in metastatic sites and an overall increase in metastatic 

progression. Prior to injection, E0771 BCA cells were assessed for CXCR4 receptor 

expression by flow cytometry, and it was found to be absent, indicating that AMD3100 was 

working through a direct effect on HSPC mobilization (Supplementary Figure 2E).

Since we determined that circulating HSPCs differentiated into myeloid cells in the pre-

metastatic site, we hypothesized that immune evasion may provide one mechanism by which 

HSPCs promoted metastasis. Loss of radiosensitive hematopoietic cells completely 

abrogated the metastasis-promoting effects of AMD3100 pre-treatment, further implicating 

this population in metastatic progression (Figure 5A). In addition, mobilization of LSK 

HSPCs by AMD3100 had no effect on metastatic burden or survival in immunodeficient 

SCID/Beige mice, demonstrating that the enhanced metastatic effect of AMD3100 is not 

tumor-intrinsic but due to T cell-dependent immune suppression (Figure 5B). Finally, to 

specifically assess the functional role of LSK HSPC differentiation into myeloid cells during 

metastatic progression, we utilized a monoclonal anti-Gr-1 antibody to specifically target 

Gr-1-expressing myeloid cells. The metastasis-promoting effect of AMD3100 treatment was 
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completely abrogated with anti-Gr-1 treatment (Figure 5C–5F). Together, these data suggest 

a model whereby mobilized LSK HSPCs provide an upstream component to the immune 

suppressive microenvironment and contribute to immune suppressive myeloid populations 

within pre/early metastatic sites.

Mobilized HSPCs as a marker of metastatic progression

We next sought to determine if mobilized HSPCs observed in our murine models could 

translate to clinical samples. Consistent with our murine studies, blood from patients with 

rhabdomyosarcoma or early stage breast cancer displayed significantly enhanced 

granulocytic/monocytic CFU potential, demonstrating that circulating HSPCs were present 

in patients with cancer (Figure 6A and 6B). We further sought to evaluate whether the level 

of circulating HSPCs marked by VEGFR1 and CD34, an established marker for human 

hematopoietic stem and progenitor cells, were associated with risk of metastatic disease in 

patients with cancer. In rhabdomyosarcoma patients stratified by standard risk assessment, 

those patients with the highest risk of metastasis had the highest levels of circulating 

VEGFR1+CD34+ HSPCs (Figure 6C). We also examined blood from 75 breast carcinoma 

patients with early stage disease for circulating VEGFR1-expressing HSPCs. In breast 

carcinoma, there is growing support for stratification of patients based on molecular 

subtype, and these subtypes show differential risk of metastatic disease, disease recurrence, 

as well as clinical outcome and risk for death due to disease (32). Patients with all subtypes 

of invasive breast carcinoma had increased circulating HSPCs at diagnosis relative to 

patients with non-metastatic, non-invasive ductal carcinoma in situ (DCIS) (Figure 6D). 

These findings are supported by recent work in xenograft breast cancer dormancy models 

(9). Intriguingly, the highest level of circulating HSPCs relative to DCIS and those patients 

with luminal A subtype were seen in patients with the triple negative molecular subtype, 

which is associated with a higher risk for disease progression (P<0.005).

To determine if circulating HSPCs could predict metastatic relapse, we prospectively 

measured circulating HSPC levels in newly diagnosed rhabdomyosarcoma patients. The 

patients who proceeded to develop metastatic progression had significantly greater levels of 

circulating HSPCs at time of diagnosis than patients who did not relapse. This suggests that 

this marker, if validated in larger cohorts, could predict at the time of diagnosis which 

patients are most likely to develop relapsed metastatic disease, even within an intermediate 

or high risk subpopulation (Figure 6E). Together, these data suggest that circulating HSPCs 

in both murine models and cancer patients can contribute to the metastatic process and may 

be used to identify populations at great risk for metastatic relapse.

Discussion

The bone marrow responds to cues from distant tissues during stresses such as infection, 

inflammation, and wound healing and induces hematopoietic stem cells to reversibly exit 

quiescence, expand, and enter circulation (33–35). During a wound-healing response, local 

tissue production of chemoattractants, toll-like receptor ligands, and integrins can attract and 

bind circulating HSPCs (36). Although many parallels have been made between 

inflammation and cancer, we and others are beginning to shed light upon the essential role 
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of the bone marrow microenvironment that supports hematopoiesis during cancer metastasis 

(9,37–40).

LSK HPSCs were elevated in both the bone marrow and blood of E0771 BCA and M3-9-M 

ERMS tumor-bearing mice at pre-/early metastatic times. LSK HSPCs in the bone marrow 

were actively expanding as assessed by BrdU incorporation. Short-term HSCs and multi-

potent progenitors contributed to the expansion of LSK HSPCs, yet long-term HSC numbers 

remained unchanged until the last day of tumor growth, at which time mice were euthanized 

due to primary tumor size. This pattern of progenitor expansion permits a hematopoietic 

response to a primary tumor while maintaining the long-term stem cell pools, and thus 

preventing hematopoietic exhaustion.

Recent studies have implicated immunosuppressive hematopoietic cells in the pre-metastatic 

lung environment (11,41). Here, we show circulating HSPCs function to promote metastasis 

by developing into immune suppressive cells within the pre-metastatic site. Using ex vivo 

culture, we demonstrated that tumor-derived factors expanded LSK HSPCs and also 

promoted differentiation of these cells into immune suppressive myeloid cells. We further 

showed that purified LSK HSPCs differentiated in vivo into immune suppressive myeloid 

cells within in a pre-metastatic site. Although we identified multiple cytokines capable of 

expanding LSK HSPCs in E0771 BCA and M3-9-M ERMS tumor-conditioned media, 

including FLT3 ligand, we found that FLT3 inhibition with AC-220 significantly impaired 

tumor factor-mediated LSK expansion ex vivo. FLT3 inhibition in tumor-bearing mice 

decreased levels of circulating LSK HSPCs as well as CD11b+Ly6g+ found in metastatic 

sites.

We implicate circulating HSPCs as active players in metastatic progression by utilizing the 

stem cell mobilizing agent AMD3100. AMD3100 disrupts the CXCR4:CXCL12 interaction 

that tethers CXCR4-expressing HSPCs in the bone marrow. We found this axis was 

disrupted in tumor-bearing mice, likely contributing to the increase in circulating stem cells. 

Mice treated with single dose AMD3100 demonstrated a significant increase in experimental 

metastasis and shorter survival relative to PBS-treated mice. This was accompanied by a 

significant increase in CD11b+Ly6g+ cells in the lungs of AMD3100 pre-treated mice. We 

further demonstrate that the metastasis-promoting effect of HSPC mobilization is lost in 

immunodeficient mice and in Gr-1-depleted mice. Importantly, this model utilized a short 

exposure of AMD3100 to increase HSPC levels in peripheral tissues, as constitutive 

blockade of the CXCR4:CXCL12 signaling axis results in severe depletion of the 

hematopoietic stem cell pool, including Gr1+ cells (42). These data are consistent with our 

ex vivo and in vivo data that demonstrate purified LSK HSPCs develop into immune 

suppressive myeloid cells in response to tumor-derived factors. Further, our data build upon 

previous studies in which constitutive blockade of the CXCR4:CXCL12 signaling axis 

results in diminished Gr1+ cell numbers, decreased Gr1+ cell infiltration into distant tissues, 

and therefore decreased metastasis, in tumor-bearing mice (43). The immune suppressive 

microenvironment afforded by these Gr1+ cells likely provides sanctuary to seeding tumor, 

thus tipping the balance to immune escape and metastatic progression.
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We found that HSPCs are elevated in the circulation of cancer patients at time of diagnosis 

and are particularly elevated in those patients who develop metastatic relapse. Together, 

these data suggest that circulating HSPCs can serve as a potential dynamic 

microenvironmental marker that could add an additional dimension to standard tumor 

assessment in determining metastatic risk. Larger scale clinical studies are needed to flesh 

out the utility of this dynamic microenvironmental measurement as a biomarker to predict 

metastatic risk and response to therapy. This would include parsing out the utility of HSPC 

mobilization relative to circulating MDSC numbers or inflammatory monocyte precursors 

relative to tumor-associated macrophages. These approaches could have a tremendous 

impact in the clinical setting and provide not only one of the earliest prognostic tools for 

determining metastatic risk but a novel strategy to redirect the altered hematopoiesis and 

wound healing response that occurs during metastatic progression.

Much focus has been placed on biomarkers stemming from the molecular characteristics of 

the tumor cells. However, few biomarkers exist in human studies that measure the 

supportive cells of the pre-metastatic microenvironment that are crucial to metastatic 

progression. Here, we find that circulating HSPCs can serve as a window into pre-metastatic 

niche formation. HSPCs represent a plastic population at the branch point of hematopoietic 

development, and thus there is potential to manipulate the differentiation route of these stem 

cells from a tumor-promoting to a tumor-suppressing phenotype. Studies aimed at 

uncovering the detailed molecular crosstalk within stem cell niches and determining how 

external environmental cues from a growing complex of tumor cells, immune cells and 

stromal cells induce a chronic injury response in the bone marrow microenvironment will 

lead to new therapeutic approaches and successful immune therapy adjuvants to target 

metastasis.

Methods

Mice

C57BL/6, CD45.1, cBrd, and Scid/Beige mice were obtained from the Animal Production 

Program, National Cancer Institute (NCI, Frederick, MD). GFP transgenic mice (C57BL/6-

Tg(UBC-GFP)30Scha/J) were purchased from Jackson Laboratories (Bar Harbor, ME). 

Mice were bred and maintained under specific pathogen-free conditions at the NIH animal 

facility. All studies were performed according to protocols approved by the NCI Animal 

Care and Use Committee.

Bone marrow transplants

C57BL/6 mice were lethally irradiated (950 cGy) with a cesium irradiator on day 0 and 

transplanted with 5*106 total bone marrow from GFP transgenic mice on day 1. A 

hematopoietic reconstitution period of 4 weeks passed before chimeric mice were used for 

experiments.

Tumor injection

For orthotopic tumor inoculations, cells were prepared as single cell suspensions following 

trypsin digestion and injected into the mammary fat pad (E0771) or gastrocnemius muscle 
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(M3-9-M) in 50µL HBSS using a sterile 27.5 gauge needle. Mice were humanely euthanized 

when tumor size reached 20mm in any direction. For experimental metastasis studies, single 

cell suspensions of tumor were injected by tail vein in 0.1mL HBSS using a 27.5 gauge 

needle.

AMD3100 (SIGMA) was administered by intraperitoneal injection (125µg/mouse) in 0.1mL 

PBS using a 27.5 gauge needle. AC-220 was dissolved in 22% hydroxypropyl beta 

cyclodextrin (CTD) and administered daily by oral gavage.

Bioluminescence

Anesthetized mice received intraperitoneal injection of 3mg D-luciferin (Promega). Display 

and image analyses were performed using Living Image software (Xenogen Corporation, 

Alameda, CA).

T Cell Immunosuppression Assay

Untouched splenic T cells were isolated from C57BL/6 spleens using a T cell negative 

depletion kit (Miltenyi) and stained with 5µM CellTrace Violet. T cells were stimulated with 

anti-CD3/CD28 Dynabeads (Gibco) at a 2:1 ratio of T cells:beads. Assay was performed in 

RPMI 1640 containing physiologic levels of L-arginine (150µM) supplemented with 10% 

fetal calf serum, 50µM 2-mercaptoethanol, 10mM N-2-hydroxyethylpiperazine-N’-2-ethane 

sulfonic acid buffer, 1mM sodium pyruvate, and 100U/mL penicillin/streptomycin. Nw-

hydroxy-nor-arginine (Nor-NOHA) and L-NG-monomethyl-arginine-citrate (L-NMMA) 

were each used at 300µM.

Humans

Normal human peripheral blood samples were obtained with informed consent from healthy 

children age 1–25 and healthy adults who were hepatitis A, B, C, and HIV negative by 

serology obtained with informed consent at Weill Cornell Medical Center according to an 

IRB-approved protocol (WMC IRB 0604008488). Peripheral blood cells were obtained with 

informed consent from previously untreated patients at Memorial Sloan Kettering Cancer 

Center and Weill Cornell Medical Center according to IRB-approved protocols (MSKCC 

IRB 03-099 and WMC IRB 0604008488). To protect patient privacy, samples were decoded 

according to approved IRB procedures, whereas relevant clinical information was made 

available to the researchers upon request.

Colony Forming Assays

For mouse CFU, red blood cell-lysed peripheral blood and bone marrow of control or tumor-

bearing mice were seeded in triplicate at 100,000 cells/well into 6-well culture plates with 

M3434 methylcellulose (Stem Cell Technologies). Plates were imaged 12 days later with a 

Zeiss microscope and scored.

For human CFU, Unseparated PB-MNCs (2 × 105) were cultured in triplicate in 

methylcellulose (MethoCult H4034 Optimum) containing 2% FCS and IMDM according to 

the manufacturers technical resource manual. Plates were incubated at 37°C in 5% CO2 and 

full humidity. After a culture period of 14 days, cultures were examined under an inverted 
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microscope. Aggregates with at least 50 translucent, compact, or dispersed cells were 

counted as CFU-GM. The mean colony numbers ± SEM are shown.

Cell Lines

E0771 tumor cell line was grown in RPMI 1640 with 10% fetal calf serum and 1% 

penicillin/streptomycin. M3-9-M tumor cell line was grown in RPMI 1640 with 10% fetal 

calf serum, 1% penicillin/streptomycin, 1% HEPES buffer, 1% nonessential amino acids, 

1% sodium pyruvate, 1% L-glutamine, and 50µM 2-mercaptoethanol. Mesenchymal stem 

cells (Gibco) were grown in D-MEM/F-12 medium with GlutaMAX-I, 10% MSC-qualified 

fetal calf serum, and 1% penicillin/streptomycin. Mesenchymal stem cells were discarded 

after passage 10.

RayBio Cytokine Array

E0771 and M3-9-M were grown in RPMI 1640 with 1% fetal calf serum and 1% penicillin/

streptomycin overnight. Tumor-conditioned media were centrifuged and passed through a 

0.22µm filter prior to use in the array. RayBio C1000 array was used to detect tumor-

secreted cytokines.

Ex vivo bone marrow culture

Lineage-depleted bone marrow was collected using the EasySep mouse hematopoietic 

progenitor cell enrichment kit. Cells were cultured for 7 days in StemSpan serum-free 

expansion medium with 25ng/mL recombinant murine FLT3 ligand and 1× antibiotic-

antimycotic (Gibco). Cultures were fed on day 4.

Murine tissue collection

Peripheral blood was collected with heparinized glass capillary tubes from retro-orbital sinus 

of anesthetized mice into EDTA-coated tubes. Bone marrow was collected by flushing 

femurs with PBS containing 1% fetal calf serum and 1mM EDTA. Lungs were perfused 

with normal saline to remove peripheral blood and minced with a scalpel. Lung pieces were 

digested in DMEM with 1mg/mL type I collagenase at 37C for 30 minutes with gentle 

agitation. Lung fragments were dissociated by pressing against a 70µm nylon filter.

Flow Cytometry and Sorting

Cells were lineage depleted prior to sorting using an EasySep Lineage Depletion Kit (Stem 

Cell Technologies). Lineage negative cells were stained for Lineage, c-Kit, and Sca-1. Live 

cells were identified by exclusion of viability dye. Cell sorting was performed on a 

FACSAria II cell sorter.

For flow cytometry analysis, single-cell suspensions of mouse tissues were prepared from 

murine tissues and stained in 0.5% BSA/PBS with 0.05% NaN3. Total cell counts were 

determined from trypan exclusion of cell suspensions. Antibodies were purchased from 

eBiosciences, BioLegend, and Stem Cell Technologies. Flow cytometry data were acquired 

on a BD LSRFortessa and analyzed with FlowJo software (Tree Star, Ashland, OR, USA).
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For human samples, peripheral blood isolated from either healthy human donors or from 

newly diagnosed previously untreated patients with rhabdomyosarcoma or breast carcinoma. 

The mononuclear fractions were extracted following Ficoll-Paque Plus (GE Healthcare Life 

Sciences) density gradient centrifugation according to standard methods (density, 

1.077g/mL; 400g for 30 minutes) and analyzed fresh. Mononuclear fraction isolated after 

Ficoll density gradient centrifugation underwent red blood cell lysis using ACK Lysing 

Buffer (Life Technologies) using standard protocol. The cells were counted using 3% Acetic 

Acid with Methylene Blue mixed with Trypan Blue and stained for flow cytometry analysis 

after Fc blockade.

Microscopy

Immunofluorescence—Tissues were frozen in OCT compound (Tissue-Tek), and 10µm 

serial sections (cryostat, Leica) were used for staining. Sections were fixed in ice-cold 

methanol. Markers and antibodies were: 4, 6-diamidino-2-phenylindole (DAPI) for DNA, 

Alexa 488-conjugated Gr-1, and APC-conjugated anti-Gr-1. Rabbit anti-GFP (AbCam) was 

detected with donkey anti-rabbit Cy3 (Jackson ImmunoResearch). Images were acquired 

with an Axio Observer Z1 inverted microscope with a 63× Plan-Apochromat oil objective 

(Zeiss).

Diff-Quik staining—Cytospin preparations of sorted CD11b+Gr-1+ cells were stained 

with Diff-Quik as per the manufacturer’s protocol.

RNA Isolation

Femur bones were dissected from HBSS-treated control mice and E0771 tumor-bearing 

mice at 12 days post tumor injection, and flash-frozen in liquid nitrogen. Whole bone was 

crushed in Trizol using a homogenizer at 40s intervals. Total RNA was isolated and 

precipitated from Trizol using chloroform/ethanol extraction, and further purified and 

DNase I treated using the Qiagen Micro RNA Isolation kit. RNA concentration and quality 

was assessed by an Agilent 2100 Bioanalyzer.

Primer Sequences

Primer Sequence

CXCL12-F TGCATCAGTGACGGTAAACCA

CXCL12-R TTCTTCAGCCGTGCAACAATC

B-actin-F GGCTGTATTCCCCTCCATCG

B-actin-R CCAGTTGGTAACAATGCCATGT

Quantitative Real-Time PCR

cDNA synthesis was performed on 1ug RNA per sample using the BioRad iScript cDNA 

synthesis kit and qRT-PCR was performed using the BioRad SsoAdvanced system and 

iCycler technology.
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Statistics

For human studies, statistics were calculated using Prism 4.0 software (GraphPad Software, 

Inc.) The Welch corrected student’s t test was used to calculate all column statistics when 

the data was normal by D’Agostino & Pearson omnibus normality test. If data were non-

parametric a Mann Whitney Test was used. Two-tailed P values are shown in figures. For 

comparison of groups, one-way ANOVA or Kruskal-Wallis test (for non-parametric data) 

were used. For murine studies, data are presented as averages with standard deviation. 

Statistical comparisons between groups were performed using unpaired Student’s t tests to 

calculate the two-tailed P-value. P values <0.05 were considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Primary tumor increases stem cell subsets in bone marrow
A. Representative flow cytometry plots of RBC-lysed total bone marrow previously gated to 

exclude doublets, dead cells, and lineage positive cells. HBSS control or E0771 BCA tumor-

bearing mice at the indicated times post-orthotopic injection are shown.

B. Flow cytometry analysis of VEGFR1 expression on LSK-gated bone marrow.

C. Quantification of LSK cells per femur of control or E0771 BCA tumor-bearing mice at 

the indicated times following tumor implantation. (n=10 for no tumor mice; n=5–10 for each 

tumor-bearing mouse group)
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D. Quantification of LSK cells per femur of control or M3-9-M ERMS tumor-bearing mice 

at the indicated times following tumor implantation. (n=11 for no tumor mice; n=4–9 for 

each tumor-bearing mouse group)

E. Total number of LSK that had incorporated BrdU in control mice or mice bearing E0771 

BCA orthotopic tumors for 12 days. (n=5 per group)

F. Percentage of the LSK population that had incorporated BrdU in control or E0771 BCA 

tumor-bearing mice 12 days following orthotopic tumor implantation. (n=5 per group)

G–I. Quantification of hematopoietic stem cell subsets per femur of control or E0771 BCA 

tumor-bearing mice at the indicated times following tumor implantation. (n=10 for no tumor 

mice; n=5–10 for each tumor-bearing mouse group)

J–L. Quantification of hematopoietic subsets per femur of control or M3-9-M ERMS tumor-

bearing mice at the indicated times following tumor implantation. (n=11 for no tumor mice; 

n=4–9 for each tumor-bearing mouse group) *P<0.05; **P<0.005; ***P<0.005.
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Figure 2. LSK HSPCs are mobilized and develop into immune suppressive myeloid cells in 
tumor-bearing mice
A. LSK cells per mL of total live RBC-lysed blood from HBSS control or E0771 tumor-

bearing mice. (n=12 for control mice; n=4 for each tumor-bearing mouse group)

B. LSK cells per mL of total live RBC-lysed blood in HBSS control or M3-9-M tumor-

bearing mice. (n=6 mice per group)

C. CFU colony counts of circulating blood from mice without tumor or bearing E0771 

tumor for 12 days. (n=6 mice per group; blood from each mouse plated in duplicate)
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D–G. Flow cytometry sorted LSK cells from bone marrow of E0771 BCA tumor-bearing 

CD45.1 donor mice were intravenously injected into either control or E0771 BCA tumor-

bearing CD45.2 recipients. Tissues were harvested 24 hours following injection of LSK 

cells and analyzed by flow cytometry.

D. Number of CD45.1+ donor cells detected in the indicated tissues of control or E0771 

BCA tumor-bearing recipients. (n=5 mice per group)

E–G. Flow cytometry analysis of CD45.1+ donor-derived cells in lungs of control or pre-

metastatic E0771 BCA tumor-bearing recipient mice to quantify CD11b+ cells (B), 

CD11b+Ly6g+ cells (C), and CD11b+Ly6chi cells (D) that differentiated from transferred 

LSK cells. (n=5 mice per group)

H. Immunofluorescence of lungs stained with the indicated antibodies (CD11b, Gr-1, GFP) 

and DAPI and imaged under 63× magnification. Scale bar is 10µm.

I. Diff-Quik staining of cytospins from flow cytometry sorted CD11b+Gr-1+ cells from 

IVIS-negative E0771 ffluc-GFP tumor-bearing mice. Scale bar is 10µm.

J. T cells were incubated with the indicated ratio of CD11b+Gr-1+ cells isolated from IVIS 

negative lungs of E0771 ffluc-GFP tumor-bearing mice and stimulated with anti-CD3/anti-

CD28 microbeads. T cell division was assessed by Cell Trace Violet dilution after four days. 

Error bars represent the standard deviation for each group (n=5 replicates).

K. Anti-CD3/anti-CD28-stimulated T cells were incubated with CD11b+Gr-1+ cells at a 3:1 

ratio with the indicated small molecule inhibitors. T cell proliferation was assessed as in H. 

Each sample represents n=5 replicates, nor-NOHA (arginase inhibitor), L-NMMA (iNOS 

inhibitor). Percent suppression is relative to T cells incubated with anti-CD3/anti-CD28 

microbeads only. *P<0.05; **P<0.005; ***P<0.005.
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Figure 3. Tumor-derived factors expand LSK and promote myeloid development
A–C. Flow cytometry analysis of lineage-depleted bone marrow cells after seven days of 

culture with control medium or medium conditioned by E0771 BCA (E0771 TCM) or 

M3-9-M ERMS (M3-9-M TCM). LSK (Lineage−Sca1+CD117+), GrMDSC 

(CD11b+Ly6g+), and MoMDSC (CD11b+Ly6chi) were quantified. n=2 wells per condition.

D–F. Flow cytometry-sorted LSK cells were cultured with control medium or E0771 BCA 

tumor-conditioned medium (E0771 TCM). The number of CD11b+ (D), CD11b+Ly6g+ (E), 

Giles et al. Page 20

Cancer Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or CD11b+Ly6chi (F) produced in culture were quantified by flow cytometry. n=3 wells per 

condition.

G. Cultured cells from sorted LSK in (D–F) were incubated at the indicated ratio with anti-

CD3/anti-CD28-stimulated T cells. T cell division was assessed by CellTrace Violet dilution 

of CD3+ cells. n=3 wells per condition.

H. Lineage-depleted bone marrow were cultured with control medium, E0771 BCA TCM, 

or M3-9-M ERMS TCM for 7 days. Vehicle or the FLT3 inhibitor AC-220 were added at 

the indicated concentration. LSK cells were quantified by flow cytometry analysis. n=2 

wells per condition.

I–J. Lineage-depleted bone marrow were cultured with E0771 BCA TCM or M3-9-M 

ERMS TCM for 7 days with vehicle or 100nM AC-220. CD11b+Ly6g+ (I) and 

CD11b+Ly6chigh cells (J) were quantified by flow cytometry analysis. n=2 wells per 

condition.

K–L. Mice bearing E0771 BCA primary tumors were treated daily with vehicle or AC-220. 

Mice were euthanized on treatment day 8. LSK cells were quantified in circulating blood 

(K), and CD11b+Ly6g+ cells were quantified in lung (L).

M. Luminescence of dissected lungs from mice in K–L. n=5 (control) and 7 (5mg/kg) mice 

per group. *P<0.05; **P<0.005; ***P<0.005.
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Figure 4. Mobilization of LSK cells by AMD3100 enhances experimental metastasis
A. Mice were injected with PBS or AMD3100 and blood samples taken one hour after 

injection. Circulating LSK HSPCs were quantified by flow cytometry (n=5 mice per group).

B. Mice were injected with PBS (Control) or AMD3100. One hour following treatment, 

E0771 ffluc-eGFP tumor cells were injected via tail vein. IVIS images were acquired at the 

indicated times following tail-vein injection of tumor cells.
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C. Survival of mice pre-treated with PBS or AMD3100 followed by tail-vein injection of 

E0771-ffluc-GFP tumor cells as in (B) (data are combined from 3 independent experiments 

of n=5 mice per group).

D. Flow cytometry analysis of CD11b+Ly6g+ cells in lungs from mice that received no tail-

vein tumor or E0771 ffluc-eGFP tail vein tumor 1 hour following treatment as in B-C. 

Lungs were analyzed 14 days following tumor injection. (n=5 mice per group)

E. Representative immunofluorescence of lungs from mice in the indicated treatment group 

and tail-vein injected with E0771 ffluc-eGFP. Lung sections were stained with the indicated 

antibodies (GFP for tumor, Gr1) and DRAQ5 for nuclear detection. Images acquired with 

40× magnification. Scale bar is 50µm.
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Figure 5. Promotion of experimental metastasis by AMD3100 requires an intact immune system
A. Survival of mice that had received sub-lethal irradiation prior to treatment with PBS or 

AMD3100. One hour after PBS or AMD3100 treatment mice received tail-vein injection of 

E0771 ffluc-GFP tumor. (n=5 mice per group)

B. Survival of SCID/Beige mice treated with PBS or AMD3100 followed by tail-vein 

injection of E0771 ffluc-GFP tumor one hour following treatment. (n-=5 mice per group).

C. Luminescence images of mice that were administered anti-Gr-1 antibody or isotype 

antibody 24 hours before treatment with PBS or AMD3100. E0771ffluc-eGFP tumor cells 

were administered by tail-vein injection 1 hour following PBS or AMD3100 treatment. IVIS 

images were taken two weeks following injection of tumor.

D. Quantification of total body luminescence from mice in (C).

E–F. Survival of mice administered isotype antibody followed by AMD3100 or PBS (E) and 

mice administered anti-Gr-1 antibody followed by AMD3100 or PBS (F).
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Figure 6. Elevated circulating progenitor cells in patients with cancer predict metastatic risk
A. GM colony forming units per 100,000 peripheral blood mononuclear cells (PBMNCs) 

from blood of healthy control children (n=19) or patients with rhabdomyosarcoma (n=25) at 

time of diagnosis.

B. GM colony forming units per 100,000 PBMNCs of healthy control adults (n=68) or 

patients with early stage breast cancer at time of diagnosis (ES BCA, n=34).

C. Flow cytometry analysis of circulating VEGFR1+CD34+ progenitor cells analyzed at 

time of diagnosis correlate with metastatic risk of rhabdomyosarcoma patients (n=5 for low 

risk; n=20 for intermediate risk; n=25 for high risk).

D. Circulating VEGFR1+CD34+ progenitor cells analyzed at time of diagnosis correlate 

with metastatic risk of patients with early stage breast cancer (n=30 for luminal A; n=14 for 

Her 2 Neu enriched; n=7 for triple negative/basal; n=6 for luminal B; n=18 for DCIS).

I. Elevated circulating VEGFR1+CD34+ progenitor cells in rhabdomyosarcoma patients at 

time of diagnosis predicts metastatic relapse. *P<0.05; **P<0.005; ***P<0.005.
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