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Abstract

During tumor progression, alterations within the systemic tumor environment, or 

macroenvironment, result in the promotion of tumor growth, tumor invasion to distal organs, and 

eventual metastatic disease. Distally produced hormones, commensal microbiota residing within 

mucosal surfaces, and myeloid cells and even the bone marrow impact the systemic immune 

system, tumor growth, and metastatic spread. Understanding the reciprocal interactions between 

the cells and soluble factors within the macroenvironment and the primary tumor will enable the 

design of specific therapies that have the potential to prevent dissemination and metastatic spread. 

This chapter will summarize recent findings detailing how the primary tumor and systemic tumor 

macroenvironment coordinate malignant progression.
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1. INTRODUCTION

Cancer is a systemic disease that affects multiple organs and systems in tumor-bearing hosts. 

In recent years, seminal mechanistic insight has been generated to understand the 

peculiarities of the tumor microenvironment (TME), which have resulted in novel 

therapeutic interventions. While much more work needs to address how multiple non-tumor 

cell types and structures at tumor beds influence malignant progression, it is becoming 

increasingly clear that tumors release factors that drive the orchestration of an environment 

in the host that involves the crosstalk between multiple distal compartments, at places 

beyond tumor beds. Systemic alterations include changes in the functioning of the bone 

marrow, where especially myelopoiesis is heavily altered in the presence of a tumor. Distal 

signals also involve the formation of pre-metastatic niches where disseminated tumor cells 

home, lay dormant, and eventually develop into growing metastatic masses, as well as 

hormonal signals and inflammatory mediators generated through interactions with 
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commensal microorganisms. Together, these inflammatory, tumor-promoting pro-metastatic 

networks form a systemic “macroenvironment” in tumor-bearing hosts that influences both 

the function of distant tissues and the tumor itself. This chapter will focus on the role of 

immune cells and their products in the orchestration of this systemic “macroenvironment”, 

which is critical for the progression of aggressive tumors and eventually for fatal outcomes.

2. INTERACTIONS BETWEEN THE TUMOR MICROENVIRONMENT AND THE 

BONE MARROW

2.1. Pathological myelopoiesis promotes malignant progression

The hematopoietic system has evolved to adjust the production of leukocytes to the presence 

of viral or bacterial infections. By increasing the production of leukocytes derived from the 

myeloid lineage, the host quickly generates myeloid effectors that are mobilized to the 

periphery from the bone marrow to fight pathogens (Takizawa et al., 2012). These 

mechanisms of “emergency myelopoiesis” are co-opted by tumors for their own growth and 

dissemination. A common finding in advanced solid-tumor bearing hosts is that severe 

alterations of myelopoietic differentiation promote the expansion and accumulation of 

immature myeloid progenitors into the blood, lymph nodes, spleen, bone marrow and tumor 

sites (Gabrilovich et al., 2012; Ostrand-Rosenberg and Sinha, 2009). In cancer, unlike 

emergency myelopoiesis induced by acute infections, immature myeloid cells are also 

retained at early stages of differentiation by signals derived from the TME, which block the 

differentiation of immature precursors into lineage-committed leukocytes, further 

contributing to the accumulation of myeloid precursors. This impairs DC-mediated antigen 

presentation and macrophage-dependent cytotoxic (protective) activity.

Initially, immature myeloid cells mobilized in the presence of a tumor are not necessarily 

immunosuppressive, although they could play a role in tumor-promoting inflammation and 

neovascularization. As the tumor progress, however, immature myeloid cells constantly 

produced through expanded myelopoiesis are influenced by multiple tumor-derived factors 

that turn them into powerful suppressors of protective immune responses. These 

heterogeneous immature myeloid cells that are able to suppress anti-tumor T cell responses 

through a variety of mechanisms are generically termed myeloid-derived suppressor cells 

(MDSCs), and in mice, are characterized by the co-expression of high levels of Gr1, along 

with CD11b. Under steady-state conditions, Gr-1+CD11b+ cells comprise ~35% of bone 

marrow cells but only ~3% of splenocytes (Nagaraj and Gabrilovich, 2012). In certain 

advanced tumor models, however, they can represent more than 50% of total splenocytes, 

and ~12% of total cells in single-cell suspensions from dissociated human melanoma 

samples (Gros et al., 2012). They also accumulate in variable proportions at tumor beds 

where, besides promoting the suppression of tumor-specific immune responses, MDSCs 

drive angiogenesis (Yang et al., 2004) and IL-6-dependent tumor-promoting inflammation 

(Fukuda et al., 2011; Lesina et al., 2011). In addition, MDSCs mobilized from the bone 

marrow generate pre-metastatic niches that provide a favorable location for disseminated 

tumor cells to survive, expand and, by recruiting new myeloid cells, generate metastases that 

are eventually responsible for fatal outcomes (Kaplan et al., 2006; Kaplan et al., 2005; 

Peinado et al., 2012; Psaila and Lyden, 2009).
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MDSCs are therefore immature myeloid cells that acquire immunosuppressive activity 

through pathological activation in tumor-bearing hosts at places distal to the TME. As we 

will describe below, MDSCs play a critical role as systemic drivers of malignant 

progression.

2.2. Tumor-derived secreted factors promote the expansion of immunosuppressive 
MDSCs

MDSC are induced by factors primarily produced in the TME, and in particular by 

inflammatory cytokines. Inflammatory mediators such as IL-1β, IL-6, and PGE2 have been 

demonstrated to play a role in the mobilization of MDSCs in tumor-bearing mice (Bunt et 

al., 2007; Eruslanov et al., 2010; Sinha et al., 2007). In addition, immunosuppressive CD33+ 

leukocytes can be generated from human peripheral blood cells by incubation with GM-CSF 

and IL-6 (Lechner et al., 2010). Correspondingly, an important transcriptional pathway 

associated with both the expansion and the differentiation blockade of myeloid progenitors 

is mediated by STAT3. STAT3 activation by tumor-induced cytokines promotes the 

expansion of myeloid cells by up-regulating both drivers of the cell cycle and anti-apoptotic 

factors (Gabrilovich et al., 2012; Sander et al., 2010; Yu et al., 2009). Activated STAT3 also 

promotes the up-regulation of C/EBPβ, which contributes to the acquisition of 

immunosuppressive activity (Marigo et al., 2010). In addition, STAT3 signaling in myeloid 

cells impairs dendritic cell and macrophage differentiation, at least in part by decreasing 

PKCβII (Farren et al., 2014; Nefedova et al., 2004). The combination of increased 

proliferation, decreased apoptosis and impaired differentiation all contribute to the 

accumulation of immature myeloid leukocytes at bone marrow and lymphatic locations. 

STAT3 activation is not only caused by secreted inflammatory cytokines, as heat shock 

proteins contained within tumor-derived exosomes have been also shown to contribute to the 

mobilization of MDSCs in cancer through this mechanism (Chalmin et al., 2010).

STAT3 activation in myeloid cells also elicits an autocrine loop whereby S100A9 protein 

secretion is increased. S100A8/9 dimers bind to the receptor for advanced glycation end-

products (RAGE receptors) activating the NF-κB pathway (Sinha et al., 2008), further 

blocking the differentiation of these myeloid progenitors into macrophages and DCs (Cheng 

et al., 2008). In addition, S100A8/9 protein production in the TME promotes the recruitment 

of MDSCs to tumor beds and enhances their suppressive activity (Gabrilovich et al., 2012; 

Sinha et al., 2008).

3. SUBSETS OF MYELOID PRECURSORS PATHOLOGICALLY MOBILIZED 

IN TUMOR-BEARING HOSTS

While all MDSCs represent immature and pathologically activated myeloid cells, they 

include at least two main categories of precursors; granulocytes and macrophages/DCs. 

Thus, murine MDSCs were originally defined based on co-expression of CD11b and Gr-1 

surface markers (Gabrilovich et al., 2007; Kusmartsev and Gabrilovich, 2002; Sinha et al., 

2008). However, it became clear that this heterogeneous population could be sub-divided 

into Ly-6ClowLy-6G+ granulocytic/polymorphonuclear (PMN) MDSCs and Ly-6ChiLy-6G− 

monocytic MDSCs (Dolcetti et al., 2010; Youn et al., 2008).
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The categorization of MDSCs in cancer patients is more complicated due to higher 

heterogeneity and differentiation from other myeloid subsets (e.g., bona fide neutrophils). 

Nevertheless, MDSC are typically lineage−CD11b+CD33+HLA-DR−/low leukocytes that 

include a “monocytic” population with the capacity to differentiate into CD14+ cells; and a 

CD15+ granulocytic type (Condamine et al., 2014; Gros et al., 2012; Ostrand-Rosenberg and 

Sinha, 2009; Ramachandran et al., 2013). Immature myeloid cells in cancer patients are, 

however, quite heterogeneous in every tumor, and much remains to be learned about the 

phenotypic diversity of myeloid leukocytes in freshly processed human tumors, before 

granulocytic populations die in the freeze/thawing process. In addition, because immature 

myeloid cells may not be intrinsically immunosuppressive at initial stages of tumor 

progression, the role of MDSCs in human tumors - resected as soon as they are detected – 

may not mirror the dramatic phenotypes identified in certain terminal transplantable tumors 

in mice.

Independently of additional subsets, granulocytic MDSCs outnumber monocytic MDSCs by 

a ratio of 3:1 (Youn et al., 2008). This reflects differences in the proportions of neutrophilic 

vs. monocyte/macrophage precursors during myelopoiesis, but also the fact that typical 

myelopiesis in cancer-bearing individuals is so corrupted that myelomonocytic precursors 

acquire the pathological capacity turning into granulocytes through epigenetic silencing of 

the retinoblastoma gene (Youn et al., 2013).

The two main subsets of MDSCs inhibit the protective activity of anti-tumor T cells through 

different mechanisms. Thus, the production of reactive oxygen species (ROS) is the main 

mechanism whereby granulocytic MDSCs suppress CD8 T cell responses, which requires 

cell-cell contact (Corzo et al., 2009; Youn et al., 2012). In addition, granulocytic MDSCs are 

more active at generating immunosuppressive adenosine, a process that involves the 

sequential activity of the CD39 and CD73 ectoenzymes (Ryzhov et al., 2011). In contrast, 

monocytic MDSCs primarily suppress through the generation of reactive nitrogen species 

(RNS) and the enzymatic activity of arginase (ARG1), which depletes the Amino Acid 

Arginine, thus promoting T cell unresponsiveness (Corzo et al., 2010; Gabrilovich et al., 

2012).

4. LIENAGE-COMMITTED MYELOID POPULATIONS IN THE TME

Although tumor-derived factors hamper the differentiation of pathologically expanded 

immature myeloid progenitors into their lineage-committed cell types in tumor-bearing 

hosts, MDSCs contain precursors with the capacity to differentiate into macrophages, DCs 

and granulocytes. These myeloid cells are in fact the most abundant cell types identified in 

the microenvironment of most solid tumors. Tumor-derived MDSCs transferred into tumor-

free syngeneic mice turn into immunocompetent macrophages and DCs (Gabrilovich et al., 

2012; Narita et al., 2009). In contrast, MDSCs transferred into tumor-bearing hosts home to 

the TME where, under hypoxic conditions, turn primarily into immunosuppressive 

macrophages, but also into DCs (~5% of them), with phenotypes that remain to be 

characterized in terms of immunosuppressive vs. immunostimulatory potential (Corzo et al., 

2010).
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Monitoring the capacity of tumor-derived MDSCs for granulocytic differentiation is more 

challenging due to the short life and sensitive nature of neutrophils, but polymorphonuclear/

granulocytic MDSCs turn into bona fide neutrophils in vitro (Youn et al., 2012). The need to 

process fresh samples as soon as they are resected for the analysis of tumor-infiltrating 

neutrophils has limited our understanding of their activities in the TME. However, recent 

evidence indicates that neutrophils with an activated phenotype comprised 5-25% of cells 

isolated from freshly digested human lung tumors. Rather than impairing anti-tumor 

immunity, these cells were able to stimulate T cell responses in vitro (Eruslanov et al., 

2014). Whether this only reflects the nature of the myeloid cells that accumulate at tumor 

beds at relatively early stages of malignant progression (those that are resectable) remains 

unknown.

As aforementioned, macrophages are the most abundant leukocyte subset in the 

microenvironment of most tumors, at virtually any stage of malignant progression. 

Macrophages are known to promote angiogenesis through the production of VEGF-A and 

by promoting tumor cell intravasation (Noy and Pollard, 2014). They are also, in general, 

driving immune privilege at tumor locations. Among the immunosuppressive mechanisms 

that macrophages promote in the TME, the secretion of IL-10 and TGF-β1, the expression of 

PD-L1 on their surface and the production of ARG1 have all been shown to be significant 

(Noy and Pollard, 2014). From the therapeutic point of view, however, macrophages offer 

great potential because their tumor-promoting phenotype can be transformed into cytotoxic 

activities that are relevant for tumor shrinking. The potential of CD40 agonists, for instance, 

has been recently underscored in patients and preclinical models of pancreatic cancer, where 

macrophages (but not T cells) were responsible for objective clinical responses by altering 

the stroma (Beatty et al., 2011).

Besides macrophages, another cell type frequently identified in the microenvironment of 

epithelial malignancies includes DCs, both conventional and plasmacytoid (Chiba et al., 

2012; Huarte et al., 2008; Scarlett et al., 2009; Scarlett et al., 2012; Wei et al., 2005). 

Because a continuum of differentiation and conflicting differentiation signals complicates 

the categorization of myeloid populations at tumor beds, the identification of bona fide DCs 

vs. macrophage populations has been frequently challenged. In our hands, the most frequent 

leukocyte subset infiltrating ovarian carcinoma masses in mice and humans (but not in 

human tumor ascites or other tumor types) shows phenotypic attributes and functional 

activities of canonical DCs. In human solid ovarian tumors, for instance CD1c+MHC-

II+CD19−CD11c+ leukocytes outnumber CD11c+CD1c− cells. These myeloid cells are able 

to suppress allogeneic T cell responses in the absence of treatment (unpublished 

observations), and are therefore highly immunosuppressive. Corresponding surface 

determinants and functional activities are identified in different ovarian cancer models 

(Huarte et al., 2008; Scarlett et al., 2012). However, synergistic activation of CD40 and 

TLRs, or restoration of immunostimulatory miRNAs using synthetic reagents transforms 

them into an immunostimulatory cell type that is able to up-regulate co-stimulatory 

molecules and effectively process and present antigens to T cells (Conejo-Garcia et al., 

2004; Cubillos-Ruiz et al., 2012; Cubillos-Ruiz et al., 2010; Huarte et al., 2008; Rutkowski 

et al., 2012; Scarlett et al., 2009; Scarlett et al., 2012).
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Further supporting the true dendritic nature of this abundant population, in both mouse and 

human tumors we confirmed that they co-express markers associated with the dendritic 

lineage. For instance, they show Zbtb46 mRNA levels significantly higher than splenic 

macrophages and significantly augmented compared to bone marrow-derived DCs in mice, 

where they also showed high expression of DNGR1/CLEC9A (Meredith et al., 2012; 

Schraml et al., 2013).

Independently of nomenclature, the identification of cells with the capacity to present 

antigens taken up in the TME has great potential for the design of therapeutic interventions 

that can both reverse immunosuppression, and boost anti-tumor immunity in vivo and in situ.

5. METASTATIC SPREADING AND THE METASTATIC NICHE

Dissemination and metastatic growth of tumor cells accounts for the majority of cancer-

related deaths, events that often occur before the primary mass is detected. Metastasis is a 

multi-stage process involving intrinsic changes to the tumor cells and exogenous soluble and 

cell-mediated factors that aid in extravasation of the primary tumor into the peripheral 

circulation, seeding and survival at distal sites, and eventual metastatic growth (Fig. 1). 

Long-term survival of disseminated tumor cells within the metastatic niche is facilitated by 

tumor-derived cytokines and immune cells that have been mobilized from the primary tumor 

microenvironment, or from the expression of tissue-specific cytokines and growth factors.

5.1. Tumor-mediated influence on the pre-metastatic niche: Preparation for tumor seeding 
at distal sites

The Lynden and Rafii laboratories helped to establish the concept of a pre-metastatic niche 

orchestrated by hematopoietic cells prior to the formation and seeding of metastases, 

facilitating the survival and outgrowth of disseminated tumor cells (Kaplan et al., 2006; 

Kaplan et al., 2005; Psaila and Lyden, 2009; Sceneay et al., 2013). The original studies 

identified a population of VEGFR1+ immature myeloid cells and endothelial progenitors 

that were mobilized from the bone marrow in response to inflammatory signals that 

originated in the TME, such as VEGF-A, TGFβ and PlGF. Bone marrow-derived cells 

favorably homed to secondary organs such as the lung where proteins such as S100A8/9 and 

serum amyloid A3 (SAA3) are preferentially up-regulated, resulting in the establishment of 

an environment favoring growth and survival of metastatic tumor cells.

In patients with advanced colorectal cancer (CRC), high systemic levels of tissue inhibitor 

of metalloproteinases (TIMP)-1 are predictive of poor outcome (Holten-Andersen et al., 

2000) and more metastatic disease (Seubert et al., 2015). Using mouse models, Seubert and 

colleagues found that in tumor-bearing mice with high systemic levels of TIMP-1, CXCL12 

was increased in the liver, resulting in the recruitment of CXCR4-expressing neutrophils that 

establish a pre-metastatic niche for disseminated CRC cells (Seubert et al., 2015).

More recently, the secretion of exosomes by tumor cells has also been shown to play an 

important role in the formation of pre-metastatic niches. Tumor-derived exosomes enhance 

vascular leakiness by inducing a vasculogenic phenotype in bone marrow progenitor cells, 

essentially “educating” the bone marrow to support tumor dissemination (Peinado et al., 

Rutkowski et al. Page 6

Adv Cancer Res. Author manuscript; available in PMC 2016 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2012). The role of immunosuppressive mediators (in addition to activators of myelopoiesis) 

potentially contained in these exosomes deserves further investigation. Additionally, 

understanding the significance of exosome release and metastasis for other cancer types 

could potentially uncover novel therapies that either inhibit the release of exosomes from 

primary tumors or target the proteins that enable metastatic growth.

Together these studies have provided compelling data detailing mechanisms of tumor-

induced metastatic spread and generation of the pre-metastatic niche in distal organs. 

However, the limitation to these studies is a lack of relevant pre-clinical animals that 

recapitulate the entire process of tumor dormancy and metastasis. Therefore, more clinical 

data is required to verify these events occur during the progression of malignant human 

disease (Keskinov and Shurin, 2015).

5.2. Tissue specific properties in the formation of metastatic niches

Metastatic cancers generally have a specific pattern of metastatic spread, with tropism for 

different tissues, indicating that tissue-specific factors may also be involved in the 

recruitment of disseminated tumor cells. Studies have shown that chemokine receptors 

CXCR4 and CCR7 are overexpressed in metastatic breast cancer cells while the respective 

ligands, CXCL12 and CCL21, are most abundantly expressed in the sites most commonly 

associated with breast cancer dissemination, such as the lymph nodes, lung, bone-marrow, 

and liver (Müller et al., 2001). CXCL12 is also involved with inducing neovascular growth 

(Jin et al., 2006), which results in the outgrowth of dormant tumor cells residing within the 

perivascular niche (Ghajar et al., 2013). These studies demonstrate that cytokines and 

chemokines present within the local tissue milieu also facilitate tumor dissemination and 

metastatic growth, uncovering a mechanism that explains the tropism of certain tumors for 

specific organ sites.

Pro-survival and growth signals on tumor cells have also been shown to be mediated by 

adhesion between tissue resident myeloid cells and disseminated tumor cells within each 

metastatic niche. For example, disseminated breast cancer cells in both the lungs and bone 

marrow utilize VCAM-1-mediated binding to intergrins on tissue-resident myeloid cells to 

survive in distal sites. Aberrant VCAM-1 overexpression on breast tumor cells in the bone 

marrow promotes the recruitment and activation of osteoclast progenitors, accelerating 

growth of breast tumor cells within the bone marrow (Lu et al., 2011). In the lungs, another 

niche involved in breast tumor metastasis, metastasized VCAM-1 overexpressing breast 

tumor cells tether themselves to lung macrophages through binding of α4β1 intergrins, 

resulting in the activation of pro-survival PI3K/AKT signaling (Chen et al., 2011). VCAM-1 

mediated tumor-induced adhesion with myeloid cells in environments associated with 

metastatic spread may explain the high VCAM-1 expression in invasive breast tumor cell 

lines (Lu et al., 2011) and resected metastatic human tumor specimens (Minn et al., 2007).

Together, the primary tumor microenvironment and local tissue environment coordinate 

enrichment of pro-survival signals, allowing for survival of disseminated tumor cells. When 

disseminated tumor cells encounter these locations enriched in inflammatory and pro-

angiogenic cells types, a niche is formed where tumor cells initiate the orchestration of a 

more complex tissue microenvironment where they will eventually form macroscopic 
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masses. Targeted therapies inhibiting the soluble factors or cells that aide in supporting these 

events will provide novel treatment strategies for the control of highly metastatic cancers. 

For example, targeting the CXCL12/CXCR4 pathway has already been shown to reduce 

metastatic spread of prostate cancers (Wong et al., 2014), the recurrence of glioblastomas 

(Tseng et al., 2011), dissemination of tumor cells and immunosuppression in ovarian cancer 

(Gil et al., 2014), and breast tumor metastasis (Gil et al., 2013).

6. ROLE OF THE MICROBIOTA IN TUMOR PROGRESSION

The skin, respiratory tract, genitourinary tract and the gastrointestional tract are colonized by 

billions of microorganisms, comprised of viruses, fungi, protozoan, and predominantly 

bacteria. Commensal microbiota provide a first line of defense against invading pathogens, 

maintain homeostasis at mucosal surfaces, and aid in digestion. However, the microbiota 

also have an important role in the development and function of the immune system (Arpaia 

et al., 2013; Chappert et al., 2013; Duan et al., 2010; Furusawa et al., 2013; Ivanov et al., 

2008; Wei et al., 2010) as well as influencing the activation of innate immune cells within 

the periphery during pathogenic infection (Abt et al., 2012; Clarke et al., 2010; Ichinohe et 

al., 2011).

Dysbiosis is an altered balance in the composition of the microbiota, resulting in 

dysregulated immune function and excess inflammation. When this occurs within the 

intestines, a cascade of events is initiated that may eventually lead to malignant growth. 

Although the link between dysregulation of commensal microbiota and colonic 

inflammation and cancer has been well established (Arthur et al., 2012; Hu et al., 2013), 

until recently, very few studies had addressed the role of the microbiota for tumors occurring 

at distal extra-intestinal locations.

6.1. Commensal microbiota are required for effective anti-tumor immune responses for 
extra-intestinal tumors

Two seminal studies demonstrated that the commensal microbiota were required for 

immune-mediated control of extra-intestinal tumors (Iida et al., 2013; Viaud et al., 2013). In 

mice bearing MC38 carcinoma, EL4 lymphoma, and B16 melanoma the commensal 

microbiota were required for myeloid cell production of TNFα during intratumoral 

immunotherapy with CpG-oligodeoxynucleotides (CpG-ODN) and inhibition of IL-10 

signaling (Iida et al., 2013), an immunotherapeutic combination that has been shown to 

reverse dendritic cell immune suppression within the tumor microenvironment (Vicari et al., 

2002). Direct or indirect activation of dendritic cells through TLR4-mediated interactions 

with the commensal microbiota primed the induction of TNFα production in response to 

TLR9 immunotherapy. The anti-tumor and immunogenic effects of oxaliplatin treatment 

were also dependent upon the commensal microbiota to induce the generation of ROS from 

myeloid cells (Iida et al., 2013).

Treatment using cyclophosphamide, an anticancer agent that elicits a therapeutic response 

by inducing an immunogenic cell death in tumor cells (Kroemer et al., 2012) was also 

shown to require the commensal microbiota (Viaud et al., 2013). Mechanistically, 

cyclophosphamide decreased the epithelial integrity of the intestinal mucosa, resulting in 
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translocation of gram-positive microbiota to secondary lymph organs and the conversion of 

IL-17 producing pathogenic Th1 CD4 T cells and enhancement of memory Th1 responses 

(Viaud et al., 2013).

These studies were among the first to demonstrate that the commensal microbiota were 

indispensable for the establishment of effective immune responses during immunotherapy 

and immunogenic chemotherapy of cancers occurring outside of the intestines. Commensal-

mediated differences in immune responses to each therapy was not “one size fits all”, 

indicating both treatment and context-dependent differences influenced priming and 

activation of the innate and adaptive immune system. These two studies also highlighted the 

role of specific microbial genera in controlling immune function. The Lactobacillus genus 

negatively correlated with TLR4-induced TNFα production while Ruminococcus genera 

positively correlated with the production of TNFα and the priming of dendritic cells (Iida et 

al., 2013). In cyclophosphamide treated mice, Lactobacilli and segmented filamentous 

bacteria (SFB), or Candidatus Savagella (Thompson et al., 2012), were shown to be 

positively associated with inducing pathogenic Th17 cells in peripheral lymph organs 

(Viaud et al., 2013).

6.2. The role of microbe-induced inflammation during malignant progression

Certain chemotherapies and cancer treatments suppress the immune system, creating a risk 

for individuals undergoing treatment to develop infections with opportunistic pathogens. 

Acute inflammation driven by infection with opportunistic pathogens has been suggested to 

promote metastasis to distal organ sites. LPS-delivery or infection in the lungs enhances 

chemotaxis of CXCR4 expressing tumor cells due to the induction of ubiquitins in the 

pulmonary epithelium (Yan et al., 2013), suggesting that treatment of cancer-bearing 

patients with antibiotics to prevent infection with opportunistic bacteria may result in a 

lower rate of metastasis. The caveat of this study is that certain antibiotics may eliminate 

commensal microbial species that facilitate anti-tumoral immune responses. The notion that 

acute inflammation, driven by pathogenic microorganisms, can drive metastasis or induce 

the formation of pre-metastatic niches warrants further studies and careful consideration of 

how treatment with antibiotics will alter the composition of the commensal microbiota in 

tumor-bearing hosts. Additionally, separate studies have demonstrated that inflammation 

induced by intratumoral injection of avirulent microorganisms, such as Toxoplasma gondii, 

induces a therapeutic benefit for the treatment of ovarian cancer and melanoma (Baird et al., 

2013a; Baird et al., 2013b), demonstrating that for certain cancers acute inflammation can be 

beneficial to the host.

The composition of the commensal microbiota is influenced by common genetic 

polymoprhisms in pattern recognition receptors, resulting in systemic inflammation that 

affects the initiation and progression of tumors occurring outside of the intestinal tract. 

Homozygous and heterozygous carriers of a deleterious polymorphism in TLR5 

(TLR5R392X) (Hawn et al., 2003) have increased long-term survival after an initial ovarian 

cancer diagnosis, but a reduced survival when diagnosed with luminal breast cancer 

(Rutkowski et al., 2015). Rutkowski et al. demonstrated that TLR5-mediated interactions 

with commensal microbiota increased systemic levels of IL-6, resulting in the recruitment of 
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MDSCs into the tumor environment, and the induction of galectin-1 expression in tumor-

associated γδ T cells, abrogating effective anti-tumor immunity. IL-6 driven immune 

suppression was only observed in TLR5+ animals bearing IL-6 responsive tumors (e.g. 

ovarian cancer, sarcoma), whereas IL-6 non-responsive tumors (e.g. breast tumors) grew 

significantly slower compared to TLR5−/− mice (Rutkowski et al., 2015). Importantly, 

differences observed in tumor progression required the commensal microbiota, as antibiotic 

depletion eliminated all TLR5-mediated differences in tumor progression.

In the absence of TLR5 signaling, TLR5−/− mice maintained significant differences in the 

composition of major species of commensal microbiota, despite prolonged co-housing, 

commonly used to equilibrate differences in the microbiota (Ivanov et al., 2008). In the 

presence of a tumor, a significant increase in the systemic levels of IL-17 was observed in 

TLR5-deficient individuals, and in the absence of IL-6, tumor progression was driven by 

IL-17 (Rutkowski et al., 2015). This study helped to clarify the controversial role of IL-17 in 

tumor progression, suggesting that IL-17 has a tumor-promoting effect only in the absence 

of IL-6. Human studies in the literature support this notion. In ovarian cancer, high IL-17 

levels have been reported to associate with a positive prognosis (Kryczek et al., 2009) 

whereas in luminal breast cancer, tumors that have low levels of IL-6 (Hartman et al., 2013), 

IL-17 is associated with a poor prognosis (Chen et al., 2013). The production of IL-17 

depends upon the commensal microbiota (Ivanov et al., 2008), demonstrating that these 

differences in tumor progression are driven by TLR5-mediated recognition of commensal 

microbes. This study implicated that common genetic polymorphisms in pattern recognition 

receptors, that are present at a high frequency within the general population (Casanova et al., 

2011), have an important influence on tumor progression and survival outcome.

It is becoming increasingly clear that the microbiota influence systemic immunity during the 

progression of cancer (Fig. 2). What is now being appreciated is that differences in 

microbial composition result in systemic differences in the production of certain cytokines, 

such as TNFα, IL-6, and IL-17, which ultimately influence the immune environment and 

tumor growth. Genetic variation and the composition of the commensal microbiota will be 

important to consider for personalized treatment of cancer. Additionally, future studies that 

explore interventions that modify or reshape the microbiota with certain genera associated 

with the production of specific cytokines would enable the development of approaches that 

modify the systemic immune system to treat cancer.

7. DISTALLY PRODUCED HORMONES INFLUENCE TUMOR PROGRESSION

The endocrine system contributes significantly to the host macroenvironment by affecting a 

wide variety of biological functions, such as homeostasis, development, and inflammation. 

Hormonal changes, either from exogenous or endogenous sources, are associated with 

several diseases including certain cancers. In addition to having a direct impact on tumor 

cell growth for hormone-dependent cancers, hormones have been hypothesized to indirectly 

impact tumors by influencing host stromal responses. Currently, anti-hormonal therapies are 

used as adjuvant therapy only in hormone-dependent cancers, such as estrogen receptor (ER) 

positive breast cancer (Burstein et al., 2014) and androgen receptor (AR) positive prostate 

cancer (Loblaw et al., 2004); however, due to their pleiotropic effects on the host 
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macroenvironment, endocrine therapies represent potential novel avenues for therapy in 

non-hormone dependent cancers.

7.1. Estrogens and the tumor macroenvironment (Estrone, Estradiol, and Estriol)

Estrogens, produced mainly by the ovaries and adipose tissue in non-gravid women, play a 

major role in female sexual development and health. Consequently, they have been 

implicated most strongly in the gynecological malignancies: breast, ovarian, and 

endometrial cancer. The Women's Health Initiative and Million Women Study found that 

women placed on combined estrogen-progesterone (EPT) replacement therapy are at an 

increased risk of breast cancer which is sustained approximately three years following 

termination of EPT (Beral, 2003; Rossouw et al., 2002). Additionally, elevated serum levels 

of estradiol in women without hormone therapy is associated with increased risk of ER-

positive, but not ER-negative, breast cancer (Farhat et al., 2011). The Million Women Study 

found that women who were placed on post-menopausal estrogen replacement therapy were 

found to be at higher risk of developing ovarian cancer (Beral et al., 2007), although this 

association is less clear when estrogen therapy is combined with progesterone (Anderson et 

al., 2003). Estrogen therapy alone is also known to increase the risk of endometrial cancer; 

however, this risk is mitigated when combined with progesterone (Weiderpass et al., 1999).

Canonically, estrogens directly regulate cell transcription via the steroid hormone receptors 

ERα and β (Nilsson et al., 2001). Upon ligand binding, ER's dimerize and translocate into 

the cell nucleus where they recognize estrogen response elements in gene promoters and 

enhancers. Depending on specific coregulators present within the nucleus, ER binding can 

activate or repress gene expression. ER can also form complexes with other transcription 

factors, such as AP-1 (Jakacka et al., 2001) and NF-κB (Galien and Garcia, 1997), thus 

directly affecting their activity in multiple cell types, including immune cells.

Estrogen signaling plays an important role in cancer by directly affecting ER-positive tumor 

cells. In vitro and in vivo studies using ER-positive breast tumor cells have shown that 

estradiol drives proliferation by inducing cell cycle progression via cyclin D1 (Hamelers et 

al., 2003). Treating breast cancer cells with the selective estrogen receptor modulator 

(SERM) tamoxifen results in cell cycle arrest and delayed tumor progression in vivo (Nunez 

et al., 2004). Clinically, SERMs used in ER-positive breast cancer patients have been shown 

to increase disease free survival and decrease mortality (Swaby et al., 2007). In ovarian 

cancer, the effect of estrogens on cell proliferation is less clear and seems to depend on the 

expression of the different estrogen receptors. ERα drives proliferation (Bossard et al., 

2012) while ERβ and GPER are inhibitory (Bossard et al., 2012; Ignatov et al., 2013). 

Consequently, ovarian clinical trials using anti-estrogen therapy have failed to deliver the 

same benefits demonstrated in ER-positive breast cancer (Argenta et al., 2009). Endometrial 

tissue growth is driven by estrogen signaling (Groothuis et al., 2007), which may be a major 

contributing factor in type 1 endometrial tumorigenesis. Because tamoxifen acts as an 

agonist in endometrial tissue (Diel, 2002) other anti-estrogen therapies, such as aromatase 

inhibitors, have been used to treat pre-metastatic endometrial tumors; however, this anti-

estrogen therapy results in relatively low response rates (Lindemann et al., 2014).

Rutkowski et al. Page 11

Adv Cancer Res. Author manuscript; available in PMC 2016 May 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Due to the wide expression of ER's on cells comprising the tumor stroma, it has been 

hypothesized that estrogens can impact tumor growth independently of tumor cells. In a 

mouse xenograft model using ER-negative patient-derived tumor cells, it was shown that 

ERα-positive bone marrow cells were required for estrogen-triggered enhancement of tumor 

implantation and growth (Iyer et al., 2012). These cells appeared to contribute to the 

formation of tumor vasculature. Other studies have also implicated estrogen signaling in 

tumor vasculogenesis (George et al., 2012). In a model of liver cancer, estradiol was shown 

to suppress tumor growth by reducing IL-6 production by macrophages in response to 

chemical carcinogen induced liver damage (Naugler et al., 2007).

7.2. Androgens in the tumor macroenvironment (Testosterone and Dihydrotestosterone)

Exposure to androgens has long been associated with prostate cancer (Herger and Sauer, 

1947). Testosterone upon recognition by androgen receptor (AR) induces initiation and 

progression of prostate cancer by stimulating tumor cell proliferation and inhibiting 

apoptosis (Green et al., 2012). Androgen deprivation therapy has been established as an 

effective treatment for advanced prostate cancer by inducing prostate cancer cell death 

(Feldman and Feldman, 2001). However, prostate cancer eventually recurs as castration 

resistant disease that relies upon alternative mechanisms for AR activation (Sharifi, 2013).

Besides direct effect on tumor cells, androgens have been shown to promote angiogenesis. 

Exposure to testosterone increased angiogenesis by selectively stimulating the AR in male 

endothelial cells in vitro and in vivo (Sieveking et al., 2010). This could further support 

progression and dissemination of cancer cells. High androgen levels may also help tumor 

promotion and progression by impairing the function of the antitumor immune response. 

Testosterone impairs Th1 differentiation by up-regulation of Ptpn1 (Kissick et al., 2014). 

Furthermore, orchiectomy has been shown to increase intratumoral infiltration of M1 

macrophages and CD8α T cells using a mouse model of thyroid cancer (Zhang et al., 2015).

7.3. Insulin and Insulin-like Growth Factor-I (IGF-I) in the tumor macroenvironment

Other hormones that impact tumor initiation and progression are insulin and IGF-I. 

Epidemiological studies found a higher overall risk of cancer in patients who were on 

insulin (Hemkens et al., 2009). Besides increasing IGF-I secretion, insulin has been 

implicated in tumorigenesis by accelerating tumor growth both in vitro and in mouse models 

of type 2 diabetes (Fierz et al., 2010; Novosyadlyy et al., 2010; Zhang et al., 2010).

The role of IGF-I is clearly established in different types of cancer, such as breast, prostate 

and colorectal (Chan et al., 1998; Hankinson et al., 1998; Ma et al., 1999). Patients with 

acromegaly have an increase in IGF-I secondary to a Growth Hormone hypersecretion, 

which is associated with an increased risk of colorectal cancer (Melmed, 2009). Decrease of 

IGF-I by caloric restriction or using a liver-specific IGF-I-deficient mice model results in 

protection against tumors, which can be reversed by the administration of IGF-I (Dunn et al., 

1997; Wu et al., 2003; Wu et al., 2002).
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8. CONCLUSIONS

Understanding of the intrinsic mutational or immunosuppressive events that result in 

malignant progression have aided in the development of targeted therapies that have 

enhanced the survival and quality of life for many patients with metastatic disease. Although 

many studies have uncovered mechanisms utilized by tumor cells to escape certain 

chemotherapies or immunotherapies, the systemic burden of cancer remains an indelible 

consequence for the outcome of current therapies. There is a trend towards utilizing large-

scale screening techniques to choose drug combinations that exploit genetic differences in 

individual patient tumors to identify optimal drug sensitivity (Barretina et al., 2012; Garnett 

et al., 2012). However, utilizing large-scale genomic screening approaches have drawn 

criticism (Haibe-Kains et al., 2013) as there is no account for somatic genetic differences or 

systemic differences in immune or microbial composition that influence the bioactivity of 

the drug in humans.

Personalized cancer therapy will thus have to enter into a new era, where not only genetic 

and immune profiles of tumor cells will be considered, in addition to considering the factors 

that influence the tumor macroenvironment to effectively develop therapies that have 

maximal effectiveness with minimal toxicity. For example, inhibitors targeting the PI3K and 

MEK signaling pathways, pathways utilized by many cells within the body, can have 

unintended effects on malignant progression, due to their influence on the immune system or 

epithelial integrity of the mucosal surfaces. Cancer is an inflammatory disease, indicating 

that therapeutic combinations should be devised that not only target the tumor cell, but also 

account for the influence of the macroenvironment in malignant progression and metastatic 

disease.
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Abbreviations

MDSC Myeloid-derived Suppressor Cell

DC Dendritic Cell

TME Tumor Microenvironment

PMN Polymorphonuclear

RAGE Receptor for advanced glycation end-products

VEGF-A Vascular Endothelial Growth Factor

TGFβ Transforming Growth Factor beta

PlGF Placental Growth Factor

PMN Polymorphonuclear cell
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ROS Reactive Oxygen Species

RNS Reactive Nitrogen Species

ARG1 Arginase

CRC Colorectal Cancer

TIMP-1 Tissue inhibitor of metalloproteinases 1

SAA3 Serum Amyloid A3

CpG-ODN CpG-oligodeoxynucleotides

TLR Toll-like receptor

LPS Lipopolysaccharide

ER Estrogen Receptor

AR Androgen Receptor

EPT Estrogen-progesterone replacement therapy

SERM Selective estrogen receptor modulator
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Figure 1. Crosstalk between the tumor macroenvironment and microenvironment result in 
dissemination and metastatic spread
CXCR4 and VCAM-1 expressing tumor cells are recruited out of the tumor 

microenvironment and into the macroenvironment due high levels of CXCL12 expression in 

certain tissues. VCAM-1 helps tether tumor cells to tissue-associated macrophages which 

aide in the survival of tumor cells. VEGF R1 expressing immature myeloid cells are 

recruited out of the tumor environment by VEGF, TGFβ and IL-6, where they home to distal 

organs to set up a pre-metastatic niche for disseminated tumor cells. MDSC and immature 

myeloid cells are recruited from the bone marrow into the tumor microenvironment to 

impair effective anti-tumor immunity and aide tumor growth and dissemination.
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Figure 2. Commensal microbiota differentially influence the tumor environment and 
immunotherapy
A) The influence of TLR5 expression on tumor progression. TLR5 responsive hosts have 

accelerated tumor progression in the presence of an IL-6 responsive tumor, resulting in 

increased levels of IL-6, increased recruitment of MDSCs into the tumor environment, and 

the induction of galectin-1 expression in tumor-associated γδ T cells. TLR5-deficient hosts 

have elevated levels of IL-17, which in the absence of IL-6, drives tumor progression. B) 
Commensal microbiota are required for effective immunotherapy with CpG and anti-IL-10R 

antibody treatment to reverse the immune suppression of tumor-associated DCs. The 

commensal microbiota prime DCs through TLR4 interaction, resulting in production of 

TNFα in response to CpG treatment. This results in conversion of suppressed DCs into 

immunostimulatory DCs, which elicit anti-tumor immunity. C) The effects of 

cyclophosphamide are mediated through the microbiota. Cyclophosphamide disrupts the 

mucosal surface, allowing for bacterial translocation to distal lymph organs, such as the 

spleen. This results in the conversion of IL-17 producing Th cells, which enhance anti-tumor 

immune response.
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