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Cancer-host interactions influencing disease progression and therapy 

Abstract  

 Solid tumors are infiltrated by non-malignant cells that actively shape cancer growth. 

These include immune cells, which are comprised of various lymphoid and myeloid cell subsets 

displaying diverse tumor-regulatory functions. In the past decade, targeting the immune system 

has been validated as an effective strategy to treat cancer, as therapeutically manipulating 

certain immune cells, such as T lymphocytes, can durably control cancer progression in some 

patients. Despite these remarkable advances in cancer therapy, our mechanistic understanding 

of tumor-immune interactions remains incomplete. For example, cancer-exerted effects on host 

responses beyond the local tumor microenvironment are less studied, but could be highly 

relevant since tumor-infiltrating immune cells are dynamically replenished by bone marrow-

derived cells. Additionally, which, and how, immune cell subsets control tumor progression, and 

to what extent these processes are perturbed by (and can be harnessed for) anticancer 

therapies, require clarification. Addressing these types of questions could not only expand our 

fundamental knowledge of tumor progression, but also have far-reaching consequences by 

offering new therapeutic avenues. 

 With these ultimate goals in mind, we have begun to interrogate various aspects of tumor-

immune interactions using pre-clinical tumor models. We focused on lung cancer, as it remains 

the number one cause of cancer-related deaths worldwide and many patients lack effective 

treatments. First, we investigated long-range interactions between lung tumors and the bone. 

Our findings newly link bone marrow stromal cells to distant tumor outgrowth via the production 
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of cancer-promoting myeloid cells. Second, we asked whether selecting chemotherapeutic 

drugs to exploit their immune stimulatory capacities could generate a T cell rich tumor stroma 

amenable to immunotherapy targeting. Here, we identified a drug combination that controls 

cancer growth, stimulates tumor T cell infiltration, and sensitizes tumors to checkpoint blockade 

therapy. Third, we comprehensively mapped tumor-infiltrating immune cell transcriptomes on a 

single cell level to reveal previously unappreciated cancer- and immunotherapy-induced myeloid 

cell substates in the lung. 

 Combined, we provide new insight into local and systemic tumor-host interactions and 

drug effects on tumor microenvironments, which could be harnessed for clinical translation. 
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Chapter 1: Thesis outline and background 

1.1 Overview 

 The research described in this thesis aims to address issues related to fundamental 

tumor-host interactions involving the immune system. Principally we aspire to contribute to the 

field of cancer immunology research on three fronts by  

 i) asking fundamental mechanistic questions regarding the less-often studied tumor-host 

responses that occur outside the local tumor microenvironment (Chapter 2);  

 ii) testing whether carefully selecting drugs based on their capacity to kill tumor cells in 

an immune-stimulatory manner could amplify antitumor responses in the tumor 

microenvironment and whether this could sensitize otherwise treatment-resistant tumors to 

immune checkpoint blockade (Chapter 3);  

 iii) mapping the tumor-infiltrating immune composition on a single cell level, using an 

unbiased approach, with the goal to uncover previously unappreciated cell substates and to 

study their response to a clinically relevant myeloid targeting agent (Chapter 4).  

In summary, our objectives are not only to improve the understanding of the underlying 

mechanisms that drive and/or inhibit tumor progression, but also to open up new vantage points 

for anticancer therapy.

In the next section, I first outline the broader significance of and challenges to cancer 

research today, specifically highlighting the recent developments in immunotherapy, which has 

revolutionized cancer therapy. In Section 1.3, I present a short background on tumor 

immunology and emphasize key areas of research that could benefit from further study, with the 

goal to set the stage for the subsequent data-driven chapters (Chapter 2-5). This is followed in 

Section 1.4 by a brief overview of the approach we have taken to study cancer immunology in 

the lab. The thesis outline and our main findings discussed in the following chapters are 

summarized in Section 1.5 (Scope of thesis). 
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1.2 Significance  

 Cancer remains a critical public health problem, with nearly fifteen million new cases and 

over eight million reported cancer-related deaths in the world every year1. It has become 

increasingly clear that cancer represents a collection of heterogeneous diseases that are 

unlikely to be cured by one ‘magic bullet’ drug. This diversity of tumor pathology represents a 

serious challenge for researchers and clinicians; nonetheless, in the past few decades, the fight 

against cancer has been reinvigorated by several important developments:  

 i) dramatic advances in next-generation sequencing technologies has enabled a broad-

scale interrogation of the cancer genome and transcriptome, 

 ii) the access to genomic and transcriptomic information has driven cancer care towards 

‘personalized medicine’, in which treatment regimes are selected based on an individual 

patients’ mutational load and tumor stromal components, 

 iii) the increased appreciation of the tumor microenvironment as a regulator of cancer 

growth has led to basic discoveries which has provided novel therapeutic targets, 

 iv) the ability to control cancer progression by manipulating the immune system has 

dramatically expanded the horizon of cancer therapy.  

Thus, although there are many challenges ahead, these types of efforts, and combinations 

thereof, will likely make more than mere incremental improvements for cancer patients across 

the globe in the coming few decades.  

 For the studies presented in this thesis, we aimed to address a set of outstanding basic 

questions relating to host regulation of cancer progression, involving the immune system. Our 

work has primarily focused on lung cancer, which remains the number one cause of cancer-

related deaths world-wide1. Specifically, we have mainly investigated non-small cell lung cancer 

(NSCLC), which represents the majority of lung cancer cases2. The standard of care for NSCLC 

patients is a combination of surgery, chemotherapy, radiotherapy, and/or targeted therapy 

(depending on the mutational status of the tumor)2. Targeted therapies, such as inhibitors of 

Epidermal Growth Factor Receptor (EGFR), can dramatically decrease tumor load in some 
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patients, but drug resistance frequently develops in patients, making the effect short-lasting3.  

Immune checkpoint blockade (ICB) therapies targeting programmed cell death 1/ligand 1 (PD-1/

PD-L1) were recently FDA-approved to treat NSCLC and have resulted in unprecedented 

durable responses in a subset of patients, but many unfortunately fail to respond4. In addition, 

NSCLC patients are typically diagnosed at more advanced stages of disease, since the cancer 

is often asymptomatic at early stages, making effective treatment even more challenging2. 

Therefore, for a large portion of NSCLC patients, anticancer therapies still offer limited 

increases in survival2. Given the recent successes, and limitations, of immunotherapy-based 

treatment of NSCLC patients, it is therefore a critical time for basic scientists to investigate 

relevant fundamental questions involving tumor-immune interactions with the goal to both 

broaden the scope of pre-existing anticancer therapies and help define novel therapeutic 

targets. 

  
1.3 Background 

Part of this section is reproduced with permission from the following publication 
Engblom, C, Pfirschke, C, Pittet, MJ. The role of myeloid cells in cancer therapies.  
Nat. Rev. Cancer 16, 447–462 (2016). 

1.3.1 Overview 

 In this section, I will present an overview of immune cell regulation of cancer growth both 

locally (1.3.2) in the tumor stroma and systemically (1.3.3) in the host. In addition, I discuss 

immune cell involvement in anticancer therapies (1.3.4). This section aims to provide context for 

the subsequent chapters (2-6), which will further expand on these multifaceted interactions 

between tumors and the host.  

1.3.2 Tumor-infiltrating immune cells shape cancer growth 

 Solid tumors develop and progress as intricate cellular eco-systems composed of 

neoplastic and seemingly normal host cell populations. Notably, tumor microenvironments are 
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home to various immune cell types that, depending on the cell and cancer type, differentially 

(both positively and negatively) affect tumor cell-associated functions5–10. Among these immune 

cells, tumor-infiltrating T lymphocytes are now regarded as a critical component of the tumor 

stroma because therapeutically activating these cells using immunotherapy can durably control 

various cancer types and their infiltration into tumors can be indicative of improved disease 

outcome11. While these advances are revolutionizing cancer therapy by validating immune cell 

targeting as a relevant approach to fight human cancer, only a fraction of patients benefit from 

current immunotherapies4 and our knowledge of the diverse and complex tumor 

microenvironments across cancer types remains limited.  

 Beyond T cells, myeloid cells have emerged as key regulators of cancer growth based 

on their abundance in the patient stroma, association with disease outcome, and their abilities to 

both promote or inhibit tumor growth in pre-clinical models5–8. Myeloid cells come in many 

different shapes, including macrophages, neutrophils, eosinophils, mast cells, monocytes, and 

dendritic cells. Understanding myeloid cell functions in cancer is an area of intense investigation 

within tumor immunology and has been reviewed in detail by our lab8 (Appendix 1) and others5–

8,12,13. For the most part, the presence of myeloid cells, macrophages and neutrophils in 

particular, at the tumor site tend to correlate with adverse prognosis in patients7,14,15. However, 

other, typically less abundant cells such as dendritic cells (DC), can have important antitumor 

functions and instead associate with improved disease outcome in some cancers5,8,16. The 

reality is even more complex as different cellular subsets (such as macrophage ‘activation 

states’) can have divergent functions within the same tumor microenvironment and between 

tumor types. Additionally, whether a cell has tumor promoting or suppressive functions may 

change dramatically during tumor progression and/or therapy. Therefore, despite a wealth of 

research regarding tumor-infiltrating immune cells in the most recent years, we still lack 

understanding of the complete immune cell repertoire and its heterogeneity at different tumor 

sites, which cells are immunosuppressive or antitumoral and, besides T cells, which are the 

most appropriate cellular and molecular targets for next-generation immunotherapies. 
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1.3.3 Cancer as a systemic disease 

 In addition to the local regulation of tumor growth, it has been appreciated, though much 

less studied, that tumors can affect, and be affected by, systemic host responses. For instance, 

most tumor-infiltrating immune cells are continuously replenished by circulating precursors17,18. 

This requires the constant production and release of hematopoietic cells by the bone marrow, or 

in some cases other tissues such as the spleen. Increased levels of circulating myeloid 

progenitor and more mature precursor populations have been observed in patients with solid 

tumors, which in some studies was associated with disease outcome19–21, indicating relevance 

of systemically amplified hematopoietic responses in human cancers.  Lymph nodes are also 

important sites for tumor antigen presentation and activation of T cells, which in turn are critical 

processes for tumor control and antitumor immunity. In addition, the metastatic cascade, which 

includes tumor cell migration to and seeding of distant sites to the primary tumor can be 

regulated locally by events in the tumor microenvironment but also distally through several 

mechanisms, including killing of circulating tumor cells30, regulating intravasation and seeding of 

tumor cells at the metastatic site31,32, or inhibiting or suppressing antitumor immune responses 

against metastatic tumor cells33–36. Broadly speaking, extra-tumoral tissues thus have many 

important tumor-regulatory functions as hematopoietic production sites (bone marrow and 

others), traffic routes between distant tissues and tumors (blood), transit of antigen (lymph), 

activation or suppression of antitumoral responses (lymph nodes, spleen).  

 These key processes can be remotely modulated by distant tumors. Factors produced 

and released by tumors act on tissues to amplify and skew hematopoietic cell production, e.g. 

G-CSF22, GM-CSF23, angiotensin II24, PF425, and osteopontin26, to name a few. Additionally, 

tumor-derived vesicles interact with hematopoietic components in lymph nodes27 or other extra-

tumoral tissues28,29, which may in turn feed back into systemic antitumoral or protumoral 

responses. These types of signals, and others, are further used by cancers to orchestrate 

immune cell recruitment to the tumor site from the blood. Taken together, it is clear that tumors 
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are in constant bi-directional conversations with both local and systemic host components. To 

fully dissect tumor-associated immune responses in cancer, it is therefore important to consider 

critical events that occur outside the immediate tumor microenvironment. 

1.3.4 Anticancer therapies perturb tumor-immune interactions 

 Host responses to tumors are profoundly affected by anticancer therapies, both directly 

and indirectly. The relevance of immune cells to current cancer treatments remains largely 

unexplored, particularly in the clinical setting, although virtually all therapeutic modalities, 

including surgery, chemotherapy, radiotherapy, immunotherapy and targeted therapy, likely 

involve these cells. Notably, myeloid cells are required to clear killed tumor cells and orchestrate 

the healing response that follows treatment-induced cancer regression. Furthermore, emerging 

evidence indicates that immune cells and cancer treatments are linked at other, sometimes 

unexpected, levels and that these connections can both improve and worsen treatment 

outcome. As an example, in addition to killing cancer cells directly, some chemotherapeutics 

may control tumor growth by reducing myeloid cells or limiting bone marrow-derived myeloid 

progenitors37–39. In other settings, myeloid cells can be beneficial for cytotoxic therapy, e.g. 

certain types of chemotherapeutic-induced cell death stimulate antitumor immune responses 

that require antigen-presenting cells40. Interestingly, even when immune cells appear to be 

specifically targeted, drug effects on hosts can involve additional seemingly off-target immune 

cells. For instance, the efficacy of anti-CTLA4 treatment, initially developed to unleash cytotoxic 

T cell activity by removing inhibitory signals, may depend on the depletion of suppressive 

regulatory T cells by Fc Receptor expressing monocytes41–43. In fact, Fc receptor expression by 

myeloid cells may be broadly important for the successful treatment with a range of antibody-

based anticancer drugs44. Combined, it is likely that we have only begun to appreciate the role 

of non-cancerous cells in mediating the ability or failure to respond to a particular anticancer 

therapy. 
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1.3.5 Summary 

 To conclude, it is clear that immune cells have emerged as important regulators of 

cancer growth, but many mechanisms of tumor-associated immune cell-mediated responses 

require clarification. These include, but are not limited to, the functions of various tumor-

infiltrating immune cells, cancer-exerted systemic interactions with the host involving extra-

tumoral tissues such as the bone marrow, dynamic mechanisms of immune cell replenishment 

at the tumor site, and drug-induced effects on tumor-associated immune responses. Answering 

these questions is important because there is an urgent need to improve our understanding of 

the complex interactions that drive tumor progression and the ways in which we can best exploit 

these to improve anticancer therapies. With these goals in mind, we have begun to interrogate 

several of these questions listed above. These will be outlined in Section 1.5 (‘Scope of Thesis’). 

  

1.4 Approach to studying cancer immunology 

 Cancer can be studied on multiple fronts, ranging from conducting clinical trials, 

implanting tumors in mice, studying patient cancer cells in vitro, or analyzing gene expression 

databases. To model NSCLC in the lab, we needed an experimental system in which we could 

mechanistically interrogate cellular and molecular host responses influencing tumor progression 

and anticancer therapies. We opted for using immunocompetent mice since it enables us to 

observe and manipulate immunologically compatible tumor-host interactions involving the local 

tumor microenvironment as well as tissues located away from the tumor stroma. To induce 

tumors, we have used a genetic mouse model of lung adenocarcinoma in which tumor cells 

transform from somatic cells after adenoviral-based delivery of the Cre enzyme resulting in 

cancer-causing mutations, namely activation of the genes encoding Kirsten rat sarcoma viral 

oncogene homolog (KRAS) and tumor suppressor p53 (TP53)45,46. This model allows tumors to 

initiate in their normal tissue microenvironment and it faithfully recapitulates various aspects of 

human disease, such as immune infiltration and disease progression through several tumor 
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stages45,46. Additionally, KRAS and p53 mutations are frequently found in NSCLC patients 

(~25% and 50%, respectively). When appropriate, we also used an orthotopic KP lung tumor 

model46. This model is useful and relevant because of its compatibility with various genetically 

engineered mouse models on a B6 background, reproducibility, and shorter time-course, while 

maintaining the relevant lung tumor tissue tumor microenvironment. We believe that the latter is 

particularly important when studying the tumor stroma, since immune cell composition and 

function is highly tissue specific even at steady state, as exemplified by their heterogeneous 

homeostatic functions across the body47,48. Furthermore, using immunocompetent mouse 

models to study cancer is critical to assess the complexity of drug responses which may require 

an intact immune response. In such studies, in vivo imaging can be a powerful tool to quantify 

and visualize drug uptake in tumor or host cells, as well as other aspects of pharmacokinetics. 

 Clinical translation from murine tumor models to patients is a challenge that needs to be 

addressed. Dissecting phenotypes in patients is undoubtedly critical to understanding cancer 

progression and treatment response in human disease. Therefore, we have, whenever feasible, 

worked to anchor our findings in patient pathology. However, there are major ethical, technical, 

and practical considerations that precludes asking and testing certain fundamental biological 

questions in patients. Here cancer mouse models are invaluable tools in driving discovery. It is 

also worth remembering that some of the most critical recent developments in anticancer 

therapies, such as the development of ICB, were based on pre-clinical work in the mouse. Thus, 

studying cancer using immunocompetent mouse models remains a relevant approach to 

mechanistically address cellular and molecular components that drive tumor progression. 

1.5 Thesis Outline 

 Below, I summarize our findings and outline the content of each chapter.  

 In Chapter 2, I will present our work investigating systemic cancer-host interactions 

involving bi-directional crosstalk between lung tumors and the bone marrow. In this chapter, we 
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show in both mice and cancer patients that lung adenocarcinomas increased bone stromal 

activity in the absence of local metastasis. Animal studies further revealed that the cancer-

induced bone phenotype involved bone-resident osteoblastic cells. These cells promote cancer 

by remotely supplying a distinct subset of tumor-infiltrating neutrophils, which were defined by a 

unique combination of cell surface markers and exhibited discrete cancer-promoting properties. 

Furthermore, conditionally reducing bone marrow osteoblastic cells is sufficient to interrupt both 

the neutrophil response and lung tumor outgrowth. Taken together, these findings uncovered a 

role for osteoblasts as remote enhancers of lung cancer and identify a novel neutrophil subtype 

as myeloid cell effectors of the osteoblast-driven protumoral response. 

 In Chapter 3, I will discuss our findings related to harnessing tumor drug responses to 

convert immunologically ‘cold’ tumor microenvironment to those more amenable to checkpoint 

blockade therapy. Here, we show that mouse lung tumors that lack T cell infiltration and resist 

current treatment options can be successfully sensitized to host antitumor T cell immunity when 

using appropriately selected immunogenic chemotherapeutic drugs. The antitumor response 

was triggered by direct drug actions on tumor cells, relied on innate immune sensing through 

pattern recognition receptors, and ultimately depended on T cell antitumor immunity. 

Furthermore, instigating tumor infiltration by T cells sensitized tumors to checkpoint blockade 

inhibition and controls cancer durably. These findings indicate that the proportion of cancers 

responding to checkpoint therapy can be feasibly and substantially expanded by combining 

checkpoint blockade treatment with immunogenic drugs. 

 In Chapter 4, I will present our study aimed at mapping all immune cell states in murine 

lung tumors. To do this, we used cutting-edge single cell RNA-seq to define the immune cell 

composition in healthy and lung tumor tissues. Through this approach, we identified distinct 

myeloid cell subtypes that were unique to tumor tissue. We further interrogated single cell 

molecular phenotypes of tumor-infiltrating immune cells following targeting of the colony-

stimulating factor-1/R pathway, which is key to myeloid differentiation and a promising 

therapeutic target. Taken together, our analysis revealed previously unappreciated tumor- and 
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drug- associated immunoregulatory cell states. These findings should help clarify myeloid cell 

complexity within tumors and in response to myeloid-based immunotherapy.  

 In Chapter 5, I will highlight additional projects to which I contributed to during my thesis. 

These different studies ask questions within the realm of tumor immunology but cover a wide 

range of research areas from macrophage imaging technologies within tumors, tumor-derived 

vesicle and lymph node macrophage interactions in the context of skin tumors, tissue 

distribution of nanoparticle-encapsulated drugs, and the role of microbiota in chemotherapy-

induced anticancer immune responses. 

 In Chapter 6, the final part of my thesis, I will highlight critical next steps to extend our 

work. 

�10



Chapter 2: Systemic cancer-host interactions 

2.1 Overview 

Osteoblasts remotely supply lung tumors with cancer-enhancing SiglecFhigh
 
neutrophils 

Camilla Engblom*, Christina Pfirschke*, Rapolas Zilionis, Janaina da Silva Martins, Stijn A. 

Bos, Gabriel Courties, Steffen Rickelt, Nicolas Severe, Ninib Baryawno, Julien Faget, Virginia 

Savova, David Zemmour, Jaclyn Kline, Marie Siwicki, Christopher Garris, Ferdinando Pucci, Yi-

Jang Lin, Andita Newton, Omar Yaghi, Yoshiko Iwamoto, Benoit Tricot, Gregory R. Wojtkiewicz, 

Matthias Nahrendorf, Virna Cortez-Retamozo, Etienne Meylan, Richard O. Hynes, Marie 

Demay, Allon Klein, Miriam A. Bredella, David T. Scadden, Ralph Weissleder, Mikael J. Pittet 

*These authors contributed equally to this work. 

This work is unpublished.  

Summary 

Bone marrow-derived myeloid cells can accumulate in high numbers within solid tumors and 

mediate functions that foster cancer outgrowth. Immune-neoplastic interactions in the local 

tumor microenvironment have been intensively investigated, but the contribution of the host 

systemic environment to tumor growth remains poorly understood. Here, we show in both mice 

and cancer patients that lung adenocarcinomas increase bone stromal activity even in the 

absence of local metastasis. Animal studies further reveal that the cancer-induced bone 

phenotype involves bone-resident osteocalcin-expressing (Ocn+) osteoblastic cells. These cells 

promote cancer by remotely supplying a distinct subset of tumor-infiltrating SiglecFhigh 

neutrophils, which exhibit discrete cancer-promoting properties. Furthermore, conditionally 

reducing Ocn+ cells is sufficient to interrupt both the neutrophil response and lung tumor 

outgrowth. These observations uncover a role for osteoblasts as remote enhancers of lung 
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cancer and identify SiglecFhigh neutrophils as myeloid cell effectors of the osteoblast-driven pro- 

tumoral response.  

Attributions  

For this study, I, together with C.P., performed the majority of the experiments, analyzed 

the data, and wrote the manuscript.

2.2 Introduction 

 Extensive research of the tumor stroma has revealed that hematopoietic cells, including 

myeloid cells, can promote cancer8,17,49,50. The majority of tumor-infiltrating myeloid cells are not 

made at the tumor site, but are continuously replenished by circulating bone marrow-derived 

precursors8,17,18. Tumors can also regulate myeloid cells before they enter the tumor stroma by 

skewing hematopoiesis towards the myeloid lineage22,23,51 or increasing myeloid cell populations 

or their precursors in the periphery22,23,51. There is human relevance for these long-range 

interactions between tumors and distant hematopoietic production sites, as amplified circulating 

levels of hematopoietic myeloid progenitor populations can be detected in patients across 

cancer types19. Similarly, elevated levels of circulating neutrophils often correlate with poorer 

clinical outcome20,21. To more fully understand the biological processes underlying tumor 

development and growth, it is therefore important to consider host changes that occur away 

from the tumor stroma. 

 The bone marrow is a tissue of particular interest as the main hematopoietic cell 

production site for all circulating blood lineages in the adult52,53. In addition to its hematopoietic 

cell constituents, the bone marrow contains resident cell populations that not only participate in 

bone maintenance but also regulate hematopoiesis and immune cell fate54–56. The idea that 

hematopoiesis, and stem cell activity in particular, was controlled by stromal elements in the 

�12



bone marrow microenvironment was first proposed almost half a century ago (reviewed in52,54). 

This early, seminal work, set the stage for today’s on-going investigations into the various cell 

types that make up the ‘bone marrow stroma'. Thus far, the bone marrow stromal 

microenvironment has been broadly defined as cells of mesenchymal origin (which can give rise 

to bone-forming osteoblasts, chondrocytes and adipocytes), endothelial cells and nerves54–56, 

although this field is continuously evolving and gaining in cellular resolution. 

 Cells of the osteoblastic lineage are a main component of the bone marrow stroma. 

Osteoblasts are bone-forming cells responsible for producing and maintaining the mineralized 

protein matrix that makes up our bones57. They also regulate the development and activity of 

osteoclasts, the osteoblast’s cellular antagonist, whose main function is to break down bone, 

referred to as bone resorption. In the adult, osteoblastic cells are thought to derive from skeletal 

progenitor cells that are present in the marrow space, and whose commitment to becoming 

osteoblasts depends on several transcription factors, most notably Runt-related transcription 

factor 2 (Runx2)57–60 and Osterix (Osx)57,61. As osteoprogenitors develop into mature and active 

osteoblasts, they upregulate osteocalcin (Ocn) along with a slew of genes related to bone 

formation, such as collagen, type 1, alpha 1 and alkaline phosphatase62,63. Some osteoblasts 

further develop into osteocytes, which are bone-embedded cells critical for bone maintenance, 

and whose differentiation depends on Dentin Matrix Acidic Phosphoprotein 1 (Dmp1) expression 

in mice64,65. Osteocytes can also control osteoblast development, as evidenced by their 

production of sclerostin, a molecular inhibitor of the WNT pathway, whose targeting amplifies 

osteoblast activity and bone formation. 

 Osteoblastic cells were the first bone marrow stromal cells identified to regulate 

hematopoiesis at steady state52,54. Seminal studies demonstrated that genetic manipulation of 

osteoblasts and their progenitors in mice dramatically altered hematopoietic stem cells (HSCs) 

and the B cell lineage in the bone marrow66–69. More recent experiments have reported that 

osteoblastic cells likely do not interact directly with HSCs, but mainly with more mature 

precursor populations, primarily of the lymphoid lineage70–74. The stromal population(s) that 
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dominantly regulate myeloid progenitor populations remain less studied. However, the 

osteoblastic lineage may be relevant here as well, since osteocyte deletion of G-protein subunit 

⍺ (Gs⍺) resulted in myeloid cell expansion, mediated in part by osteocyte-derived G-CSF75. 

Different genetic mouse models have also revealed that various molecular mediators regulate 

hematopoeisis52,54. These include C-X-C Motif Chemokine Ligand (CXCL12)73,74, angiopoietin76, 

osteopontin77, prostaglandins78, stem cell factor79, Notch signaling52,66, and presumably many 

more that remain undefined. Thus, it is evident that osteoblasts are significant players in a 

complex system, involving multi-cellular and molecular interactions, that is critical to steady 

state hematopoietic cell production and egress from the bone marrow.  

 It has also become clear that osteoblastic cells are important and active participants in 

both local and systemic inflammation and disease, which typically perturb bone marrow 

hematopoiesis. For instance, the osteoblast lineage has been implied as an instigator of local 

bone marrow hematopoietic malignancies80,81. A seminal study showed that genetic mutations in 

the osteoblast lineage, i.e. Dicer deletion in osteoprogenitor cells, instigated myelodysplasia and 

subsequent acute myelogenous leukemia80. Osteoblast specific β-catenin activation also 

resulted in acute myeloid leukemia-like disease in mice, which was mediated by osteoblast 

expression of the Notch ligand Jagged-1; intriguingly, β-catenin activation in osteoblast was also 

observed in 41 out of 107 patients diagnosed with acute myeloid leukemia or myelodysplastic 

syndrome (but not in healthy controls)81. Additionally, osteoblasts may contribute to bone 

metastasis by regulating tumor seeding and growth through ligand-receptor interactions, and 

conversely, bone metastatic tumor cells can profoundly disrupt homeostatic bone forming and 

resorptive processes, generating both osteoblastic and osteolytic tumors82. In addition to their 

involvement in local bone marrow pathologies, osteoblastic lineage cells can also contribute to 

systemic inflammatory processes, although this remains less studied. For example, one study 

showed that granulocyte colony-stimulating factor (G-CSF)-induced hematopoietic stem and 

progenitor cell (HSPC) exit from the bone marrow was impaired in diabetic patients, and 

mechanistic studies in mice demonstrated that G-CSF-induced HSPC egress was mediated in 
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part by osteoblasts in addition to Nestin+ mesenchymal cells83. Another group showed that 

osteoblasts were ablated during sepsis and that loss of osteoblastic-expression of interleukin 

(IL-7) critically impaired lymphocyte production84. 

 Taken together, osteoblastic cells, in addition to their roles in bone formation, contribute 

to steady state maintenance of hematopoiesis and to both local and systemic disease 

conditions that involve hematopoietic cells. However, it is not clear whether an already 

established malignancy, such as a solid tumor, with known effects on hematopoietic cells, 

induces changes in osteoblasts, and whether this has an impact on distant tumor growth and 

related immune responses. To address this knowledge gap, here we asked whether bones may 

not only be affected by a common solid cancer––lung adenocarcinoma––but also shape tumor-

associated hematopoietic responses and remotely control cancer outgrowth. 

2.3 Results 

2.3.1 Bone activity is increased in lung tumor-bearing mice 

 To test whether lung tumors disrupt bone homeostatic activity, we initially used a 

fluorescent bisphosphonate derivative (OsteoSense-750EX)85 that binds hydroxyapatite 

minerals in areas of active bone formation and is detectable in vivo by fluorescence-mediated 

tomography (FMT)86. We considered a mouse model of lung adenocarcinoma in which tumors 

are induced by intratracheal delivery of Adenovirus (Ad)-Cre, which activates oncogenic Kras 

and deletes the tumor suppressor Trp53 (thereafter referred to as KP; Figure S2.1A-C), and 

whose growth recapitulates key aspects of the human disease45. For some experiments, we 

also used the KP1.9 tumor cell line, which derives from KP lung tumors and behaves similarly to 

its autochthonous counterpart46, and the Lewis Lung Carcinoma (LLC) cell line, a commonly 

used murine lung tumor model. In vivo FMT analysis of the femoral-tibial joint (Figure S2.2A) 
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Figure 2.1 Lung tumors modulate bones.  
(a)  Representative image of in vivo FMT-based detection of OsteoSense signal in the femoral-

tibial joint of KP lung tumor-bearing mice and their respective age- and sex-matched 
littermate tumor-free controls. 

(b) Quantification of (a) (n = 10-12).  
(c)  Detection of OsteoSense signal as in (a) but in LLC lung tumor-bearing mice and their 

controls (n = 4). 
(d)  Ex vivo confocal microscopy of representative OsteoSense (white) and vasculature signal 

(red; labeled with anti-Sca-1, anti-CD31 and anti-CD144 mAbs) in the sternum of tumor-free 
(top) and KP1.9 lung tumor-bearing (bottom) mice.



showed significantly elevated OsteoSense activity in both KP (Figure2.1A-B) and LLC (Figure 

2.1C and Figure S2.2B) lung tumor-bearing mice, when compared to tumor-free controls.  

 Ex vivo analysis of explanted bones from KP tumor-bearing mice further revealed that 

this activity extended across all compartments analyzed, including the elbow joint, sternum, ribs, 

vertebrae and pelvic bone (Figure S2.2C-E). Control experiments confirmed that OsteoSense 

signal originated from bone but not from other tissues including lung, spleen, liver and kidney 

(data not shown). Bone metastases have not been reported for mice bearing KP tumors45, 

which we confirmed by histology, PCR-based methods, and micro-computed tomography (µCT) 

(Figure S2.3A-E and data not shown). These studies indicate that lung tumors can disrupt bone 

stromal activity in absence of local metastasis.  

 By using confocal microscopy, we also found increased OsteoSense signal in the 

sternum (Figure 2.1D and Figure S2.4A) and distal femur (Figure S2.4B) of KP1.9 tumor-

bearing mice. We further identified that the signal’s location was separate from vasculature and 

enriched in areas of active bone remodeling, including the edges of sternebrae, which are 

associated with areas of increased bone in the sternum (Figure 2.1D and Figure S2.4A), and 

the metaphysis of the femur, which is an area of active trabecular bone formation adjacent to 

the growth plate (Figure S2.4B). OsteoSense signal was also found in the epiphysis and 

diaphysis of the femur (Figure S2.4B).  
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Figure 2.1 (Continued) 

(e)  3D reconstruction of µCT scans (left) and quantification of trabecular bone volume fraction (BV/TV) 
(right) in the distal femoral metaphysis of KP1.9 lung tumor-bearing and control mice (n = 4).  

(f)  CT-based trabecular bone density in NSCLC and control patients. Left: representative axial non-
contrast CT image of the 10th  thoracic vertebra (T10) in a 53-year-old healthy woman who 
underwent non-contrast chest CT for cough and was found to have no abnormalities (control 
patient) and a 53-year-old woman with KRAS+ NSCLC showing higher bone density. Images are 
presented using the same window and level. The mean trabecular bone density of the region of 
interest depicted by a black oval was calculated in Hounsfield Units (HU) for all investigated 
individuals. Right: quantitative data from control (n = 70) and NSCLC (n = 70) patients. 

(g)  As in (f), but showing mean trabecular bone density of NSCLC patients separated based on tumor 
KRAS mutational status. Left: KRAS- (negative) and matched controls. Right: KRAS+ (positive) and 
matched controls.  

 *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.  AdCre: adenovirus-Cre; FMT: fluorescence molecular 
tomography; KP: Kras and p53 mutant lung tumors; LLC: Lewis Lung Carcinoma; µCT: micro-
computed tomography; NSCLC: non-small cell lung cancer. 



 These data suggested that KP tumors’ impact on bone may influence bone 

microarchitecture. Accordingly, high-resolution µCT showed increased trabecular bone volume 

(Figure 2.1E and Figure S2.5A-C) and higher mineral density of distal femoral metaphysis 

(Figure S2.5D) in mice bearing KP tumors. The same mice also showed more (Figure S2.5E) 

and thicker (Figure S2.5F) trabeculae and decreased space between those trabeculae (Figure 

S2.5G). Cortical bone morphology in the femoral mid-diaphysis showed similar tumor-induced 

phenotypes (Figure S2.5H). Figure S2.5I includes a complete tabulation of the µCT results.  

2.3.2 Bone density is increased in non-small cell lung cancer patients 

 To define our findings' relevance for human disease, we examined 70 non-small cell lung 

cancer (NSCLC) patients who had undergone non-contrast chest CT measurements prior to 

cancer therapy and did not have osseous metastases. These patients were matched by age, 

sex and body mass index to control individuals who did not have active malignancy, chronic 

illness or medication use known to affect bone metabolism (Table S2.1). This analysis revealed 

significantly higher trabecular bone density in the thoracic vertebrae of NSCLC patients 

compared to controls (Figure 2.1F and Table S2.1). The equivalent analysis done in KRAS- 

versus KRAS+ NSCLC patients separately revealed comparable results, suggesting that the 

increased bone is not dependent on the KRAS mutational status (Figure 2.2G). Taken together, 

lung tumor-induced changes in bone can be observed in both mice and humans.  

2.3.3 Lung tumors activate osteoblasts 

 The bone phenotypes may be explained by altered osteoblast and/or osteoclast 

activity57. Histological analysis of these cell lineages in the distal femur identified more 

osteoblasts in KP tumor- bearing mice than in tumor-free controls (Figure 2.2A and B). 

Osteoblasts in tumor-bearing mice also exhibited features of increased activity, including 

cuboidal shape and association with newly formed osteoid (Figure 2.2A). Accordingly, the 
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osteoid surface, characterizing newly formed bone, expanded in tumor-bearing mice (Figure 

S2.6A). By contrast, osteoclast numbers (Figure S2.6B) and eroded bone surfaces (Figure 

S2.6C) were not different in tumor-bearing mice, although there was a trend for lower 

osteoclast- related indices compared to tumor-free controls.  

 To trace osteoblastic lineage cells by genetic means, we generated mice that expressed 

Cre-driven yellow fluorescence protein (YFP) under the control of the osteoblastic cell reporter 

osteocalcin (Ocn). Ocn is mainly expressed by mature osteoblasts and constitutes the major 

non-collagenous protein in the bone62,87. We found that Ocn-YFP+ cells expanded in KP tumor-

bearing mice when compared to tumor-free controls (Figure 2.2C). Femurs of tumor-bearing 
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Figure 2.2 Lung tumors change osteoblast activity.  
(a) Representative trichrome staining of distal femur sections from tumor-free (top) and KP lung tumor-

bearing (bottom) mice (n = 4). Osteoblasts are indicated with white arrowheads.  
(b) Number of osteoblasts per bone surface in distal femur trabecular bone from the same mice as in 

(a) (n = 4).  
(c) Flow cytometry-based quantification of the percentage of bone marrow Ocn-YFP+ cells isolated 

from tumor-free or KP lung tumor-bearing OcnCre;Yfp mice (n = 6).  
(d) Representative Von Kossa staining (left) and quantification of mineralized bone (% Von Kossa area, 

right) in femurs from the same mice as in (a).  
(e) Left: Bone formation in trabecular bone of femurs from tumor-free or KP lung tumor-bearing mice 

(left). Double arrows depict distance between sequential injections of calcein (green) and 
demeclocycline (red). # denotes trabecular bone. Right: quantification of mineral apposition rate (n 
= 3-4 mice). See fig. S2.7 for additional measurements.  

 *p<0.05, **p<0.01. KP: Kras and p53 mutant lung tumors; Ocn: osteocalcin; YFP: yellow fluorescent 
protein.



mice showed increased mineralized bone and bone formation, as assessed by Von Kossa 

staining (Figure 2.2D) and dynamic histomorphometry (Figure 2.2E; Figure S2.7). We 

concluded that KP tumors increase osteoblastic activity in vivo.  

2.3.4 Ocn+ cells control distant tumor progression 

 Because increased osteoblastic activity can affect hematopoiesis66,70, and some 

hematopoietic cells control cancer growth8,17,49, we sought to determine whether the 

osteoblastic activity in KP tumor- bearing mice indeed regulates cancer growth. To this end, we 

examined tumor progression in OcnCre;Dtr mice, in which Ocn+ cells can be reduced following 

diphtheria toxin (DT) injection. We also used OcnCre;Dtr/Yfp mice to track Ocn+ cells based on 

YFP expression. DT treatment did not affect body weight (Figure S2.8A and B) but significantly 

reduced Ocn+ cell numbers, as detected by flow cytometry, immunohistochemistry, in situ 

microscopy and bone histomorphometry (Figure S2.8C-F). Importantly, DT treatment in 

OcnCre;Dtr mice was sufficient to interrupt the progression of established KP lung tumors (Figure 

2.3A and B). Control experiments further indicated that tumor reduction required Ocn+ cell 

targeting because DT treatment did not suppress KP tumor progression in mice lacking the Ocn 

or DT receptor (DTR) transgenes (Figure 2.3A). Also, tumor control was not merely triggered by 

nonspecific DT-induced cell death in bone because DT targeting of CD169+ bone marrow cells 

did not suppress KP lung tumor progression in Cd169Dtr mice (Figure S2.9). These findings 

indicated that osteoblastic activity affects lung tumor progression.  

2.3.5 Ocn+ cells control tumor-infiltrating granulocytes 

 We hypothesized that osteoblasts may affect cancer by supplying discrete hematopoietic 

components of the tumor microenvironment. We thus compared KP lung tumor immune 

infiltrates in mice with either unmanipulated or reduced Ocn+ cell numbers. We found similar 

pools of monocytes, macrophages, B cells and T cells in both cohorts; however, mice with fewer 
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Figure 2.3 Ocn+ cells foster a tumor-promoting neutrophil response.  

(a) Delta lung weight pre-post DT treatment in control mice (lacking Cre or DTR transgene; pink) and 
OcnCre;Dtr mice (green). OcnCre;Dtr mice that did not receive DT were used as additional controls 
(grey). Data are pooled from four separate experiments (n = 8-29 mice).  

(b) Representative H&E stained lung tissue sections (left) for quantification (right) of percent change in 
tumor area following DT treatment in tumor-bearing control (pink) and OcnCre;Dtr mice (green). Data 
are pooled from three independent experiments (n = 13 mice).  

(c) Ex vivo flow cytometry-based evaluation of granulocytes, monocytes and macrophages in lungs of 
tumor-bearing mice as in (b). Data are normalized to control (Ocn-sufficient) mice and pooled from 
three independent experiments (n = 14-29 mice).  

(d) Fold change of KP lung tumor nodule volume measurement by µCT pre and post anti-Gr-1 or 
isotype mAb treatment (n= 2-3 tumor nodules per mouse, 4-5 mice total). 



Ocn+ cells showed a ~2-3-fold reduction in CD11b+ Ly-6G+ granulocytes (Figure 2.3C and 

Figure S2.10). These mice also had more CD49b+ NK1.1+ NK cells (Figure S2.10), which were 

likely not required for KP tumor control because NK cell depletion did not restore cancer growth 

in these mice (Figure S2.11A-D). Importantly, DT did not target granulocytes directly because 

wild-type mice treated with DT maintained their granulocyte counts (Figure S2.12A and B). Also, 

CD11b+ myeloid cells from OcnCre;Dtr mice were not killed by DT in vitro, confirming no 

functionally relevant DT receptor expression by these cells (Figure S2.12C and D), whereas 

positive control experiments showed DT’s ability to kill DTR+ cells in vitro (Figure S2.12E and F).  

 We next considered whether controlled KP tumor progression in Ocn+ cell-reduced mice 

involves the altered granulocyte response. With this scenario, removing granulocytes should 

delay cancer outgrowth even in presence of Ocn+ cells. Accordingly, targeting granulocytes with 

depleting antibodies (Figure S2.13A and B) significantly suppressed KP lung tumor outgrowth in 

Ocn+ cell-sufficient mice, as defined by longitudinal and noninvasive µCT monitoring of lung 

tumor nodules (Figure 2.3D). To further define whether Ocn+ cells support tumor-infiltrating 

granulocytes via circulating precursor cells, we assessed tumor microenvironments upon 

circulatory chimerism between mice by parabiosis. We found that joining osteoblast-reduced 

mice to osteoblast-sufficient mice increased tumor-infiltrating CD11b+ Ly-6G+ granulocyte 

numbers by 2.6 ± 0.3 fold (mean ± SEM) in the former (Figure 2.3E). This increase was 

comparable to the one seen in control (osteoblast-sufficient, nonparabiosed) mice (2.2 ± 0.4 

fold; p = n.s.). Also, tumors in osteoblast-reduced mice grew faster when joined to osteoblast-

sufficient parabionts (Figure 2.3E) and similarly to tumors in control (osteoblast-sufficient, 

nonparabiosed) mice (lung weights: 557.1 ± 68.34 mg and 551.4 ± 30.24, respectively, p = n.s.). 

Thus, both tumor granulocyte counts and tumor progression were fully restored in osteoblast-
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Figure 2.3 (Continued) 

(e) Outline of parabiosis experiments (left) and quantification of lung tumor-infiltrating granulocytes by 
flow cytometry (middle) and lung weight (right) in tumor-bearing OcnCre;Dtr mice (mice in black) 
parabiosed to either OcnCre;Dtr (green) or control (pink) mice (n = 4-6 mice).  

 *p<0.05, **p<0.01, ***p<0.001, n.s. not significant. DT: diphtheria toxin; Mø: macrophages; Ocn: 
osteocalcin.



reduced mice when parabiosed to Ocn+ cell sufficient mice. Combined, these data not only 

indicated that Ocn+ cells contribute tumor-infiltrating granulocytes, but also suggested that these 

cells display tumor-promoting functions.  

2.3.6 Tumor-specific neutrophil-like cells are defined by Ly6G and SiglecF expression 
  

 Considering that granulocytes are heterogenous17, we wondered whether those supplied 

by Ocn+ cells have distinct attributes, which can accelerate tumor progression. To address this 

question, we initially delved deeper into lung granulocyte phenotypes and found that CD11b+ 

Ly-6G+ cells can be divided into two subsets according to expression levels of the lectin SiglecF 

(Figure 2.4A). The SiglecFlow subset appeared at high numbers in healthy lungs and expanded 

only slightly in lungs from tumor- bearing mice; by contrast, the SiglecFhigh subset was rare in 

the healthy lung but expanded ~70-fold in tumor-bearing lungs (Figure 2.4A and B). The 

SiglecFhigh/SiglecFlow cell subset ratio positively correlated with KP lung tumor burden (Figure 

S2.14A and B), further indicating that the SiglecFhigh subset continued to accumulate in growing 

tumors.  

 Both the cell surface phenotype and forward/side scatter profiles of the SiglecFhigh cells 

closely resembled those of neutrophils and were distinct from those of other myeloid cell types 

including SiglecF+ eosinophils and SiglecF+ alveolar macrophages (Figure S2.15). 

Immunohistochemical SiglecF and Ly-6G staining further revealed the presence of Ly-6G+ and 

SiglecFhigh neutrophil-like cells within tumor nodules (Figure 2.4C and Figure S2.16A and B), 

suggesting that the SiglecFhigh neutrophils localize proximal to tumor cells. SiglecF+ cells outside 

the tumor stroma instead resembled alveolar macrophages based on their morphology and 

Ly-6G- phenotype (Figure S2.16C-E).  
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Figure 2.4 Ocn+ cells foster contribute tumor-infiltrating SiglecFhigh neutrophils. 

(a) Flow cytometry-based detection (left) of Ly-6G+ SiglecF+/– granulocytes from healthy lung tissue 
(top) and KP1.9 lung tumors (bottom). Plots are shown for gated live CD45+ CD11b+ cells. 
Representative cytospin images (right) from FACS-sorted populations stained with H&E.  

(b) Fold change Ly-6G+ SiglecF+ and Ly-6G+ SiglecF– cell numbers in lung tumor tissue compared to 
tumor-free tissue as defined by flow cytometry (n = 6).  

(c) Representative SiglecF mAb staining on cryo-preserved KP lung tumor tissue. Tumor areas are 
highlighted by dotted purple lines. 

(d) Flow cytometry-based quantification of Ly-6G+ SiglecF+ and Ly-6G+ SiglecF– cells in tumor-bearing 
lungs of control (pink) or OcnCre;Dtr mice (green) (n = 7-9). 



2.3.7 Osteoblasts control tumor-infiltrating SiglecFhigh neutrophils 

  
 To study whether osteoblasts preferentially contribute SiglecFhigh lung neutrophils, we 

quantified both SiglecFhigh and SiglecFlow subsets in tumor-bearing mice with reduced or 

unchanged Ocn+ cell numbers. We found that Ocn+ cell deficiency significantly reduced the 

percentage of SiglecFhigh, but not SiglecFlow, neutrophil subset (Figure 2.4D). To further 

investigate whether SiglecFhigh neutrophil accumulation in tumors requires Ocn+ cells, we 

mapped the fate of donor CD45.1+ c-Kit+ hematopoietic cells upon adoptive transfer into 

CD45.2+ tumor-bearing recipient mice that had either reduced or unchanged Ocn+ cell numbers. 

We found that the c-Kit+ cells’ ability to produce SiglecFhigh lung neutrophils was reduced in Ocn 

deficient (Figure 2.4E). By contrast, the c-Kit+ cells were equally able to produce tumor-

infiltrating SiglecFlow neutrophils (Figure 2.4E), as well as macrophages (Figure S2.17A) and B 

cells (albeit at frequencies >25-times lower than myeloid cells; Figure S2.17B), in Ocn+ cell-

reduced and sufficient mice. We typically failed to detect c-Kit+-derived T cells in the tumor 

stroma. These findings indicated that KP tumor accumulation of SiglecFhigh neutrophils, in 

contrast to other immune cells, depends on Ocn+ cells.  

2.3.8 SiglecFhigh neutrophils exhibit distinct tumor-promoting phenotypes 

 We next asked whether SiglecFhigh neutrophils have cancer-promoting properties. To this 

end, we interrogated single-cell transcriptomic data of neutrophils from healthy lungs or KP 

tumors. By defining a single-cell SiglecF expression score (Table S2.2; detailed in Section 2.6) 
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Figure 2.4 (Continued) 

(e) Ability of CD45.1+ Lin– cKit+ hematopoietic precursors to produce tumor-infiltrating SiglecF+ and 
SiglecF– neutrophils upon transfer into KP tumor-bearing CD45.2+ recipient mice which had either 
unmanipulated (control recipients; pink) or reduced Ocn+ cell numbers (OcnCre;Dtr recipients; 
green). All mice received DT. Results are shown as fold change relative to control mice. 

   *p<0.05, **p<0.01, ****p<0.0001, n.s. not significant.



we defined two neutrophil populations: SiglecFlow and SiglecFhigh cells. We confirmed that 

neutrophils in healthy lungs were SiglecFlow, whereas tumor tissue contained both SiglecFlow 

and SiglecFhigh subsets (Figure S2.18A). We thus compared gene expression of three neutrophil 

populations: SiglecFhigh cells in tumor-bearing lung (T-SiglecFhigh; n = 1,502 cells), SiglecFlow 

cells in tumor-bearing lung (T-SiglecFlow; n = 273), and SiglecFlow cells in healthy lung (H-

SiglecFlow; n = 4,245). Differential gene expression analysis revealed that T-SiglecFhigh cells 

substantially diverged from both T-SiglecFlow and H-SiglecFlow cells (1,769 and 1,798 

differentially expressed genes, respectively; Figure 2.5A, table S2.3 and Figure S2.18B). 

Instead, T-SiglecFlow and H-SiglecFlow cells were more similar (123 differentially expressed 

genes; Figure S2.18C). Accordingly, the majority of differentially expressed genes between T- 

SiglecFhigh cells and either H-SiglecFlow or T-SiglecFlow cells were the same (n = 1,289).  

 T-SiglecFhigh cells upregulated the expression of genes associated with tumor-promoting 

processes (Figure 2.5B and Figure S2.18D), including angiogenesis (Vegfa, Hif1a, Sema4d), 

myeloid cell differentiation and recruitment (Csf1, Ccl3, Il1a), extracellular matrix remodeling 

(Adamdec1, Adam17, various cathepsins), suppression of T cell responses (Cd274/PDL1, 

Fcgr2b, Havcr2) and tumor cell proliferation and growth (Tnf, Tgfb1, Il1a). T-SiglecFhigh cells also 

showed decreased expression of genes involved with cytotoxicity (Cd244, Itgal, Fas) (Figure 

2.5A-B). Other genes overexpressed in T- SiglecFhigh cells included Xbp1 and Ffar2 (Figure 

2.5A); Xbp1 impairs myeloid antitumor functions88 and positively regulates Ffar2 expression89. 

Gene set enrichment analysis further indicated upregulation of genes involved in oxidative 

phosphorylation, fatty acid metabolism and glycolysis, indicating that T- SiglecFhigh cells undergo 

a metabolic switch (Figure S2.19A). Genes involved in Myc signaling and E2F gene targets 

were also amplified, suggesting that T-SiglecFhigh cells are more proliferative and resistant to 

apoptosis (Figure S2.19A). Simultaneously, gene pathways associated with antitumor functions, 

such as interferon-gamma signaling, were downregulated in T-SiglecFhigh cells (Figure S2.19B). 

Taken together, these findings suggest that SiglecFhigh neutrophils undergo metabolic changes 

in the tumor microenvironment and are poised to support tumor-promoting functions8,17,49,50 
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Figure 2.5 Tumor-infiltrating SiglecFhigh neutrophils show discrete tumor-promoting phenotypes. 

(a) Volcano plot showing significantly differential gene expression between T-SiglecFhigh and T-
SiglecFlow cells. Genes with false discovery rate (FDR) <5% and an absolute fold change (FC) >2 
were highlighted in blue and red denoting down- and up-regulated genes, respectively, in T-
SiglecFhigh cells versus T-SiglecFlow cells. 

(b) Average expression levels of genes involved in angiogenesis, myeloid cell recruitment, tumor 
proliferation, cytotoxicity, extracellular matrix remodeling and immunosuppression in T-SiglecFhigh, 
T-SiglecFlow and H-SiglecFlow cells. T- Tumor



including tumor angiogenesis, tumor cell proliferation, extracellular matrix remodeling and 

immunosuppressive myeloid cell recruitment.  

2.3.9 SiglecFhigh gene signature in patients is associated with worse disease outcome 

 We next determined whether a mouse SiglecFhigh neutrophil signature (detailed in 

methods, Table S2.4-5) might have translational value through differential survival associations 

in lung adenocarcinoma patients. To do this, we harnessed patient tumor transcriptome and 

survival data25,90,91. A Cox proportional hazards model revealed a statistically significant (p = 

1.4*10-6) association of the SiglecFhigh neutrophil signature with worse human patient survival. In 

contrast, a SiglecFlow neutrophil signature did not associate with disease outcome in lung cancer 

patients (p = 0.26). The survival of top 25% vs. bottom 25% of SiglecFhigh and SiglecFlow 

neutrophil signature expressers is shown in Kaplan-Meier plots in Figure 2.6. These findings 

suggest that the SiglecFhigh signature has a predictive value in lung adenocarcinoma patients. 

2.4 Discussion and Future Directions 

  

 This study identifies Ocn+ osteoblastic cells as remote enhancers of lung cancer, and 

SiglecFhigh neutrophils as myeloid cell effectors of the osteoblast-driven protumoral response 

(Figure 2.7). Previous work has attributed several functions to osteoblastic-lineage cells, 

including control of bone formation57,68,92 and regulation of hematopoiesis at steady-state66,69, 

with reported impacts on both B cell70,71,73,74 and T cell72,73 production. Also, genetic 

perturbations of osteoblast-lineage cells have been shown to deregulate myelopoiesis and 

induce myeloid hematopoietic malignancies75,80,81. Here we found that Ocn+ osteoblastic cell  

activity is enhanced in the presence of distant solid tumors; this activity did not detectably alter 

tumor-infiltrating B or T cell responses, but was responsible for promoting the expansion of a 

�28



distinct tumor-infiltrating subset of myeloid cells, SiglecFhigh neutrophils, that contributed to the 

malignancy. These findings align with other data showing that granulocytes, most notably 

neutrophils, promote cancer in some animal models22,36,93–97. Human studies also indicate that 

high blood neutrophil-to-lymphocyte ratios are associated with adverse overall survival in many 

solid tumors, including lung adenocarcinoma98, and that lung adenocarcinoma infiltration by 

neutrophils is strongly linked to poorer clinical outcome14. The SiglecFhigh neutrophil subset 

identified here was tumor-promoting and exhibited phenotypes resembling those of granulocytic 

myeloid-derived suppressor cells50. In addition, single cell transcriptome analyses indicated that 

SiglecFhigh neutrophils’ functions likely are not limited to immunosuppression but extend to other 

tumor-promoting activities, including angiogenesis and extracellular matrix remodeling. Because 

both Ocn+ osteoblasts and SiglecFhigh neutrophils contribute to shaping the tumor 

microenvironment and altering tumor progression, they may be relevant clinical biomarkers and 

vantage points for anticancer therapy.  
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Figure 2.6 A SiglecFhigh neutrophil gene signature associate with adverse survival in lung 
cancer patients. 

(a) Survival (Kaplan-Meier) plots of lung adenocarcinoma patients. Patients were stratified based on 
high (SiglecFhigh,  top 25%) versus low (SiglecFlow, bottom 25%) expression of the humanized 
SiglecF neutrophil gene signature. p valued calculated using Cox regression method. See 2.6 
Experimental Procedures for details. T- Tumor



 To summarize, we report herein of a bi-directional relationship between lung tumors and 

the bone marrow; linking osteoblastic activity with a tumor-infiltrating neutrophil population. 

These long-range interactions can be broken down into several key processes: i) lung tumors’ 

effect on osteoblast activity, ii) osteoblastic regulation of neutrophil production, iii) neutrophil 

precursor differentiation into SiglecFhigh cells, and iv) SiglecFhigh cell function at the tumor site 

(and putative similarities with MDSCs). These processes, and their (v) relevance to human 

disease will be discussed below. 
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Figure 2.7 Cartoon depicting Ocn+ osteoblast-mediated control of tumor-infiltrating SiglecFhigh 
neutrophils.



2.4.1 Mechanisms of tumor-induced bone activity 

 We found that lung tumors increased bone density both in patients and in mice. There is 

precedent in the literature for tumor-bone marrow crosstalk via the blood, either through soluble 

mediators22–26 or tumor-derived vesicles99. Preliminary experiments show that serum from 

tumor-bearing KP mice can increase osteoblastic differentiation in vitro, compared to serum 

from littermate tumor free mice, suggesting that there may be tumor-associated circulating 

factors or vesicles that could promote osteoblast activity. While we have not formally ruled out 

the potential contribution of vesicles as stimulators of osteoblastic activity in our system, in vivo 

tracking of tumor-derived vesicles in our lab for other studies found little vesicle uptake by bone 

marrow cells (as opposed to lymph node resident cells), suggesting that vesicles may be of 

minor relevance in this setting27. It is likely that the tumor-bone interaction is complex, and may 

involve multiple factors and other components in the bone marrow, including the nervous 

system, hematopoietic cells, or the vasculature. Nonetheless, our initial findings suggest that 

there are circulating components that appear sufficient to expand osteoblastic colony formation, 

at least in vitro.  

 Various tumor-associated soluble mediators have been investigated for their ability to act 

remotely on the bone marrow. For example, osteopontin, PF4, G-CSF, GM-CSF, and 

angiotensin II are elevated in the blood of tumor-bearing mice, and these factors act on cells in 

bone marrow and/or spleen to amplify hematopoietic cells that ultimately infiltrate the tumor22–26. 

Some lung cancer patients produce high levels of parathyroid hormone like protein (PTHrP), 

which has known bone-related effects; however, PTHrP in lung cancer is typically related to 

humoral hypercalcemia of malignancy, a paraneoplastic syndrome mainly found in squamous 

cell carcinoma lung cancer (as opposed to NSCLC), which manifests as osteolytic bone 

phenotypes, contrary to what we observe in our model100. In a genetic mammary tumor model, 

G-CSF is amplified systemically in tumor-bearing mice and promotes neutrophil and myeloid 

precursor expansion22. In our setting, we did not detect amplified G-CSF, GM-CSF, or 

osteopontin levels in the blood of KP tumor-bearing mice (data not shown), and G-CSF has also 
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been shown to reduce osteoblasts in tumor free mice (contrary to our findings), most notably 

when given exogenously at high doses to mobilize HSPCs101. Additionally, in previous studies, 

our lab showed that angiotensin II acts directly on hematopoietic precursors and promoted 

monocyte-derived macrophage, rather than neutrophil, influx into tumors, suggesting that 

angiotensin II is a less likely mediator of increased osteoblastic activity24. Therefore, it is 

plausible that other mediators are involved. We are currently investigating a set of tumor-

associated factors that were increased in the serum from KP tumor-bearing mice, compared to 

healthy mice, measured by protein array. Identifying tumor-associated factors that amplify bone 

activity could reveal important insight into tumor-bone crosstalk and novel bone regulatory 

molecules, which could also be of therapeutic relevance to bone pathologies such as 

osteoporosis.  

2.4.2 Osteoblastic interactions with SiglecFhigh neutrophils in cancer  

 Our findings demonstrate that the depletion of bone marrow resident Ocn-expressing 

cells results in a reduction of tumor infiltrating neutrophils in the lung. This was not due to cell-

intrinsic deficiencies in neutrophils since fate-mapping experiments using WT hematopoietic 

precursors transferred into Ocn depleted or control mice recapitulated these findings and in vitro 

delivery of DT to OcnCre;Dtr bone marrow cells did not deplete neutrophils. Further experiments 

should aim to clarify how Ocn+ cells affect amplification of tumor-associated neutrophils. We 

hypothesize that Ocn+ cells could be involved with the production, maturation, retention, or 

release of tumor-infiltrating SiglecFhigh neutrophils (or their precursors, see Section 2.4.3).  

 It is possible that Ocn cells directly control SiglecFhigh neutrophils or their precursors in 

the bone marrow. Fate-mapping experiments demonstrated that the development of tumor-

infiltrating SiglecFhigh neutrophils from transferred hematopoietic progenitor populations was 

significantly reduced in Ocn depleted mice (Figure 2.4D). Extending our analysis to the bone 

marrow, we found that Ocn reduction dramatically reduces the total number of hematopoietic 

cells in the bone marrow, in accordance with other osteoblast depletion models69,71,102. This 

�32



includes decreased numbers of both lymphoid and myeloid populations, with the largest 

numeric cellular losses in the CD11b+Ly6G+ and B cell compartments. Surprisingly, in Ocn 

depleted mice, only granulocyte numbers, and not B cells, decreased at the tumor site, with 

SiglecFhigh neutrophils being disproportionately affected (Figure 2.3C and S2.10). Granulocyte 

depletion and profiling experiments further indicated tumor-promoting properties of these 

neutrophils (Figure 2.3D and 2.5). In contrast, experiments for other studies in the lab showed 

that B cell depletion or deficiency by itself did not significantly alter KP tumor growth (not 

shown). These results suggested that Ocn-mediated control of tumor growth was mainly 

mediated by granulocytes, and SiglecFhigh neutrophils in particular. 

 Osteoblastic cells may also mediate neutrophil maturation or release from the bone 

marrow. Neutrophils may leave the bone marrow at a more immature state during inflammatory 

conditions, such as cancer17. Neutrophil egress from the bone marrow is tightly regulated by 

CXCR2 interactions with its chemokine ligands, which include CXCL1 and CXCL2, and by the 

CXCR4-CXCL12 axis17.  It is possible that osteoblastic cells are involved in this process, as 

osteoblastic cells have been shown to express CXCL1/2103 and CXCL12, although osteoblasts 

are not likely the main producer of the latter73,73. G-CSF, which is critical to neutrophil 

maturation, can be produced by osteoblastic lineage cells, including human osteoblasts104 and 

murine osteocytes75, and could be relevant in this context; however, it may be more complex 

since exogenous G-CSF may also negatively affect osteoblasts, as mentioned previously. 

Osteoblast gene expression or protein profiling from tumor-bearing versus tumor free mice 

should help to clarify these questions.  

2.4.3 SiglecFhigh neutrophil precursors  

  
 Based on the dramatic changes in gene expression in SiglecFhigh compared to SiglecFlow 

neutrophils at the tumor site, it is possible that these cell populations are derived from different 

circulating precursors. We know that adoptively transferred cKit expressing lineage negative 
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hematopoietic precursors can develop into both SiglecFhigh and low tumor-infiltrating neutrophils 

in osteoblast sufficient WT tumor-bearing mice (Figure 2.3E), so presumably, if they arise from 

different cell populations, they must diverge at a later timepoint in granulopoiesis. As mentioned, 

under inflammatory conditions, less mature neutrophils may prematurely egress from the bone 

marrow17. A few studies have identified tumor-infiltrating neutrophil populations that share some 

characteristics of more immature neutrophils17, such as increased KIT expression36.  

 In our work, SiglecFhigh versus SiglecFlow neutrophils could in theory represent cells at 

different maturational stages of the same developmental trajectory. In support of this idea, 

SiglecFhigh cells express high levels of Xbp1, a transcription factor typically associated with ER-

related stress, but with recently discovered roles in hematopoiesis105. In this study, Xbp1 

expression was high in GMPs, which can develop into various myeloid cells including 

neutrophils, but exclusively retained in bone marrow eosinophil precursors that are downstream 

of GMPs106. It is plausible that these Xbp1-expressing eosinophil precursors could diverge 

towards neutrophil differentiation in the context of cancer or that more mature GMP-derived 

cells aberrantly retain Xbp1 expression in tumor-bearing mice. As such, there could be a bone 

marrow Xbp1-expressing precursor population that could re-locate to the lung upon 

inflammatory cues and have the potential to differentiate into both neutrophils or eosinophils 

depending on the type of signals it receives; in line with this, a recent study identified a Ly6G 

expressing SiglecF eosinophil population in lungs of allergen-challenged but not healthy 

mice107. 

 Preliminary gene expression analysis of blood and bone marrow neutrophil populations 

indicate that the upregulation of at least some SiglecFhigh-associated genes can be observed 

prior to arrival at the tumor site. This would indicate that the differentiation towards SiglecFhigh-

like cells occurs beyond the tumor stroma and would support the idea that they arise from a 

more immature or distinct neutrophil precursor in the bone marrow, but does not exclude the 

possibility that SiglecFlow cells have the potential to differentiate into SiglecFhigh cells at the 

tumor site. Of note, we do not observe SiglecF expression on circulating neutrophils, which 
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indicates that this particular marker is selectively amplified at the tumor site (data not shown). 

Further experiments, using fate mapping approaches and profiling of neutrophils and their 

precursors in the blood and bone marrow, are needed to test these hypotheses. It will also be 

important to define the mechanisms driving SiglecFhigh neutrophil recruitment to the tumor site 

from circulation. Addressing these unknowns will also help to clarify the specific interactions 

between SiglecFhigh neutrophils or precursor populations and osteoblasts in the bone marrow 

(Section 2.4.2). 

2.4.4 SiglecFhigh neutrophil functions at the tumor site  

 The majority of pre-clinical studies indicate that neutrophils have tumor-promoting 

properties. In support of these findings, elevated levels of neutrophils at the tumor site14 or 

neutrophil to lymphocyte ratios in the blood98 associate with poorer disease prognosis in several 

different cancer types. Mechanistic studies in mice have indicated that neutrophils may support 

tumor growth by various mechanisms, including stimulating tumor proliferation108, inhibiting 

cancer cell senescence109, promoting angiogenesis93,94, or suppressing antitumor T cell 

activities22,36. For example, a recent study from Karin de Visser’s lab showed that neutrophils 

promoted metastatic tumor growth by inhibiting cytotoxic T cell proliferation36. A smaller number 

of studies show that neutrophils can have antitumoral properties, plausibly at earlier stages of 

tumor progression although this requires investigation110–112. 

 In our study, single-cell RNAseq profiling of tumor-infiltrating granulocytes revealed that 

SiglecFhigh, compared to SiglecFlow, neutrophils expressed high levels of many genes 

associated with tumor-promoting activities, including csf1 (differentiation and recruitment of 

tumor-promoting macrophages), nt5e (CD73; immunosuppression), and vegf (angiogenesis). 

This analysis led us to hypothesize that SiglecFhigh neutrophils likely accelerate tumor 

progression, which will need to be further interrogated in follow-up experiments. In vivo, the 

putative tumor-promoting activities of SiglecFhigh cells (versus SiglecFlow neutrophils) could be 
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tested by gain- or -loss of function experiments. The latter remains technically challenging since 

as of today, there is no single cell surface marker that allows the detection and depletion of 

these cells. SiglecF itself is shared between SiglecFhigh tumor-infiltrating neutrophils, 

eosinophils, alveolar macrophages and potentially a subset of CD11b+ macrophages in the 

tumor. Therefore, while SiglecF expression in combination with other markers is useful to define 

this particular subset of tumor-infiltrating neutrophils, it is not appropriate as a target for cell 

depletion studies, at least in mouse models. Conversely, gain-of-function experiments could be 

performed in which we sort SiglecFhigh or SiglecFlow neutrophils from the lung tumor 

microenvironment and co-inject these cells with tumor cells to test their respective abilities to 

stimulate tumor growth in vivo.  

 SiglecFhigh neutrophils may exhibit other tumor-promoting functions, which can be tested 

via ex vivo and in vitro assays. For example, reactive oxygen species (ROS)22,113,114 and 

cathepsins115,116, which have been shown to have tumor promoting properties, can be measured 

by fluorescent imaging probes ex vivo. These readouts require minimal manipulation of 

neutrophils, which is preferable since neutrophils are easily activated during isolation 

procedures. Based on their high expression of csf1, we also hypothesized that SiglecFhigh 

neutrophils, compared to SiglecFlow cells, promote the infiltration, polarization, and/or 

differentiation of tumor-promoting monocyte-derived macrophages. KP tumor growth is 

supported, at least in part, by tumor-infiltrating macrophages24,51, and it is possible that 

SiglecFhigh neutrophils orchestrate macrophage-mediated tumor-promoting activities. This idea 

could be tested using in vitro systems by isolating different neutrophil populations from tumor-

bearing lung tissue and co-culturing them with macrophages or their precursors. Finally, it is 

also possible that SiglecF expression by neutrophils is critical to their putative tumor-promoting 

activities. Other siglecs, such as SiglecE, can have tumor promoting properties when expressed 

in the myeloid lineage117’; SiglecF-associated functions in neutrophils (as opposed to 

eosinophils) are virtually unexplored.  Whether KP tumors express SiglecF ligands is also not 

clear, but deciphering this could have implications for human tumors, since high levels of Siglec 
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ligands in tumors have been associated with worsened disease outcome and 

immunosuppression in some cancer types117–119. Taken together, our findings suggest that 

SiglecFhigh neutrophils have unique tumor-promoting functions compared to SiglecFlow 

neutrophils, but further experiments are needed to clarify their precise roles in the tumor 

microenvironment.   

2.4.5 SiglecFhigh neutrophil and myeloid-derived suppressor cells  

 It is plausible that the SiglecFhigh neutrophil population overlaps, at least in part, with the 

previously described myeloid derived suppressor cell (MDSC) population or tumor-infiltrating 

‘immature’ myeloid cells. However, while there are some reports that distinguish MDSCs from 

neutrophils and monocytes based on developmental stage, cell density, or transcriptional 

activity, there is still no cell surface marker combination that allows the unique identification of 

MDSCs in mice13,17. In fact, the majority of murine MDSC studies use CD11b in combination 

with Gr-1, Ly6G and/or Ly6C to define MDSCs; these are the exact cell surface proteins used to 

identify neutrophils and monocytes. In addition, MDSCs are typically defined based on their 

ability to suppress T cell activity, often measured in vitro. We believe that this definition is 

incomplete for two main reasons. First, there are other immune cells that are potent T cell 

suppressors, such as macrophages, that are not included under this umbrella term. Second, 

‘MDSCs’ are likely dynamically changing cells that can take on different functions based on their 

tissue microenvironment and context. Thus, the classification of cells as MDSCs is misleading 

as it obscures our abilities to distinguish these cells from other myeloid cells in the tumor 

microenvironment with certainty. In accordance with a recent review, we therefore consider 

Ly6G+ ‘MDSCs’ as neutrophils with immunosuppressive properties17. To help clarify the 

distinctions between different bone marrow-derived granulocytic cells, it could be relevant to test 

whether SiglecF labels neutrophil sub-populations in other tumor models. It may be a valuable 

marker to separate tumor-associated neutrophils with tumor-promoting functions from other 
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neutrophils, especially those present at steady state, and it would be informative to determine 

whether it is a useful marker to distinguish the cells identified as ‘MDSCs’ from other ‘healthy’ 

neutrophils. 

2.4.6 Human relevance of SiglecFhigh neutrophils  
  

 It is critical to determine whether SiglecFhigh neutrophils would be useful prognostic and 

therapeutic targets in lung adenocarcinoma patients. Our initial results show that patients whose 

tumors expressed high, compared to those with low, levels of the SiglecFhigh neutrophil gene 

signature at time of diagnosis had shorter survival (Figure 2.6). In contrast, high levels of a 

SiglecFlow neutrophil gene signature was not significantly correlated with disease outcome. 

These findings support the hypothesis that SiglecFhigh-like cells exist in human tumors and have 

tumor-promoting activities. Specifically identifying these neutrophils in human tumor samples 

could potentially serve as a prognostic marker that is superior to bulk neutrophil analysis.  

 SiglecFhigh neutrophils could also be putative therapeutic targets. There is no direct 

human ortholog of SiglecF, but Siglec8 may serve related functions in humans118. However, as 

with SiglecF in mice, Siglec8 expression has mainly been reported for eosinophils and other 

granulocytes, such as mast cells, and basophils118. Therefore, other alternative receptors or 

targetable proteins associated with SiglecFhigh neutrophils cells could potentially be superior for 

clinical applications. It will be important to further phenotypically and functionally characterize 

neutrophils in human tumors with the goal to determine whether SiglecFhigh-like cells are 

suitable therapeutic targets or can serve as prognostic indicators. 

2.4.7 Conclusion 
  

 In summary, our findings introduce bone marrow osteoblasts as a novel player in 

regulating tumor-associated myeloid cell responses. Specifically, we find that lung tumors 
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expand bone activity in lung adenocarcinoma patients and in lung tumor-bearing mice. 

Preliminary data suggests that circulating tumor-associated factors may at least in part be 

responsible for the tumor-induced bone phenotype, but additional experiments are on-going to 

address this question further. In addition, we find that osteoblastic cells participate in a  

feedforward loop that results in the production of tumor-promoting neutrophil responses in the 

tumor microenvironment. Furthermore, our work provides a novel method to detect a unique 

tumor-specific neutrophil population in vivo with relevance to human disease. Taken together, 

our results support the continued exploration of systemic cancer-host interactions, in particular 

including the bone marrow stroma and myeloid cells, in both basic and translational research.  
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2.6 Experimental procedures  

Mice 

 KrasLSL-G12D/WT;p53Flox/Flox (referred to as KP) mice were used as a conditional mouse 

model of non-small cell lung cancer (NSCLC)45 and bred in our laboratory in the C57BL/6 

background or in the laboratory of Dr. Meylan. To track and deplete osteoblastic lineage cells by 

genetic means, we generated mice that expressed Cre-driven yellow fluorescence protein (YFP) 

under the control of the osteoblastic cell reporter osteocalcin (Ocn)92,120,121. In detail, OcnCre 

transgenic mice were bred to RosaDtr (C57BL/6-Gt(ROSA)26Sortm1(HBEGF)Awai/J) and RosaYfp 

mice (B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J) (Jackson Laboratory) to generate OcnCre;Dtr, 

OcnCre;Dtr/Yfp or OcnCre;Yfp mice, respectively. Cd11cDtr mice (B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/

J) were obtained from Jackson Laboratory. Cd169Dtr transgenic mice (Siglec1tm1(HBEGF)Mtka) were 

kindly provided by the Riken Institute (Japan). Wild type and CD45.1 C57BL/6 mice were 

purchased from Jackson Laboratory. All animal experiments were performed according to 

approved IACUC guidelines, except experiments in KP mice for anti-Gr-1 antibody (Ab) 

depletion that were approved by the Veterinary Authority of the Canton de Vaud, Switzerland 

(license number VD2391) and the Réseau des animaleries lémaniques (RESAL) competent 

ethic committee.  

 Following primers were used for genotyping OcnCre;Dtr/Yfp mice:  

iDTR = WSS-F: 5‘-GGCTACTGCTGACTCTCAACATT-3’; DTR-R: TCATGGTGGCGAATTCGAT  

Cre = OcnCre-F: CAA ATA GCC CTG GCA GAT TC; OcnCre-R: TGA TAC AAG GGA CAT CTT 

CC 

GFP (Jackson Laboratory) = oIMR0872: TTC ATC TGC ACC ACC G; oIMR1416: TTG AAG 

AAG ATG GTG CG 

Tumor models 

 Adenovirus-Cre (AdCre) was delivered intratracheally (i.t.) to KP mice as previously 

described45,46. Mice were analyzed for bone or tumor phenotypes 12-14 weeks post-tumor 

�40



initiation. Tumor burden was scored by measuring post-mortem lung weight and by histological 

analyses of lung tissue using hematoxylin and eosin (H&E) stainings. For some experiments 

micro-computed tomography (µCT) was used to monitor tumor burden in the lung. The lung 

adenocarcinoma cell line KP1.9 was used to induce lung tumors in male wild-type C57BL/6, 

OcnCre;Dtr or OcnCre;Yfp mice via intravenous (i.v.) tail vein injection (0.25x106 cells in 100µl PBS). 

Male mice with KP1.9 tumors were typically euthanized between 28-41 days post-tumor cell 

injection. Cells of the lewis lung cancer line (LLC, 1.5x106 cells in 150µl PBS) were injected i.v. 

into wild-type C57BL/6 mice and the mice were euthanized 32 days post-tumor cell injection. 

Diphtheria toxin (DT) was used to deplete Ocn+ cells in OcnCre;Dtr and OcnCre;Dtr/Yfp mice; for the 

detailed depletion protocol see section: In vivo osteoblast depletion. 

Cell lines 

 The KP1.9 cell line, derived from lung tumor nodules of a C57BL/6 KP mouse, was 

kindly provided by Dr. Zippelius (University Hospital Basel, Switzerland). The LLC cell line was 

obtained from ATCC. All cell lines were maintained in Iscove’s DMEM media supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.  

Patient bone density measurements 

 The study was conducted using IRB approval (2016P000394/MGH) and complied with 

HIPAA guidelines with exemption status for individual informed consent. A retrospective search 

was performed to identify patients with non-small cell lung cancer (NSCLC) who were KRAS 

positive and KRAS negative, and who had undergone non-contrast chest CT prior to therapy at 

MGH between 2011 and 2017. Patients with osseous metastases, paraneoplastic syndrome or 

therapy prior to or at time of chest CT were excluded. Control subjects (referred to as control 

patients) who had undergone non-contrast chest CT using the same imaging protocols as the 

patient group were identified and 1:1 matched for sex, age and BMI, and smoking (pack-years). 

Potential controls with active malignancy, significant chronic illness or medication use known to 
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affect bone metabolism were excluded. Trabecular bone density was determined from non-

contrast chest CT (16- or 64-MDCT scanner Biograph 16 or 64, Siemens Healthcare; or 

Discovery CT750HD, GE Healthcare) using an axial slice thickness of 2.5 or 5 mm, 120 kVp 

and 11-40 mAs. Scans were then reviewed offline on an IMPAX workstation (AGFA Diagnostic 

Software, version 4, Afga). Circular regions of interest (exemplarily shown in Figure 2.1F) within 

trabecular bone of the T6, T8, T10 and T12 vertebral bodies were placed manually, avoiding 

cortical bone and posterior veins. The mean trabecular bone density of each vertebral body in 

Hounsfield Units (HU) was determined and an average thoracic trabecular bone density of the 

four vertebral bodies was calculated.  

Fluorescence molecular tomography (FMT) 

 OsteoSense-750EX85 was injected retro-orbitally (4nmol/100µl, Perkin Elmer) according 

to manufacturer’s instructions. The mice (for in vivo study) or cleaned bones (for ex vivo 

investigation) were imaged with FMT no earlier than 4 h and no later than 24 h post 

OsteoSense injection using an FMT imaging system (VisEn Medical). For in vivo imaging, hair 

from hind legs and lower abdomen were removed by shaving and chemical depilation. Mice 

were anaesthetized using isoflurane during the entire scanning procedure. The positioning of 

the mice relative to the detector were kept consistent throughout the experiments and groups. 

Detected OsteoSense signal in the femoral-tibial joint (region of interest, ROI) was analyzed 

using TrueQuant software and normalized against age and sex-matched control values.  

Micro-computed tomography (µCT) for lung tumor measurements 

 Lung tumor volumes were received through repeated µCT measurements and pre- 

versus post-treatment measurements calculated. Mice were anaesthetized using isoflurane 

during the entire scanning procedure. Lungs were imaged with a CT (Quantum FX, 

PerkinElmer) at a 50-m voxel size, with retrospective respiratory gating. Individual tumor 

volumes were measured and calculated using the Analyze software (PerkinElmer).  
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Micro-computed tomography (µCT) for bone microarchitecture 

 Femurs from KP1.9 tumor-bearing versus age-and sex matched tumor-free controls 

were dissected out, cleaned, fixed in 10% formalin for 24 h, washed in PBS and transferred to 

70% ethanol (EtOH) prior to µCT analysis. Trabecular bone microarchitecture and cortical bone 

morphology in the distal femoral metaphysis and mid-diaphysis, respectively, were quantified 

using a high-resolution desktop micro-tomographic imaging system (µCT40, Scanco Medical 

AG). The scans were performed using the following settings: 10µm3 isotropic voxel size, 70 kVp 

peak x-ray tube intensity, 114 mA x-ray tube current, 200 ms integration time, and were 

subjected to Gaussian filtration and segmentation. Image acquisition and analysis protocols 

were performed according to µCT guidelines for the assessment of bone microstructure in 

rodents122. Trabecular bone was analyzed in a region (1500 µm; 150 transverse slices) 

extending proximally from 200 µm above the peak of the distal growth plate. A threshold of 339 

mgHA/cm3 was used to segment trabecular bone from soft-tissue and then, trabecular bone 

volume fraction (BV/TV, %), trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm-1), 

trabecular separation (Tb.Sp, mm), and trabecular bone mineral density (Tb.BMD, mgHA/cm3) 

were measured using the Scanco Evaluation program trabecular morphology script. Cortical 

bone was evaluated in a 500µm long (50 transverse slices) region at the femoral mid-diaphysis 

and was segmented using a threshold of 700 mgHA/cm3 and then analyzed using the Scanco 

mid-shaft evaluation script to measure total cross-sectional area (Tt.Ar, mm2), cortical bone area 

(Ct.Ar, mm2), medullary area (Ma.Ar, mm2), bone area fraction (Ct.Ar/Tt.Ar, %), cortical tissue 

mineral density (Ct.TMD, mgHA/cm3), cortical thickness (Ct.Th, mm), cortical porosity (%), as 

well as the maximum, minimum and polar moments of inertia (Imax, Imin, and J, mm4). 

Histology and immunohistochemistry (IHC) 

 For histological analysis of tumor burden in mice, lung tissues and femurs were 

harvested, formaldehyde-fixed and paraffin-embedded following standard procedures and 

�43



consecutive sections were prepared. Lung tissue sections were stained with H&E to define 

tumor tissue areas in the lung as described earlier46. 

 IHC on mouse tissue sections was performed as previously described46. Briefly, mouse 

lung and bone sections were prepared using a Leica RM2255 rotary microtome (Leica 

Biosystems), dried at 60°C for 1 h, dewaxed and rehydrated before treated with heat-induced 

epitope-retrieval (HIER) prior immunostaining. Therefore, the sections were incubated in 10mM 

Tris (pH9.0) or 10mM sodium-citrate (pH6.0) buffered solution containing 0.05% Tween and, 

depending on the Ab used, if needed heated at 120°C for 2 min using a pressure cooker. To 

obtain consistent and reliable staining the LabVision Autostainer 360 (Thermo Fisher Scientific) 

was used. The sections were pretreated using BLOXALL endogenous enzyme blocking solution 

(Vector Laboratories) for 10 min to destroy all endogenous peroxidase activity. After blocking 

with normal goat serum, the sections were incubated with rat anti-mouse Ly-6G (clone 1A8, 

Biolegend) or anti-mouse osteocalcin (clone M-15, Santa Cruz) monoclonal Abs (mAbs) for 1 h 

followed by several washes and secondary ImmPRESS polymer detection system (Vector 

Laboratories) according to the manufacturer's protocol. DAB Quanto (Thermo Fisher Scientific) 

was applied as substrate and hematoxylin used as counterstain. 

 Prior to preparation of bone tissue sections, femurs were harvested and cleaned, fixed 

for 24 h in 10% formalin, washed in PBS and transferred to 70% EtOH. The samples were then 

decalcified in 14% EDTA for up to two weeks and stored in 70% EtOH until paraffin embedding. 

 For anti-SiglecF stainings (rat anti-mouse Siglec-F mAb, clone E50-2440, BD 

Pharmingen), IHC on murine lung tissue of tumor-bearing KP mice was performed on frozen 

tissue sections. Spleen tissue sections were prepared for reference positive control stainings. 

Frozen tissue sections were generated as described before46, air-dried and fixed in acetone 

(−20°C) for 10 min. The sections were rehydrated and treated as described above, but 

without HIER.

 For histological evaluation of tumor metastases (femur), 10 regions of interest (n = 8) on 

paraffin embedded decalcified H&E stained femur sections were defined at 20x and blindly 
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scored for the presence or absence of tumor cell clusters. Positive control evaluations were 

done on histological sections from KP tumor-bearing lungs. 

For cytospins, SiglecFhigh neutrophils (CD45+CD11b+Ly-6G+SiglecF+), SiglecFlow 

(CD45+CD11b+Ly-6G+SiglecF-) neutrophils and lung alveolar macrophages (CD45+CD11b-

F4/80+SiglecF+CD11c+) were FACS sorted from lung tissue of KP tumor-bearing or tumor-free 

mice based on marker expression using the following anti-mouse mAbs: CD45 (clone 30-F11, 

Biolegend), Ly-6G (clone 1A8, Biolegend), CD11b (clone M1/70, BD), SiglecF (clone E50-2440, 

BD), Ly-6C (clone HK1.4, Biolegend), CD11c (clone N418, eBioscience). Cytospins were 

performed using a Shandon Cytospin 4 centrifuge (Thermo Fisher Scientific). In detail, 5x104 

cells were centrifuged (500 rpm, 3 min) onto Tissue Path Superfrost Plus Gold microscope 

slides (Thermo Fisher Scientific) and dried overnight at RT. Cytospins were then fixed in 4% 

formaldehyde-buffered solution and H&E stained following standard procedures. 

For all histological sections, image documentation was performed using the 

NanoZoomer 2.0-RS slide scanner system (Hamamatsu).  

Bone histomorphometry 

 Bone histomorphometric analysis was performed on femurs from KP1.9 tumor-bearing 

or age and sex-matched tumor-free controls as previously described123. In brief, calcein (20mg/

kg; Sigma) and demeclocycline (50mg/kg, Sigma) were injected at 9 days and 2 days prior to 

animal euthanasia, respectively. Dissected, cleaned, formalin-fixed (10%, 24 h) femurs were 

washed in PBS and transferred to 70% EtOH. Fixed non-decalcified femurs were dehydrated 

(graded ethanol) and subsequently infiltrated and embedded in methylmethacrylate. 

Longitudinal sections (5µM) were cut using a microtome (RM2255, Leica) and stained with 

Goldner Tricrome for measurements of cellular parameters and by the method of Von Kossa124 

to evaluate bone mineralization. Dynamic bone parameters were evaluated on unstained 

sections by measuring the distance between double labels using the Osteomeasure analyzing 

system (Osteometrics Inc.). Measurements were made in the area 200µm below the growth 
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plate. Quantification of bone parameters was done in a blinded manner. The structural, dynamic 

and cellular parameters were evaluated using standardized guidelines125.  

Confocal microscopy 

 Confocal microscopy was performed based on a previously published protocol126. The 

mice were injected with OsteoSense retro-orbitally to label bone (< 24 h before mice were 

sacrificed) and with fluorescently conjugated mAbs (anti-CD31 (clone MEC13.3, Biolegend), 

anti-CD144 (clone BV13, Biolegend), anti-Sca1 (clone D7, eBioscience)) 30 min prior to 

euthanasia via cardiac perfusion with PBS and subsequent 4% methanol-free 

paraformaldehyde (Alfa Aesar). After fixation, the femurs or sternums were quickly dissected 

out, cleaned of tissue and cut for imaging. In brief, sternum marrow was exposed by cutting 

longitudinally along the bone and subsequently scanned at 10x (3-4 partially overlapping field of 

views). Femurs were OCT embedded, frozen at -80oC (>1 h), and marrow tissue was exposed 

using a cryostat. Z-stack images from femur and sternum were immediately acquired at 2-5µM 

steps (Olympus IV100 confocal microscope) and analyzed in FIJI (ImageJ). Non-injected 

controls or non-fluorescent mice were used as staining controls. 

In vivo Gr-1+ cell depletion 

 Twelve-to-fourteen weeks old KP mice were infected i.t. with 1500 Cre-active lentiviral 

units using a protocol described earlier45. KP mice bearing well-established tumors (identified by 

µCT) were treated 20 weeks post tumor initiation with anti-Gr-1 mAb (10 mg/kg, clone RB6-8C5, 

BioXcell) intraperitoneally (i.p.) three times per week for 2 weeks. Neutrophil depletion was 

validated by tail-vein blood sampling at day 7 followed by flow cytometry analyses of SSChi 

Ly-6G+ circulating cells. Control mice were injected with IgG control mAb (10 mg/kg, clone 2A3, 

Jackson Immunoresearch). At the end of the experiment tumor-bearing lungs were collected 

and single cell suspension were obtained using the GentleMACS tissue octo dissociator 

(Miltenyi) and an enzymatic digestion mix composed of DMEM, 0.02 mg/ml DNAse I (Sigma) 
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and 1 mg/ml collagenase (Sigma) applied for 35 min at 37°C. Cells were washed with medium 

then resuspended in PBS supplemented by 2% FBS and 0.5mM EDTA. To obtain single cell 

suspensions, cells were passed through 70µm cell strainer. Cell number was determined and 

1x107 cells were used for flow cytometry staining. Cells were first stained with live and dead 

blue dye (Life Technologies) in PBS containing Fc-Block reagent (Miltenyi) for 20 min at 4°C. 

After washing, mAb staining (anti-Ly-6G-FITC, clone RB6-8C5; anti-CD11b-BV711, clone 

M1/70; anti-Ly-6C-AlexaFluor700, clone HK1.4; anti-CD11c-BV450, clone N418 and anti-CD45-

PerCP, clone 30-F11; all from Biolegend) was performed on ice or a 4°C in PBS supplemented 

with 2% FBS and 0.5mM EDTA for 15 min. All acquisitions were performed using the LSRII 

SORP (BD), a 5-laser and 18-detector analyzer at the EPFL Flow Cytometry Core Facility. Data 

analyses were performed using FlowJo X (FlowJo LLC). 

In vivo osteoblast depletion 

 OcnCre;Dtr, OcnCre;Dtr/Yfp and control mice lacking either transgene were treated i.p. with 

DT (100µl; 20µg/kg, Sigma-Aldrich) every other day for 9 days with a total of five injections per 

mouse. Body weight was monitored to control for DT-induced toxicity. Osteoblast depletion was 

verified using histological evaluation of femurs, IHC for osteocalcin and ex vivo whole mount 

immunofluorescence of OcnCre;Dtr/Yfp mice. Performing in vitro DT titration studies and in vivo 

cellular stainings using flow cytometry, we ensured that the used DT concentration did not effect 

the viability of hematopoietic cells in this murine model. 

In vivo NK cell depletion 

 NK cells were depleted in tumor-bearing OcnCre;Dtr or control mice performing i.p. 

injections of anti-NK1.1 Ab (clone PK136, BioXcell, 200µg/mouse, i.p.) every fourth day. The 

detailed treatment schema is outlined in Figure S2.11A. NK cell mAb depletion in osteoblast 

reduced tumor-bearing mice was evaluated using flow cytometry and was efficient in 
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substantially decreasing lung NK cells (detected by CD49b and NKp46 double staining since the 

NK1.1 epitope may be masked by the depleting mAb).  

In vitro assay to test potential DT-mediated direct effects on hematopoietic cells  

 Splenocytes from WT or OcnCre;Dtr mice were harvested by gently meshing a spleen 

through a 40µm filter. The cells were washed, plated in medium (RPMI, 10% FBS, 1% P/S) and 

treated with 0, 1, 10, 100, 1000 ng/ml of DT. Cells were harvested after 20 h of incubation at 

37°C and stained with mAbs for flow cytometry, see section on flow cytometry for staining 

procedure. 

Parabiosis 

 In some experiments, parabiosis was used to study the contribution of circulating cells to 

osteoblast-controlled tumor-infiltrating immune cells. The experimental procedure was 

performed as previously described27. In brief, one week post-tumor injection, lung tumor-bearing 

OcnCre;Dtr mice were parabiosed to OcnCre;Dtr or control mice (lacking either transgene). Both 

types of parabionts were treated with DT following the procedure described in section: In vivo 

osteoblast depletion. 

Granulocyte single cell RNAseq 

Single cell RNA sequencing (scRNA-Seq) data were obtained from CD45+ cells collected 

from either tumor-free or KP tumor-bearing lungs from two independent experimental replicates 

using droplet microfluidic barcoding technology (inDrops) as previously described127. Due to the 

limited sensitivity of scRNA-Seq at the single cell level, which leads to gene ‘drop-out’ events, 

SiglecF expression alone could not be reliably used to distinguish SiglecFhigh and SiglecFlow 

cells. Therefore, we defined a SiglecF expression score, among granulocytes (n = 6,020 cells), 

for each single cell k as Sk=(Xk-Yk), where and is the percentile gene 

expression (dense ranking) of cell k for gene i, for the 50 most correlated genes to SiglecF 
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(Spearman correlation), and  is the corresponding sum of percentiles of the 

50 most anticorrelated genes to SiglecF (Table S2.2). As anticipated from FACS data, the 

distribution of granulocytes by Siglecf expression score was bimodal in tumor tissue, with 

SiglecFlow cells overlapping with healthy granulocytes. By visual inspection of Figure S2.18A, we 

set a threshold of -7 to separate between SiglecFhigh and SiglecFlow granulocytes in tumor 

tissue.

 For differential gene expression (DGE) analysis of healthy, tumor SiglecFlow, and tumor 

SiglecFhigh granulocyte populations, we used a parameter-free permutation-based test to 

calculate p-values, with the difference in means as the test statistic. We accounted for multiple 

hypothesis testing with a false discovery rate of 5% using the Benjamini-Hochberg procedure128. 

To be considered for differential gene expression analysis, genes had to be expressed at least 

by 5% of cells in at least one of the two groups of cells compared. Significantly differentially 

expressed genes with an absolute fold-change of 2 were selected for further analysis. Genes 

judged as significant by the permutation test but with a p-value less than the specified accuracy 

of the permutation test were assigned an approximate p value using a t-test assuming unequal 

variances for representation on volcano plots. 

 For gene set enrichment analysis129,130, we performed the same pre-filtering as for DGE 

analysis: only genes expressed by at least 5% of cells in at least one the two groups in a 

comparison were considered. Then we used the GSEA PreRanked tool129,130 on genes ranked 

by log2 (fold-change) and considered gene sets that were enriched based on an FDR of 25%.  

Bioinformatical analyses of lung adenocarcinoma patients 

 In silico analyses were performed similarly as previously described25, with a modification 

in patient stratification. Tumor transcriptome and survival data from lung adenocarcinoma 

patients were obtained from six databases (DFCI, MI, HLM, Ladanyi, Gerald, MSKCC)25,90,91. 

For each patient k, a SiglecFhigh  gene signature was computed as                    where 

is the percentile gene expression (dense ranking) of patient k for gene i, for the top 100 genes 
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ordered by decreasing fold-change in SiglecFhigh cells compared to SiglecFlow cells in tumors 

defined by scRNAseq analysis of murine lung tumors (Table S2.2). Only murine genes with 

human orthologs that were differentially expressed (statistical significance determined as 

described above) at >100TPM in SiglecFhigh cells were considered. The SiglecFlow gene 

signature was defined in an analogous way. Cox proportional hazards model with sample origin 

by database as a categorical variable was used to determine whether the SiglecFhigh signature 

predicted human patient survival. For Kaplan-Meier plots, survival data of top 25% and bottom 

25% SiglecFhigh  signature expressers was used. Survival analysis was performed using the 

Lifelines package in Python131. 

In vivo cell fate mapping  

 To track the progeny of hematopoietic precursors in tumor-bearing control or Ocn 

depleted mice, we performed cell fate mapping experiments. We used bead enrichment 

(Miltenyi) followed by FACS-based sorting of live lineage negative congenic CD45.1 cKIT+ 

(CD117) cells (here lineage = B220, CD19, Ter119, CD11c, CD11b, NK1.1, CD49b, CD127, 

Ly-6G, CD90.2). The purity of the sorted CD45.1+ cKIT+ cells was above 95%. 2.5 x 105 cells 

were injected i.v. into tumor-bearing control or Ocn depleted mice (both CD45.2 genotypes) at 

29 days post tumor-injection. 7 days post-cKit+ cell transfer, lung tumor tissue was harvested 

and CD45.1+ immune cell infiltrates were quantified using flow cytometry. Non-injected biological 

controls, Fluorescence Minus One (FMO)-staining controls and unstained cells were used to 

analyze the CD45.1+ cell progeny in the tissue.  

p53 recombined PCR for tumor cell detection 

 Detection of p53 recombined locus (only present in KP tumor cells after exposure to Cre 

recombinase) was used to survey bone and marrow tissues for KP tumor cell metastases. In 

brief, DNA was extracted from bone marrow or calvarial bone (after digestion) using DNeasy 

blood and tissue kit (Qiagen) according to manufacturer’s instructions. KP1.9 tumor cells were 
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used as positive control. Different DNA concentrations from KP1.9 tumor cells were used to 

determine PCR detection limit to <10 cells (with the estimate of ~6pg DNA/cell). DNA was 

isolated from Gel PCR products from a primary PCR run. A second PCR amplification run on 

these DNA samples was performed to detect low levels of DNA in the isolated tissues. The 

following primers were used: A: 5' CAC AAA AAC AGG TTA AAC CCA G 3'; B: 5' AGC ACA TAG 

GAG GCA GAG AC 3'; C: 5' GAA GAC AGA AAA GGG GAG GG 3'. Following bands were 

amplified: p53 recombined 1lox: 612bp, WT band: 288bp and a background band: 400bp. 

Flow cytometry 

 Single cell suspensions were obtained from lung tumors, bone marrow, spleen and bone 

tissue. The respective tissues and isolated single cell fractions were kept on ice for all steps if 

not stated otherwise. Tumor tissue was received by dissecting out tumor-bearing lungs. Small 

tissue pieces were generated using scissors and digested (RPMI containing 0.2 mg/ml 

collagenase type I, Worthington Biochemical Corporation) for 1 h at 37°C while shaking. Femurs 

and for some experiments tibias were harvested, cleaned and the bone marrow flushed out 

using cold staining buffer (PBS containing 0.5% BSA and 2mM EDTA). Digested lung tissue and 

harvested bone marrow were gently meshed through 40µM cell strainers using a plunger. 

Spleens were harvested and also meshed through 40µM cell strainer as described before.

Red blood cells were removed using 1 ml ACK lysis buffer (Lonza) per cell pellet for 1 

min (for lung cells) or 2 min (for spleen cells) and the reaction was stopped with RPMI media. 

The resulting single-cell suspensions were washed and resuspended in staining buffer. In order 

to investigate bone cells by flow cytometry, in general, long bones were harvested, cleaned and 

crushed gently and the released cells were collected (fraction 1) and lysed with ACK lysis buffer. 

In parallel, the bone fragments (fraction 2) were cut into small pieces with scissors, filtered 

through 70µM cell strainer, digested (PBS containing 20% FBS and 0.25% collagenase type I) 

for 1 h at 37oC, washed and finally pooled with the cells derived from fraction 1. Single cell 

suspensions were incubated with FcBlock (clone 93, Biolegend) for 15 min at 4oC, followed by 
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staining with fluorescent conjugated Abs for 45 min at 4oC. The cells were washed with staining 

buffer and analysed on a LSRII flow cytometer (BD). 7-aminoactinomycin (7AAD, Sigma) 

positivity was used to exclude dead cells.

Following cell populations were identified based on cell marker expression: Ocn+ cells 

(Lin-CD45-CD31-Ter119-YFP+), granulocytes (CD45+CD11b+Ly-6G+), SiglecFhigh granulocytes 

(CD45+CD11b+Ly-6G+SiglecF+), SiglecFlow granulocytes (CD45+CD11b+Ly-6G+SiglecF-), 

monocytes (CD45+CD11b+Ly-6G-Ly-6Chigh), CD11b- lung macrophages (CD45+CD11b-

F4/80+SiglecF+CD11c+), T cells (CD45+CD3+CD4+ or CD8+), B cells (CD45+B220+CD19+), NK 

cells (CD45+CD49b+NK1.1+ or CD45+CD49b+NKp46+).

The lineage (Lin) Ab mix contained the following Abs unless otherwise noted: B220, 

CD19, Ter119, CD11c, CD11b, NK1.1, CD49b, CD127, Ly-6G, CD90.2.

Following Abs were purchased from BD if not specified otherwise: B220 (553089, clone 

RA3-6B2); CD19 (553786, clone 1D3); Ter119 (553673, clone TER-119); CD11c (12-0114-83, 

clone N418, eBioscience); CD11b (557397, clone M1/70); NK1.1 (553165, 550627, clone 

PK136); CD49b (553858, clone DX5); CD127 (12-1271-82, clone A7R34, eBioscience); Ly-6G 

(551461, 560599, clone 1A8); CD90.2 (553006, clone 53-2.1); SiglecF (564514, clone 

E50-2440); CD4 (557956, clone RM4-5) or Biolegend: CD117 (105812, clone 2B8); F4/80 

(123115, clone BM8); CD45.1 (110738, clone A20); CD45.2 (109831, clone 104); CD3e 

(100306, clone 145-2C11); CD8 (100725, clone 53.-6.7); CD19 (115530, clone 6D5); CD11c 

(117333, clone N418); Nkp46 (137619, clone 29A1.4); CD45 (103126, clone 30-F11).  

Statistical methods 

 Unpaired t-test was used to compare two groups. Multiple t-test was performed to 

compare several cell populations between two groups and multiple testing was accounted for in 

the calculation of significant differences between groups using the Holm-Sidak method. One-

way ANOVA with subsequent post-hoc analysis was done to compare three or more groups. 

GraphPad Prism was used to test for statistical significance except for when noted. Matlab and 
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Python were used for scRNAseq analysis, corresponding statistical testing is described above in 

section: Granulocyte single cell RNAseq. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, n.s. not 

significant. 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Chapter 3: Transforming the tumor stroma by immunogenic drugs 

3.1 Overview 

Immunogenic chemotherapeutics sensitize tumors to checkpoint blockade therapy  

Christina Pfirschke*,Camilla Engblom*, Steffen Rickelt, Virna Cortez-Retamozo, Christopher 

Garris, Ferdinando Pucci, Takahiro Yamazaki, Vichnou Poirier Colame, Andita Newton, Younes 

Redouane, Yi-Jang Lin, Gregory Wojtkiewicz, Yoshiko Iwamoto, Mari Mino-Kenudson, Tiffany G. 

Huynh, Richard O. Hynes, Gordon J. Freeman, Guido Kroemer, Laurence Zitvogel, Ralph 

Weissleder, Mikael J. Pittet 

Immunity (2016) 44, 343–354 

 *These authors contributed equally to this work  

This work is re-printed with permission from Immunity.  

Summary  

Checkpoint blockade immunotherapies can be extraordinarily effective, but may benefit only the 

minority of patients whose tumors are pre-infiltrated by T cells. Here, using lung 

adenocarcinoma mouse models, including genetic models that are driven by mutant Kras and 

deleted Trp53 genes, we showed that autochthonous tumors that lacked T cell infiltration and 

resisted current treatment options could be successfully sensitized to host antitumor T cell 

immunity when using appropriately selected immunogenic drugs (oxaliplatin combined with 

cyclophosphamide). The antitumor response was triggered by direct drug actions on tumor 

cells, relied on innate immune sensing through toll-like receptor 4 signaling, and ultimately 

depended on CD8+ T cell antitumor immunity. Furthermore, instigating tumor infiltration by T 

cells sensitized tumors to checkpoint blockade inhibition and controlled cancer durably. These 

findings indicate that the proportion of cancers responding to checkpoint therapy can be feasibly 

and substantially expanded by combining checkpoint blockade treatment with immunogenic 

drugs. 
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3.2 Introduction 

 The ability of the immune system to control tumor cells was proposed more than a 

century ago, demonstrated during the last decade, and recently harnessed for therapy11,132. A 

foundational principle of tumor immunology is that cancer cells can be eliminated by host 

cytotoxic CD8+ T cells6,133–135. Accordingly, CD8+ T cell infiltration of various solid tumor types 

has positive prognostic value136, although these cells can be subject to various suppressive 

mechanisms including inhibition by regulatory T (Treg) cells and induced expression of 

programmed death-1 (PD-1) and other inhibitory checkpoint receptors, all limiting the antitumor 

functions of lymphocytes11,132.  

 Therapies targeting T cell inhibitory checkpoint signaling pathways are redefining cancer 

therapy because clinical trials have shown unprecedented rates of durable responses in 

patients with common cancer types, including lung adenocarcinoma132. Lung adenocarcinoma 

was long considered to be nonimmunogenic and is the leading cause of cancer incidence and 

mortality worldwide, with more than one million deaths per year137. Yet, only a minority of cancer 

patients respond to checkpoint blockade inhibition and evidence suggests that those patients 

may preferentially have tumors that have favorable mutational landscapes, express the PD-1 

ligand (PD-L1) and/or contain pre-existing tumor-infiltrating CD8+ T cells that are inhibited 

locally, e.g., by PD-1 engagement35,132,134,138–141. In order to define the proportion of patients 

who could ultimately benefit from immunotherapies, it appears important to clarify whether 

strategies can be employed for converting tumor microenvironments lacking T cell infiltration to 

ones displaying antitumor T cell immunity and then to determine whether this process sensitizes 

tumors to checkpoint blockade therapy. 
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 One approach to achieving this goal may involve the induction of immunogenic 

conditions in the tumor microenvironment. For example, some chemotherapeutics and other 

treatments have been shown to shape clinical outcome by influencing tumor-host interactions to 

stimulate T cell immunosurveillance142–144. The drugs prescribed today against lung 

adenocarcinomas only marginally increase survival. Despite their low success rate, these drugs 

deserve re-consideration for several reasons, especially when combined with immunotherapy: i) 

they were originally selected for their capacity to prevent human tumor cell growth in vitro and in 

xenotransplanted immunodeficient mouse models without considering the relevance of immune 

reactions to treatment outcomes; ii) they are generally given indiscriminately even though their 

impact may vary across individuals and tumor microenvironments and iii) improved 

understanding of drug effects in vivo may help to identify synergistic treatment options.   

 To address these knowledge gaps we explored conditional genetic lung adenocarcinoma 

models (with Kras and Trp53 mutations), in addition to orthotopic lung tumor models. In the 

genetic models, cancer cells are derived from somatic cells that are transformed in their normal 

tissue microenvironment and progress to high-grade tumors that lack T cell infiltration and 

resisted prescribed chemo- and immunotherapeutic treatments. These models can also be used 

to study autochthonous tumors that express model neoantigens, which are important drivers of 

antitumor T cell immunity135,145 and targets of checkpoint blockade therapy134. The genetic tumor 

models we used for this study also avoided the inherent limitations of tumor grafts, including 

sensitivity to numerous chemotherapeutic agents146.  

 Here, we investigated whether distinct immunogenic chemotherapeutics could trigger 

CD8+ T cell influx into tumors and sensitization to immune checkpoint therapy using orthotropic 

tumor models that resist current standard anticancer treatments and in which tumors are poorly 

infiltrated by T cells. To this end, we defined a combination of clinically approved 

chemotherapeutic drugs (oxaliplatin-cyclophosphamide; Oxa-Cyc) that elicited immunogenic 

phenotypes on lung tumor cells in vitro and in vivo. We showed that challenging tumor-bearing 

mice with Oxa-Cyc resulted in tumor T cell infiltration and controlled tumor progression. Oxa-
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Cyc limits disease via direct drug actions on tumor cells and host components such as CD8+ T 

cells and intact TLR4 signaling. Furthermore, we demonstrated that immunogenic 

chemotherapy successfully sensitizes mice to immune checkpoint blockade and that this 

treatment combination durably controls cancer outgrowth in several cancer models. These 

findings highlight that appropriately selecting immunogenic drugs can transform ’T cell poor 

tumors’ into ’T cell rich tumors’ and present a possible approach to expand the proportion of 

patients that respond to checkpoint blockade therapy. 

3.3 Results  

3.3.1 KP lung adenocarcinomas resist current treatment options 

 Kirsten rat sarcoma viral oncogene homolog (KRAS) and tumor suppressor p53 (TP53) 

genes are mutated in ~25% and 50%, respectively, in non-small cell lung cancer (NSCLC) 

patients. Initially, we examined KrasLSL-G12D/+;Trp53flox/flox (hereafter KP) mice that express 

endogenous mutant Kras and deleted Trp53 alleles in lung epithelial cells upon administration of 

adenovirus expressing Cre recombinase24. These mice develop lung adenocarcinomas with 

both pathophysiological and molecular features of the human disease. Evaluation of the lungs of 

KP tumor-bearing mice revealed the presence of CD3+ T cells only within the normal tissue 

parenchyma and at frequencies that were comparable to those in tumor-free mice; by contrast, 

all the KP lung adenoma and adenocarcinoma nodules lacked CD3+ T cell infiltration (Figure 

3.1A and S1A-C). As anticipated for tumors lacking pre-infiltrated T cells, anti-PD-1 monoclonal 

antibody (mAb) treatment failed to delay KP tumor progression (data not shown) and did not 

increase KP mouse survival as defined by the Kaplan-Meier estimator (Figure 3.1B). Similar 

results were obtained for KP mice on the 129 and C57BL/6 backgrounds (data not shown).  

 We extended our examination to wild-type mice bearing orthotopic syngeneic KP1.9 lung 

adenocarcinoma cells harboring Kras and Trp53 mutations. Anti-PD-1 treatment also failed to 

control tumor progression in this model (Figure 3.1C). Using a third mouse model, we examined 

�57



�58

Figure 3.1 Kras-Trp53-mutated lung adenocarcinomas are inadequately infiltrated by T cells and 
resist current treatment options.  

(a)  Immunohistochemistry of CD3+ cells in KP lung tumor tissue on day 66 after tumor initiation. 
(b)  Survival of KP mice treated or not with anti-PD-1 (αPD-1) mAbs (n=5-6 mice per group). Tumors 

were induced on day 0 by intratracheal intubation and inhalation (i.t.) of an adenovirus expressing 
Cre recombinase (AdCre). Mice were treated every third or fourth day with anti-PD-1 Abs 
intraperitoneally (i.p.) starting from day 60 to 86.  

(c)  Lung weight as proxy for tumor burden analyzed on day 44 of mice bearing orthotopic KP1.9 tumors 
and treated or not every third or fourth day with anti-PD-1 mAbs starting on day 25 till 42 after tumor 
cell injection (n=9-12 mice per group). 

(d)  Micro-computed tomography lung images of KP-OVA mice both pre- (day 122) and post-treatment    
(day 146) with no antibody (ø) or with anti-PD-1 and anti-CTLA-4 (αPD-1 + αCTLA-4) mAbs. 
Tumors were induced with a lentiviral vector containing OVA peptide sequences (LucOS) i.t. and Ab 
treatment performed every second or third day starting from day 133 to 145.  

(e)  Lung weight (n=4-5 mice per group) and (f) survival (n=11 mice per group) of KP mice treated or not 
with paclitaxel and carboplatin (Ptax-Carbo). Mice were treated once a week for three weeks 
starting on day 63 post i.t. tumor initiation and lungs analyzed three days after the last drug 
injection. For survival studies, Ptax-Carbo was injected i.p. once a week. ns, not significant. See 
also Figure S3.1.



whether introducing neoantigens sensitizes KP tumors to immune checkpoint therapy. We gave 

KP mice a Cre-based lentiviral vector containing ovalbumin (OVA) peptide sequences to 

produce KP-OVA mice bearing tumors expressing model OVA neoantigens147. These mice were 

treated with both anti-PD-1 and anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

mAbs because combined checkpoint blockade can increase response rates in cancer 

patients11,148,149. Treatment was initiated on day 133 when lung adenocarcinomas were 

detectable by micro-computed tomography (Figure 3.1D) and poorly infiltrated by CD8+ T 

cells147. KP-OVA tumors remained refractory to anti-PD-1 and anti-CTLA-4 mAb combination 

therapy that was applied for two weeks (Figure 3.1D). 

 We also assessed the effects of mainstay lung cancer chemotherapeutics in KP mice. 

Besides cisplatin treatment, which only marginally controls KP tumor progression150, we 

evaluated paclitaxel (Ptax) and carboplatin (Carbo), which are often administered in 

combination because of their synergistic effects on microtubule and DNA damage, respectively. 

We observed that Ptax-Carbo treatment failed both to curb KP tumor progression (Figure 3.1E 

and S3.1D) and to extend KP mouse survival (Figure 3.1F). We also assessed tumor infiltration 

by CD8+ T cells in 76 tumor biopsy sections from NSCLC patients who were also genotyped for 

KRAS, TP53 and epidermal growth factor receptor (EGFR) mutations. We did not detect 

differences in CD8+ T cell infiltration based on the KRAS or EGFR status of tumors; however, 

TP53-mutated tumors as well as TP53-KRAS-double mutated lung tumors showed significantly 

reduced CD8+ T cell infiltration compared to their nonmutated counterparts (Figures S3.1E and 

S3.1F). Taken together, these results indicate that the KP mouse model is relevant to explore 

tumors that shared important features with their human counterparts and, most importantly, 

resisted current immuno- and chemotherapeutic interventions. 

3.3.2 Selected chemotherapeutics induce KP tumor cell immune phenotypes 

 Considering that KP tumor nodules lack T cells, we hypothesized that therapeutically 

reversing this phenotype might help control cancer progression. To this end, we initially tested 
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diverse chemotherapeutic drug combinations for their ability to induce immunogenic phenotypes 

in various KP tumor cell lines (KP L1-3, L1-5 and L2-9) in vitro. These proof of principle studies 

used high mobility group box 1 (HMGB1) release as a surrogate marker for drug-induced tumor 

cell immunogenicity142 and evaluated Food and Drug Administration (FDA)-

Approved chemotherapeutics to favor clinical translatability. We found that the NSCLC 

chemotherapeutics docetaxel (Dtax) and Carbo, alone or in combination, failed to induce 

HMGB1 release by all KP tumor cell lines tested (Figure 3.2A). Likewise, the anthracycline 

mitoxantrone (Mtx), which can have immunogenic effects40, did not trigger HMGB1 release by 

KP tumor cells, even when combined with mafosfamide (Maf) (Figure 3.2B), which is the active 

metabolite of cyclophosphamide (Cyc)151. However, the oxaliplatin-mafosfamide (Oxa-Maf) 

combination stimulated HMGB1 release by all KP tumor cell lines (Figures 3.2A and 3.2B). This 

combination also triggered calreticulin (CRT) exposure by living KP tumor cells (Figure 3.2C), 

which is an additional marker of cell immunogenicity142. Building on these observations, we 

tested the combined Oxa-Cyc treatment in tumor-bearing KP mice using well tolerated drug 

concentrations (Figures S3.2A and S3.2B). Unlike Ptax-Carbo, Oxa-Cyc treatment significantly 

increased nuclear HMGB1 staining within KP tumor nodules (Figures 3.2D and S3.2C), a result 

that mirrors our in vitro findings. Consequently, these data demonstrate that selected 

chemotherapeutics can cause tumor cell immunogenic signatures in KP lung adenocarcinoma 

cells in vitro and in vivo. 

3.3.3 Chemotherapeutics selected for their ability to induce immunogenicity in tumors delay KP 

cancer progression 

 KP mice sacrificed after 3 weeks of Oxa-Cyc treatment showed significantly lower tumor 

burden compared to Ptax-Carbo-treated or untreated mice (Figures 3.3A and S3.3A-C). We 

confirmed the ability of Oxa-Cyc treatment to control cancer growth in mice bearing KP1.9 

tumors (Figures S3.3D-F). As the above experiments used terminal procedures to assess 

tumors at different time points and in different mice, we also used in vivo micro-computed 
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tomography to monitor lung tumor volumes over time noninvasively to gain quantitative 

information on lung tumor progression in individual KP mice. This approach confirmed overall 

control of KP tumor growth during Oxa-Cyc treatment duration (Figure 3.3B). By contrast, Ptax-
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Figure 3.2 Selected drugs induce KP tumor cell immune phenotypes.  

(a)  In vitro HMGB1 release by three KP tumor cell lines, generated from lung tissue of tumor-bearing 
KP mice, in response to various chemotherapeutic drug combinations as determined by ELISA 
(n=2-4 replicates).  

(b)  HMGB1 release by tumor cell lines treated with Mitoxantrone (4 µM), Oxaliplatin (300 µM) and/or 
Mafosfamide at different concentrations (16.5, 33 or 50 µg/ml) (n=4 replicates).  

(c)  Calreticulin exposure by tumor cell lines treated with defined drug combinations measured by flow 
cytometry (n=6 replicates).  

(d)  HMGB1 immunohistochemistry (left) and scoring (right) in lung tumor nodules (n=39-48) of KP mice 
untreated (ø) or treated with Ptax-Carbo or Oxa-Cyc (See also Figure S3.2C for comparable 
images). Scale bars: 100 µm. ****P<0.0001; ns, not significant; CRT, Calreticulin; Carbo, 
Carboplatin; Cyc, Cyclophosphamide; Dtax, Docetaxel; Maf, Mafosfamide; Mtx, Mitoxantrone; Oxa, 
Oxaliplatin; Ptax, Paclitaxel. See also Figure S3.2.



Carbo treatment only showed a limited ability to suppress cancer progression. In Oxa-Cyc-

treated mice we found that some tumor nodules progressed whereas others regressed (Figure 

3.3B) and that tumor cell apoptosis, defined by cleaved caspase 3 staining, increased in some 

but not all tumor nodules (Figure S3.3G). These data demonstrate the possibility of significantly 

altering KP tumor growth with rationally selected and clinically approved chemotherapeutics. 

3.3.4 Drug-induced tumor control involves a systemic host response  

 Having identified Oxa-Cyc as a model of successful treatment against KP tumors, we 

explored how it controlled cancer progression at a mechanistic level in vivo. First, we asked 

whether restricting Oxa-Cyc exposure to KP tumor cells is sufficient to alter cancer progression. 

To address this question, C57BL/6 mice received multiple injections of KP1.9 cells previously 

killed in vitro with either Oxa-Maf or Ptax-Carbo (days -8, -4, -2, 5, 12); the mice were also 

challenged with viable KP1.9 cells on day 0. We found that the tumors grew more slowly in mice 

vaccinated with cells killed with Oxa-Maf compared to mice vaccinated with tumor cells killed 

with Ptax-Carbo (Figure 3.4A). This difference highlights that tumor control is not just a 

consequence of immunization with dead cells. Of interest, the vaccinations had identical effects 

on tumors injected either ipsi- or contralaterally, thereby further indicating systemic rather than 

local vaccination-induced effects. Importantly, prophylactic vaccination (i.e. Oxa-Maf-killed tumor 

cells injected on days -8, -4, -2 only) was sufficient to reduce both ipsi- and contralateral tumor 

growth (Figure 3.4B). Consequently, these results indicate that Oxa-Maf-sensitized tumor cells 

induced systemic changes that subsequently reduce cancer progression.  

3.3.5 Drug-induced tumor control involves adaptive immunity 

 Our next step evaluated whether Oxa-Cyc sensitization in vivo promoted an antitumor 

immune response. By collecting single cell suspensions from KP mouse lungs we found 

increased CD8+ T cell:Treg cell ratios in Oxa-Cyc-treated mice as compared to untreated or 
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Ptax-Carbo-treated mice (Figure 3.4C). The increased CD8+ T cell:Treg cell ratio favors CD8+ T 

cell-mediated cancer immune surveillance and is associated with beneficial outcome152,153. In 

further assessing the distribution of T cells in KP mouse lungs by immunohistochemistry, we 

found that Oxa-Cyc treatment instigated CD3+ T cell infiltration within tumor nodules (Figures 

3.4D and S3.4A), with some CD3+ cells proliferating locally as revealed by Ki67 staining (Figure 

S3.4B). The tumor-infiltrating CD3+ T cells, which were absent in untreated or Ptax-Carbo-

treated mice, were mostly CD8+ and rarely CD4+ (Figures 3.4E and S3.4C), thereby indicating 

Oxa-Cyc’s ability to instigate CD8+ T cell infiltration into, and proliferation within, KP tumors. 

 Since Cyc can suppress Tregs154,155, Oxa-Cyc might promote antitumor responses by 

acting on Tregs directly. However, our data suggest that the CD8+ T cell response induced by 
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Figure 3.3 Drugs selected for their immunogenicity delay KP cancer progression.  

(a)  Lung tumor burden identification (left) and quantification (right) by hematoxylin and eosin (H&E) 
staining. Mice were treated with Ptax-Carbo or Oxa-Cyc after establishment of lung 
adenocarcinomas for a duration of 3 weeks.  

(b)  Lung tumor detection by noninvasive magnetic resonance imaging both pre- and post-treatment as 
in (a) (left) and quantification of tumor progression, defined as delta tumor volume in mm3, in 
individual mice over time (right, n=5-6 mice per group). Red and green arrowheads show 
progressing and regressing tumor areas, respectively. *P<0.05; ***P<0.001; ns, not significant; Tx, 
treatment; Carbo, Carboplatin; Cyc, Cyclophosphamide; Oxa, Oxaliplatin; Ptax, Paclitaxel. See also 
Figure S3.3.



Oxa-Cyc against KP tumors preferentially follows the induction of drug-mediated tumor cell 

immunogenicity because Oxa-Cyc treatment increased CD8+ T cell:Treg cell ratios selectively in 

lung tumor tissue (i.e. not systemically, Figure 3.4F) and Tregs (as fractions of CD3+ cells) were 

already absent from tumor nodules of untreated mice (Figure S3.4A). Also, lung CD8+ T 

cell:Treg cell ratios increased more in mice that received both Oxa and Cyc (Figure 3.4F), a 

result that was in accordance with our in vitro observations that inducing tumor cell 

immunogenic phenotypes required the drug combination (Figures 3.2A-C).  
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Figure 3.4 Drug-induced tumor control involves adaptive immunity.  

(a and b) Impact of vaccinations with Ptax-Carbo- or Oxa-Maf-killed tumor cells on growth of KP1.9 
tumors injected on day 0 ipsi- or contralaterally to the vaccination sites. Mice were injected with in 
vitro killed tumor cells on day -8, -4, -2, 5 and 12 (a) or only received prophylactic vaccination on 
day -8, -4 and -2 (b). The tumor burden was analyzed on day 19 (a) or day 14 (b), respectively (n=6 
mice per group).  

(c)  CD8+ T cell:Treg cell ratio in lungs of KP mice assessed by flow cytometry at 3 week post-treatment 
with Ptax-Carbo or Oxa-Cyc (n=9-13 mice per group).  

(d)  CD3 immunohistochemistry of representative lung tumor sections from KP mice treated as in (c) 
(see also Figure S3.4A for comparable images). Scale bars: 100 µm.  

(e)  CD4 and CD8 immunohistochemistry of lung tumor tissue from Oxa-Cyc-treated KP mice (see also 
Figure S3.4C for comparable images). Scale bars: 100 µm.  

(f)   CD8+ T cell:Treg cell ratios assessed by flow cytometry in lung, bone marrow and spleen of KP1.9 
lung tumor-bearing mice left untreated or that received Ptax-Carbo, Oxa, Cyc or Oxa-Cyc (n=7-8 
mice per group).  

(g)  Lung weight of Rag2–/– KP mice treated or not with Oxa-Cyc as indicated in Figure S4D (n=12-14 
mice per group).  

(h)  Lung weight of Oxa-Cyc-treated KP mice that received CD8 depleting mAbs (αCD8, n=13-15 mice 
per group). *P<0.05; **P<0.01; ****P<0.0001; ns, not significant. See also Figure S3.4.



 To test whether therapeutically controlling KP tumor progression needs adaptive 

immunity, we generated Rag2–/– KP mice in the C57BL/6 background (Figures S3.4D-F). The 

inability of Oxa-Cyc to suppress tumor progression in these mice (Figures 3.4G and S3.4G) 

favors the hypothesis that KP tumor control requires CD8+ T cells. Because Rag2–/– KP mice 

lack both T and B cells (Figures S3.4E and S3.4F), we also investigated the influence of 

selective CD8+ T cell ablation in immunocompetent (Rag2+/+) KP mice using CD8 depleting 

mAbs (Figure S3.4H). Oxa-Cyc failed to suppress tumor progression in CD8+ T cell-depleted 

mice (Figure 3.4H), which indicated that Oxa-Cyc not only instigated tumor infiltration by CD8+ T 

cells but also needed these cells to control cancer growth. Tumor control in KP mice was very 

efficient, especially considering that this mouse model resists all conventional treatments and 

develops tumors that are generally viewed as non-immunogenic. 

3.3.6 Drug-induced tumor control involves innate immunity 

 To delve deeper into drug action mechanisms we next examined whether Oxa-Cyc-

induced antitumor immunity required variables other than tumor-cell targeting and CD8+ T cells. 

We investigated innate immune cells because they are found in the KP tumor stroma51 and may 

be modulated by drugs to induce tumor control5,156. To uncover possible drug-induced changes 

on innate immune cell subsets, we collected lung tissue biopsies of KP tumor-bearing mice 

treated or not with Oxa-Cyc for comparative ex vivo analysis by multi-parameter flow cytometry. 

Furthermore, we isolated both tumor stroma biopsies and tumor-free adjacent lung tissue to 

assess whether drug-induced changes selectively control the immediate tumor 

microenvironment. By operationally dividing CD45+ Lin– myeloid cells into CD11b– and CD11b+ 

cell subsets, we observed a substantial decrease in the frequency of CD11b– cells in both the 

tumor stroma and adjacent tissue following Oxa-Cyc therapy (Figure 3.5A). This decrease was 

also observed in Ptax-Carbo-treated mice (data not shown), suggesting that this cell loss is 

insufficient to explain tumor control selectively in Oxa-Cyc-treated mice. In marked contrast, 
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Oxa-Cyc treatment significantly and selectively increased the frequency of the CD11b+ cell 

subset within the tumor stroma (Figure 3.5A). These findings indicate that the Oxa-Cyc 

treatment modulates innate immune system components within the tumor microenvironment. 

 We further analyzed CD11b+ cells, and subsets thereof, and considered toll-like receptor 

4 (TLR4) because it can be involved in innate immune activation and transition toward adaptive 

immunity in the context of drug-induced immunogenic cell death40,157,157. We found that Oxa-Cyc 

treatment upregulated TLR4 selectively in the dendritic cell (DC)/macrophage-like subset, 

defined as CD11b+ CD11c+ Ly-6G– Ly-6C–. TLR4 upregulation occurred only within the tumor 
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Figure 3.5 Drug-induced tumor control involves innate immunity and TLR4 signaling.  

(a)  CD8+ T cell:CD11b– and CD11b+ cells in lung tissue biopsies of KP mice that received Oxa-Cyc or 
were left untreated (n=7-8 mice per group). Lung tissue biopsies of tumor and tumor-free adjacent 
tissues were investigated in parallel.  

(b)  TLR4 mean fluorescence intensity (MFI) of CD11b+ cell subsets in tumor and tumor-free lung 
tissues of Oxa-Cyc treated or untreated KP mice (n=7-8 mice per group).  

(c)  CD103 phenotype of CD11b+CD11c– and CD11b+CD11c+ cells in tumor stroma of Oxa-Cyc-treated 
mice (n=7 mice per group).  

(d and e) Lung CD8+ T cell:Treg cell ratio (D) and lung weight (E) of KP1.9 tumor-bearing Tlr4+/+ and 
Tlr4–/– mice treated or not with Oxa-Cyc (n=7-14 mice per group). Lineage (Lin) defined as (B220/
CD49b/CD90.2/Ter119)+.  *P<0.05; ***P<0.001; ****P<0.0001; ns, not significant; N/A, not 
applicable.



stroma but not in tumor-free adjacent tissue (Figure 3.5B). By comparison, the mean fluorescent 

intensity (MFI) of cell surface TLR4 expression was low or undetectable in CD11b+ CD11c– cells, 

Ly-6G+/Ly-6C+ granulocytes and Ly-6C+ monocyte-like cells, both in absence or presence of 

Oxa-Cyc treatment (Figure 3.5B). We also found that CD11b+ CD11c+ cells, in contrast to their 

CD11b+ CD11c– counterpart, uniformly unregulated the integrin CD103 (Figure 3.5C). CD103+ 

DC-like cells are important in regulating antitumor immunity because they have enhanced 

abilities to activate CD8+ T cells compared to CD103– DCs and tumor-associated 

macrophages16,158,159. 

 To define whether TLR4+ cells are required for generating drug-induced KP tumor 

control, we examined the impact of Oxa-Cyc treatment on tumor-associated T cell responses in 

Tlr4–/– mice. In contrast to their wild-type counterparts, Tlr4–/– mice failed to increase lung CD8+ 

T cell:Treg cell ratios following Oxa-Cyc treatment (Figure 3.5D). Furthermore, we found that 

TLR4 deficiency reduced Oxa-Cyc-mediated control of KP tumor progression (Figure 3.5E). 

These data provide evidence that triggering successful antitumor T cell immunity against KP 

tumors with Oxa-Cyc depends on TLR4, in line with previous findings that this receptor can 

promote DC-mediated CD8+ T cell activation157. 

3.3.7 Immunogenic chemotherapeutics sensitize lung adenocarcinomas to immune checkpoint 
therapy 

 With the ability to convert non-T cell infiltrated KP tumors into ones that display antitumor 

T cell immunity, we asked whether this process can be harnessed for sensitizing KP tumors to 

checkpoint blockade therapy. We used the KP-OVA mouse model because it is refractory to the 

anti-PD-1 and anti-CTLA-4 mAb combination therapy (Figure 3.1D) and allowed us to track 

CD8+ T cells specific for the model antigen OVA257-264. We found that Oxa-Cyc treatment in 

these mice favored or maintained four phenotypes that are potentially associated with response 

to PD-1 checkpoint inhibition, namely: i) increased CD8+ T cell:Treg cell ratio in the lung tumor 
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tissue (Figure 3.6A); ii) presence of tumor-infiltrating CD8+ T cells including those specific for 

OVA (Figure 3.6B); iii) PD-1 expression by these cells (Figure 3.6C) and iv) PD-L1 expression 

by tumor-associated host and/or tumor cells (Figure 3.6D).  

 We conducted a blinded preclinical study in which KP-OVA mice received Oxa-Cyc, anti-

PD-1 + anti-CTLA-4 mAbs or both, with controls left untreated (Figure S3.5A). Treatments 

began on day 130 after tumor initiation and tumors were monitored noninvasively by high 

resolution micro-computed tomography in all mice at three time points (day 122, day 146, and 

day 193) to quantify changes in tumor burden in vivo. All mice were evaluated ex vivo at day 

234.  

 Noninvasive tumor assessment at days 122, 146 and 193 (T0, T1 and T2) revealed that 

Oxa-Cyc controlled KP tumors during the first 3 weeks of treatment (T0→T1) when compared to 

untreated mice (p<0.05) but was unable to control tumors at later time points (T0→T2, p>0.05) 

(Figure 3.6E). Checkpoint inhibition failed to delay KP tumor progression (T0→T1, p>0.05; T0→T2, 

p>0.05). By contrast, Oxa-Cyc combined with anti-PD-1 + anti-CTLA-4 mAb treatment 

controlled tumor progression at both time points (T0→T1, p<0.01; T0→T2, p<0.05) (Figures 3.6E 

and 3.6F). 

 Post mortem evaluation at day 234 (T3) validated the advantage of the combination 

treatment to suppress KP tumors durably (i.e. over 16 weeks; p<0.001; Figures 3.6E and 3.6G). 

The combination treatment was significantly better than either Oxa-Cyc or anti-PD-1 + anti-

CTLA-4 alone (Figures 3.6E and 3.6G).  

 Multiphoton microscopy of explanted lung tissue confirmed successful tumor control in 

the same mice. This approach further revealed the CD8+ T cells’ selective ability to accumulate 

and remain within tumor nodules of Oxa-Cyc-treated KP-OVA mice, whether or not they 

received the immune checkpoint blockers (Figure 3.6H, S3.6B and S3.6C). These data support 

the idea that tumor infiltration by CD8+ T cells is insufficient to durably control cancer 

progression but can generate effective responses to checkpoint blockade treatment.  
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Figure 3.6 Drug-induced tumor infiltration by CD8+ T cells sensitizes lung adenocarcinomas 
to immune checkpoint therapy.  

(a)  Lung CD8+ T cell:Treg cell ratio, (b) percent of OVA-specific CD8+ T cells in lungs, (c) PD-1  
      expression by these cells and (d) PD-L1 surface expression by different tumor stroma cell 

populations (white histograms are fluorescence minus one (FMO) controls) in KP-OVA mice 
treated or not with Oxa-Cyc (n=2-5 mice per group).  

(e)  Figure S3.5A indicates the experimental scheme of micro-computed tomography imaging time 
points (d122, d146, d193) and ex vivo analysis (d234) of KP-OVA mice treated with Oxa-Cyc and 
anti-PD-1 + anti-CTLA-4 mAbs either alone or in combination (n=5 mice per group). Tumors 
were induced with a lentiviral vector containing OVA peptide sequences (LucOS). Change in 
tumor volume (defined by micro-computed tomography at d146 = T1 and d193 = T2) and tumor 
area in lung tissues (defined by H&E staining at d234 = T3) in these mice. 

(f)   Coronal micro-computed tomography at d122, d146 and d193 of an untreated mouse (left) or 
mouse that received the combination therapy (right). Dotted lines identify tumor nodules that 
progress (red) or not (green).



 Additionally, when using the KP1.9 tumor-bearing mouse model, we found that Oxa-Cyc 

treatment significantly increased overall mouse survival when combined with anti-PD-1 + anti-

CTLA-4 mAbs, whereas anti-PD-1 or anti-CTLA-4 alone did not confer protection (Figure 

S3.5D). Comparisons of various combination treatments suggested that anti-PD-1 mAb 

treatment was mostly responsible for improving Oxa-Cyc treatment efficacy in the KP1.9 tumor-

bearing mice at least 20 days after initiation of treatment (Figure S3.5E). These data suggest 

that a drug combination of Oxa-Cyc combined with anti-PD-1 mAb might be optimal for 

treatment success.  

3.3.8 Immunogenic chemotherapeutics can sensitize other tumors to immune checkpoint 
therapy 
  

 Finally, we tested whether other immunogenic chemotherapeutics can sensitize tumors 

to immune checkpoint therapy. We explored MCA205 fibrosarcoma-bearing mice because they 

failed to respond to anti-PD-1 + anti-CTLA-4 mAbs (Figure 3.7A). We found that cisplatin 

treatment, which does not induce immunogenic cell death, failed to improve immune checkpoint 

blockade treatment (Figure 3.7A). By contrast, doxorubicin, which induces MCA205 

immunogenic cell death142, significantly delayed tumor progression when combined with anti-

PD-1 + anti-CTLA-4 mAb therapy (Figure 3.7A).

 We also investigated CT26 colon carcinoma-bearing mice, which do not respond to anti-

CTLA-4 mAb therapy (Figure 3.7B). Oxa treatment induces immunogenic CT26 tumor cell 

death157,160 and increases CD8+ T cell infiltration at the tumor site161. We found that Oxa 

treatment provided minimal control of CT26 tumor progression, similarly to cisplatin, which was 

used as a control agent (Figure 3.7B). Checkpoint blockade therapy with anti-CTLA-4 mAb, 
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Figure 3.6 (Continued) 

(g)  Lung tumor burden identification by H&E staining at d234 in the same mice.  
(h)  CD8+ cell (red) infiltration in KP-OVA tumors (tumor contour defined with green dashed-lines, see 

also Figure S3.5B for comparable images) identified by multiphoton microscopy ex vivo at d234 in 
the same mice. Collagen is shown in blue. *P<0.05; **P<0.01; ***P<0.001; ns, not significant. See 
also Figure S3.5.



either as monotherapy or combined with cisplatin, was also largely ineffective. However, the 

Oxa + anti-CTLA-4 combination was able to reject CT26 tumors in ~40% of mice analyzed 

(Figure 3.7B). These results demonstrate that our findings in the KP mouse model can be 

extended to other tumor types; they also indicate that tailoring chemotherapy treatments to a 

given tumor type may be a generalizable approach to sensitize tumors to immune checkpoint 

therapy. 
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Figure 3.7 Immunogenic chemotherapeutics improve immune checkpoint blockade 
treatment against MCA205 fibrosarcoma and CT26 colon carcinoma.  

(a)  Tumor size measurement of MCA205 fibrosarcoma-bearing C57BL/6 mice (n=7-8 per 
group) treated with PBS or chemotherapy intratumoral (Cisplatin or Doxorubicin) together 
with anti-PD-1 + anti-CTLA-4 (αPD-1 + αCTLA-4) mAbs or isotype control mAbs that were 
injected on day 8, 12 and 16 following chemotherapy. Tumor cells were injected on day -8 
before chemotherapeutic drug treatment. 

(b)  Tumor size measurement of CT26 colon carcinoma-bearing BALB/c mice (n=7-8 per 
group) treated with PBS or chemotherapy intratumoral (Cisplatin or Oxaliplatin (Oxa)) 
together with anti-CTLA-4 or isotype control mAbs that were injected on day 8, 12 and 16 
post chemotherapeutic drugs. Tumor cells were injected on day -11 before chemotherapy 
Each line represents an individual mouse. *P<0.05; ns, not significant.



3.4 Discussion and Future Directions  

  

 We used genetically-engineered mouse models that closely recapitulate human disease 

to examine whether autochthonous tumors lacking pre-infiltrated T cells can also be sensitized 

therapeutically to induce T cell-mediated control of tumor progression. We investigated lung 

adenocarcinomas carrying common KRAS and/or TP53 mutations because we found these 

tumors to be inadequately infiltrated by CD8+ T cells in both humans and mice. In addition, we 

found that Kras/Trp53 mutant tumors in mice resist current chemo- and immunotherapies even 

when tumors expressed neoantigens, which are targets of successful checkpoint blockade 

therapy. We report that appropriately selected and clinically approved therapeutics can produce 

CD8+ T cell infiltration in otherwise non-T cell inflamed tumors and that this process inhibits 

cancer progression. Furthermore, the T cell response induced by immunogenic 

chemotherapeutics can be harnessed to sensitize lung adenocarcinomas to immune checkpoint 

therapy. The antitumor response triggered by the immunogenic chemotherapeutics depended 

on: 1) direct drug actions on tumor cells; 2) host CD8+ T cell activation; and 3) intact TLR4 

signaling.

 First, Oxa-Cyc-induced effects on tumor cells alone can trigger a systemic antitumor 

response. Indeed, injecting tumor-bearing mice with KP1.9 tumor cells previously killed by Oxa-

Maf (but not by Ptax-Carbo) efficiently inhibited tumor progression. Combined with our in 

vitro results, which showed Oxa-Cyc’s ability to directly induce KP tumor cells with immunogenic 

phenotypes, our findings indicate that Oxa-Cyc-mediated effects on tumor cells instigated a 

cascade of events that ultimately led to tumor control. Whether some immunotherapeutics may 

overcome the limitations of poorly immunogenic chemotherapeutics requires further study. 

Nonetheless, considering the importance of initial tumor cell drug targeting, it may be possible to 

further improve clinical outcomes by increasing chemotherapeutic load at the tumor site. This 

may be achieved by encapsulating drugs within nanoparticles162 or targeting the vasculature163. 
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 Second, the Oxa-Cyc-induced antitumor response depends on host CD8+ T cells: the 

drugs failed to control tumor progression in mice lacking these cells (Rag2–/– KP mice as well as 

wild-type KP mice depleted with anti-CD8 mAbs). Another study using a genetic mammary 

cancer model showed that chemotherapeutics can have comparable effects against genetically 

engineered tumors growing in either Rag-competent or Rag-deficient mice164. These findings 

suggest that chemotherapy can limit tumor progression without CD8+ T cells. Yet, the 

chemotherapeutics used in the mammary tumor models only delayed tumor growth, whereas 

accumulating evidence shows that potent tumor infiltration by CD8+ T cells may be key to 

durably controlling cancer6,138,159. Our study indicates that drug-induced CD8+ T cell tumor 

infiltration can contribute to tumor control in genetic mouse models and be harnessed for 

checkpoint blockade therapy. These findings accord with the observation in a mouse model of 

castrate-resistant prostate cancer that Oxa can induce CD8+ T cell-dependent tumor 

eradication144. 

 Third, the drug-induced antitumor T cell response needs intact TLR4 signaling. We 

observed that TLR4 deficiency prevented Oxa-Cyc from increasing CD8+ T cell:Treg cell ratios 

within the tumor bed and controlling tumor progression. Accordingly, we found that Oxa-Cyc 

makes dying tumor cells release HMGB1, which activates TLR4 directly157. Also, systemic Oxa-

Cyc treatment caused an influx of TLR4+ DC-like cells specifically in the tumor stroma. These 

tumor-infiltrating cells expressed CD103 and thus resembled DCs previously identified as critical 

stimulators of antitumor CD8+ T cell immunity16,158,159. Our results are in accordance with 

previous findings that TLR4 can promote DC tumor antigen cross-presentation and CD8+ T cell 

activation following immunogenic tumor cell death157 and that tumor-infiltrating DCs can be key 

regulators of antitumor immunity16. Although the detailed mechanisms shaping successful 

immune responses against KP tumors require further investigation, the aforementioned findings 

already provide evidence that shaping these immune responses will require a combination of 

variables including tumor cell targeting and both the adaptive and innate arms of the immune 

system. We hypothesize that Oxa-Cyc-induced enrichment of TLR4+ antigen-presenting cells in 
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KP tumors precedes and facilitates the local influx of CD8+ T cells. Since TLR4 genotype207 and 

tumor-associated myeloid cell content5 can vary across individuals and/or 

tissues, evaluating these innate immune variables may help select treatment options.

 Checkpoint blockade therapies have yielded unprecedented clinical benefits against lung 

and other cancers but on their own may preferentially benefit patients whose tumors are pre-

infiltrated by CD8+ T cells6,138. We found that therapy-induced T cell infiltration enabled 

successful treatment with immune checkpoint inhibition, further indicating that appropriately 

selected drugs that transform ‘cold' tumor tissues into immunologically ‘hot' T cell-rich 

environments can be used to sensitize tumors to immune checkpoint therapy and improve 

clinical outcome.  

 Our results provide a proof-of-principle that chemotherapeutics selected for their ability 

to induce immunogenicity in tumors (e.g. Oxa-Cyc against KP tumors, Doxorubicin against 

MCA205, and Oxa against CT26) provide additive or synergistic benefits when combined with 

immune checkpoint blockers. It will be important to explore whether and when other drugs or 

drug combinations can achieve similar results. For example, it is possible that Oxa alone or 

Ptax-Carbo also sensitize KP tumors to immune checkpoint blockade or synergize with 

immunotherapy against other cancers. Also, preclinical studies using an ovarian cancer graft 

model indicate that PD-1 blockade can improve Ptax therapy165 and ongoing clinical trials are 

testing the potential of Ptax-Carbo to enhance the efficacy of immune checkpoint blocking 

agents against various cancer types, including NSCLC (Liu et al. J Clin Oncol. 2015;33 (suppl; 

abstr 8030); Papadimitrakopoulou et al. J Clin Oncol. 2015;33 (suppl; abstr 8031)).  

 To achieve tumor sensitization and improved outcomes, we envision two scenarios: 1) 

re-evaluating the chemotherapeutics used in combination with checkpoint blockade agents to 

specifically include drugs with the potential to induce immunogenic cell death (e.g., Oxa and 

Cyc as investigated for the KP lung tumor model), and 2) using precision medicine to select 

drugs with the ability to promote tumor cells’ immunogenicity in a given patient. The first 

approach could provide immediate clinical benefit by expanding the proportion of cancer 
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patients who respond to current immune checkpoint treatments. The second approach involves 

screening drugs for individual patients and is thus more technically challenging, but because it 

takes into account that different tumor genetic drivers, tissues of origin and tumor 

microenvironments can profoundly modify a given drug’s efficacy, the drug selection approach 

may benefit even more patients. The drug-induced readouts could be expanded to study various 

forms of cell death, including pyroptosis or necroptosis, which could also promote antitumor 

immunity. Regardless of the approach, drugs that are already FDA-approved could be used to 

accelerate clinical translation. 
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3.6 Experimental procedures 

Mice 

 KrasLSL-G12D/+;Trp53flox/flox (KP) mice were used as a conditional mouse model of 

NSCLC24. Details about all murine strains and tumor models are provided in the Supplemental 

Experimental Procedures. All animal experiments were approved by the Massachusetts General 

Hospital Subcommittee on Research Animal Care, except experiments in BALB/c and MCA205-

bearing C57BL/6 mice that were approved by the Ethical Committee of the Gustave Roussy 

Cancer Campus (Villejuif, France). 

Cell Lines 

 The lung adenocarcinoma cell line KP1.9 was derived from lung tumors of C57BL/6 KP 

mice and was kindly provided by Dr. A. Zippelius, University Hospital Basel, Switzerland. The 

lung adenocarcinoma cell lines KP L1-3, KP L1-5 and KP L2-9 were derived from 129 KP 

mouse lung tumors and all established in our laboratory. Additional information on further cell 

lines and cell culture conditions are detailed in Appendix 3.2. 

Human Tumor Samples 

 Sections from paraffin-embedded biopsies of lung resections (n=76) from NSCLC 

patients with known KRAS and EGFR gene mutation status were obtained from the Department 

of Pathology at Massachusetts General Hospital. TP53 and CD8 immunohistochemistry were 

performed and evaluated blindly based on defined scoring systems as described in Appendix 

3.2. 

Micro-Computed Tomography (µCT) and Magnet Resonance Imaging (MRI) 

 Tumor burden was evaluated by µCT or MRI in anonymized mice. Details of the imaging 

protocols are provided in Appendix 3.2. 
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Mouse Histology, Immunohistochemistry (IHC) and Immunofluorescence Microscopy 

 Histological analysis of tumor burden in mice was done on formaldehyde-fixed and 

paraffin-embedded lung tissues using hematoxylin and eosin (H&E) staining. IHC was done on 

either paraffin-embedded (HMGB1, cleaved caspase-3, Ki67, CD3, CD4) or frozen (CD8) tissue 

sections. Detailed information regarding antibody clones and staining procedures are in 

Appendix 3.2. 

Multiphoton Microscopy 

 Small lung pieces from tumor-bearing KP mice and tumor-free tissue were fixed, stained 

and imaged using an Ultima multiphoton microscope (Prairie Technologies). Images were pre-

processed in R statistical computing environment using RStudio and stitched/analyzed with Fiji 

software. More information on staining procedures and image processing are described in 

Appendix 3.2. 

HMGB1 and Calreticulin In Vitro Assays 

 The KP L1-3, KP L1-5 and KP L2-9 tumor lines were seeded in tissue culture plates 

before treatment with chemotherapeutic drugs for 24 h (Dtax, 30 µM; Carbo, 500 µM; Oxa, 300 

µM; Maf, 16.5, 33, 50 µg/ml; Mtx, 4 µM). For the calreticulin assay, the cells were harvested 

from cell culture plates, fixed and incubated with rabbit anti-calreticulin Ab followed by anti-rabbit 

AlexaFluor 488 conjugated Ab and investigated by flow cytometry (CyAn ADP analyzer, 

Beckman Coulter). Detailed assay conditions are provided in Appendix 3.2. 

In Vivo Drug Treatments 

 KP tumor-bearing mice were either left untreated or received chemotherapy 

intraperitoneally (i.p.) once a week for three weeks (Oxa, 2.5 mg/kg; Cyc, 50 mg/kg; Ptax, 10 

mg/kg; Carbo, 10 mg/kg). BALB/c mice bearing CT26 flank tumors and MCA205 flank tumor-
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bearing C57BL/6 mice received one intratumoral chemotherapeutic drug injection (Oxa, 1.25 

mg/kg; Cisplatin, 0.25 mg/kg; Doxorubicin, 2.9 mg/kg). mAbs specific for PD-1 (clone 29F.1A12, 

provided by Dr. G. J. Freeman) and CTLA-4 (clone 9D9, BioXcell) were injected i.p.. Details 

about in vivo experiments including drug treatment conditions and cell depletion strategies are 

provided in Appendix 3.2.  

Recovery of Cells from Murine Tissues and Flow Cytometry 

 Single cell suspensions were prepared from murine lung, spleen and bone marrow and 

investigated by flow cytometry (LSRII, BD Biosciences). Where indicated, equally sized pieces 

of tumor stroma and corresponding tumor-free adjacent tissue were isolated separately from 

lungs of Oxa-Cyc-treated or untreated tumor-bearing KP mice. Details about cell recovery 

strategies and flow cytometry staining procedures including Ab clones and identified cell 

populations are in Appendix 3.2.  

Statistics 

 Results were expressed as mean±SEM. Statistical tests included one-way ANOVA 

followed by Tukey’s or Dunnett’s multiple comparison test. When applicable, unpaired one-tailed 

and two-tailed Student's t tests using Welch's correction for unequal variances were used. 

Comparison of survival curves was performed with the Log-rank Mantel-Cox test. P values of 

0.05 or less were considered to denote significance (*P<0.05; **P<0.01; ***P<0.001; 

****P<0.0001; ns, not significant). 

�78



Chapter 4: Mapping tumor-infiltrating immune cell states by single cell RNA-seq 

4.1 Overview 

Single cell RNA-seq profiling reveals novel myeloid cell substates in lung tumors and 

healthy tissue that respond to myeloid-based immunotherapy 

This work is a collaboration between Allon Klein’s laboratory at Harvard Medical School and 

Mikael Pittet’s laboratory at Massachusetts General Hospital. The manuscript, currently in 

preparation, will include four co-first authors (Virginia Savova, Rapolas Žilionis, Camilla 

Engblom, and Christina Pfirschke).  

Summary 

 Myeloid cells frequently infiltrate human tumors and have been reported with diverse 

(sometimes seemingly opposite) effects on tumor growth. At present, we have a limited 

understanding of the complexity of cancer-associated myeloid cell subtypes and we cannot fully 

discriminate between tumor-promoting and tumor-suppressing cells. Here we used cutting-

edge, unbiased single cell profiling to map the immune cell composition in healthy and tumor 

tissues to dissect out molecular phenotypes and gain fundamental new knowledge on tumor-

infiltrating myeloid cell states and diversity. This is important to improve our understanding of 

myeloid activation states and functions in tumors, with the ultimate goal to discover new 

therapeutic targets. We further interrogated single cell molecular phenotypes of tumor-infiltrating 

immune cells following inhibition of the colony-stimulating factor-1/R pathway, which is key to 

myeloid differentiation and a promising clinical target. Taken together, our analysis revealed 

previously unappreciated tumor- and drug- associated immunoregulatory cell states. These 

findings should help clarify myeloid cell complexity in response to drug treatments, which could 

have important implications for on-going clinical trials with these agents.  
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For this work, I, together with CP, designed and performed all mouse experiments, analyzed 

and interpreted data. VS and RZ performed single cell RNAseq and sequencing data analysis. 

4.2 Introduction 

  

 Myeloid cells remain less studied than T lymphocytes but have emerged as potential 

cellular targets for cancer therapy. Not only are they a major component of tumor immune 

infiltrates in both patients and preclinical models, but the presence of certain myeloid cells can 

be correlated with clinical outcome in various human cancers7,8,14. However, our ability to 

distinguish cellular identity and functional properties of tumor-infiltrating myeloid cells remains 

limited. The main challenge is the vast diversity within the myeloid lineage, which is typically 

divided into the main myeloid cell types (i.e. macrophages, dendritic cells, neutrophils, 

monocytes, mast cells, eosinophils, basophils), and then further separated into subsets based 

on functional activation ‘states’ (e.g. M1/M2, etc.), cellular ontogeny (e.g. Zbtb46, Batf3, or other 

lineage restricted transcription factors), or molecular phenotypes (e.g. M1/M2, CD103+ DCs, 

etc.). As a result of our increased understanding of this complexity, the question of how to define 

myeloid cells, even at steady state, remains a topic of hot discussion13,17,166,167. The current 

consensus is that to properly characterize myeloid cell function, we need to go beyond labeling 

cells based on a set of surface markers, and instead take into account a cell’s ontogeny, 

plasticity, and local tissue microenvironment.  

 As referenced above, the diverse spectrum of myeloid cell types and activation states is 

also reflected in their various abilities to promote and/or inhibit cancer progression. The 

heterogeneity of myeloid cell responses in tumors has been extensively investigated in the 

cancer immunology field during the past several decades, with macrophages, neutrophils, 

monocytes, and dendritic cells having been the most intensely studied. In some contexts, 

certain myeloid cells exhibit functions that promote cancer growth and could be targeted in 
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therapy (e.g., production of factors such as cytokines that support tumor cell survival and 

proliferation50,168, matrix degrading enzymes that favor tumor cell invasion and 

metastasis115,169,170, pro-angiogenic factors that enable nutrient and oxygen delivery to 

tumors168,171,172, immuno-regulatory cytokines and cell surface proteins that blunt antitumor 

immune activity168,173,174. In contrast, under different conditions, myeloid cells can also display 

critical antitumor functions which involve killing of tumor cells111, activation of cytotoxic immune 

responses16,34,175, or modulating the tumor microenvironment (vasculature, extracellular matrix, 

or lymph) in a way that limits tumor progression143. A critical goal, and challenge, for myeloid-

based immunotherapy is therefore to fine-tune the balance between inhibiting protumoral 

functions, while preserving and boosting antitumoral functions. 

 Experimentally, myeloid cells are most commonly defined by antibody-based 

approaches, such as flow cytometry and histology. These tools have been pivotal in cataloguing 

immune cell activity in both patient and pre-clinical studies. However, they are inherently biased 

due to the need to pre-select markers for population analysis, whose cellular distribution may 

change in the context of disease. In particular, the use of broadly expressed markers, such as 

CD11c, CD11b, Ly6G/C, F4/80 and MHCII, to define myeloid cell subtypes in mice, often differ 

across tissues and are shared by several myeloid (and sometimes also lymphocyte) 

populations. This makes it challenging to define and compare the cellular ‘identity’ between 

cancer types and studies. A limited set of markers also rarely capture all of the myeloid cell 

subsets in a tissue and may further group cells together that have diverse and even opposite 

functions. There is therefore a critical need to use a more unbiased approach to resolve immune 

cell complexity within the tumor microenvironment. 

 Recent technological advances can be applied to, at least in part, address these issues. 

Developments in next-generation sequencing technologies, and single cell RNA-seq 

technologies especially, have dramatically improved our abilities to gather broad-scale data on 

transcriptional activity in an unbiased manner176. These types of analyses have permitted a 

deeper transcriptional analysis of various cells and tissues; instead of assessing a handful of 

�81



genes at a time, it is now possible to evaluate the expression of most, if not all, genes. Going 

further, single cell RNA-seq technology enables the unbiased clustering of cells based on their 

entire transcriptome, avoiding the bias of pre-selecting markers. 

 In this study, we used a cutting edge droplet microfluidics single cell RNA-seq 

technology, called inDrops127,177, developed by the Klein laboratory, to interrogate tumor-

infiltrating immune cell composition in mouse lung adenocarcinoma. InDrops has made 

particular strides compared to other microfluidics-based single cell approaches in the ability to 

capture and barcode large number of cells from diverse tissues in an efficient and cost-effective 

manner. The development of this technology has been driven by technical advances in droplet 

microfluidics, DNA barcode synthesis, sequencing approaches (driving down costs), and 

bioinformatics tools. Additionally, inDrops has very low technical variability or batch effects, 

outperforming many other single cell transcriptomics methods127.  

 Using inDrops, we have started to comprehensively profile the transcriptome of tumor-

infiltrating immune cells, specifically focusing on myeloid cell diversity, compared to healthy 

states in a more unbiased manner. Furthermore, we have begun to map immune cell 

populations in response to a myeloid cell targeting immunotherapy. We believe that these are 

critical areas of investigation that are needed to clarify outstanding issues regarding myeloid cell 

heterogeneity at the tumor site and their potential as therapeutic targets. This project is on-going 

and the results presented herein are a summary of our initial unpublished findings.

4.3 Results  

4.3.1 Single cell RNA-seq profiling allows comprehensive mapping of tumor-associated cellular 

states 

 To transcriptionally map the immune cell states in matched healthy and lung tumor 

tissue, we first sorted CD45+ hematopoietic cells from KP tumor-bearing and age- and sex-
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matched control tumor free mice (2 mice per condition) (Figure 4.1A). We then barcoded and 

sequenced a total of ~17,000 cells. Generated sequence data was processed as previously 

described127,177 and illustrated in Figure 4.1B. A total of 15,811 single cell transcriptomes 

remained after excluding cells based on viability (determined by mitochondrial load), doublet 

score (reflective of the transcriptome of two or more cells), and library complexity. We then 

generated an unbiased cell-type visualization of CD45+ cells using SPRING analysis178, which 

projects the distribution of cells in gene expression space into two-dimensions while preserving 

the topological relationships within high dimensional single cell data (Figure 4.1B). To define 

cellular lineage to each single cell, a novel classifier (Bayesian Cell Classifier) was further 

developed and used based on whole-transcriptome comparison with prior annotated 

transcriptional states. Here, we mapped our data to the IMMGEN database, a publicly available 

resource that contains transcriptome data from a range of immune populations across tissues179 

(Figure 4.1C). In accordance with historical lung flow cytometry data from the lab25,46,51 (and 

unpublished observations) and others180, we detected all expected major cellular lineages within 

the lung, including B cells, T cells, granulocytes (GN), monocytes/macrophages (MM), NK cells 

(ILCs), and dendritic cells (DC) (Figure 4.2A). Figure 4.2B shows a heat-map of cell type-

specific genes identified from scRNAseq data. A gene was called specific to a given cell type if: 

i) its expression is at least 50% higher in the marked cell type compared to all other cell types; ii) 

it is statistically significantly differentially expressed in the marked cell type compared to all other 

cells in the dataset (permutation test, FDR<5%). A subset of genes are highlighted for each 

main cluster based on reported strong lineage specificity or function, thereby further validating 

the cluster assignment. For example, the macrophage/monocyte cluster (MM) expresses high 

levels of CSF1R and CD68, which are typically broadly used to classify the MM lineage7 by flow 

cytometry and histology, and Chil3, Krt19, and Krt79,  which are known to be highly expressed 

by alveolar macrophages181. In addition, the B cell cluster specifically expresses Pax5 and 

CD19, which are both B cell lineage restricted genes182. There was minimal separation between 

replicate samples from healthy control lung tissue (not shown); in contrast, there were dramatic 
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shifts in immune cell cluster between healthy (blue) and tumor-bearing tissues (red) (Figure 

4.2C).  

4.3.2 The tumor stroma contains distinct myeloid cell substates 

 The most dramatic changes between tumor-bearing and healthy lung occurred within the 

myeloid population (Figure 4.2C), with parts of the MM, DC, and GN populations only appearing 

in either healthy or tumor tissue. As myeloid population structure clearly went beyond the 

classification into major cell types, we analyzed each of them separately, and identified 4, 7, and 

5 cell states within DC, MM, and GN respectively. Several new myeloid substates were 

specifically enriched in tumor-bearing tissue (Figure 4.2D), e.g. GN2-3, DC1-4 and MM3-6 

(Figure 4.2D). As a validation, subcluster MM7 separated clearly from the others and presented 

with high expression of multiple genes typically associated with alveolar macrophages (Krt79, 

Krt19, etc). Importantly, sub-clustering MM and GN cell states revealed several novel cell states 

previously unappreciated by flow cytometry analysis, such as MM3-6 and GN4. We then asked 
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Figure 4.1 InDrops scRNA-Seq workflow.  

(a)  Schematic of droplet microfluidic platform (inDrops) to capture cells into droplets for barcoding by 
reverse transcription.  

(b)  Overview of scRNAseq bioinformatics analysis pipeline. 
(c)  Schematic of Bayesian cell type classification using the Immgen expression database. 



whether the expression of key MM-associated markers (e.g. Mrc1, Arg1, CSF1R, etc.) typically 

used to split up MM subsets fell into particular subclusters. However, we found that the 

expression of these genes was heterogeneous, and not unique to one subcluster but instead 

shared among two or more subset (data not shown). Further interrogating the transcriptional 

activity of each subset should help generate hypotheses of distinct cell types’ putative functions 

in the tumor microenvironment. In addition, relating this transcriptional information back to 

human disease should be highly relevant, in particular to determine whether specific cell 

subsets associate with disease outcome. Taken together, we have started to generate an 

unbiased map of the tumor immune infiltrate in a murine lung tumor using single cell RNAseq 

technology that has generated novel insights into myeloid population structure, molecular 

phenotypes and their change upon tumorigenesis. 
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Figure 4.2 InDrops scRNA-Seq profiling reveals novel tumor-associated cellular states. 

(a)  SPRING visualization of scRNAseq data of 15,811 CD45+ cells FACS sorted from tumor and healthy 
lung tissue (pooled). Main immune cell clusters shown in different colors. 

(b)  Showing differentially expressed genes in cells clustered as in (a) compared to all other cell clusters.  
(c)  as in (a) but each cell is color coded based on sample identity (red= tumor sample; blue= healthy). 
(d)  Fold change in the proportion of cells within a given subcluster out of CD45+ in tumor versus healthy 

lung tissue. 



4.3.3 Myeloid-targeting immunotherapy controls distinct macrophage subclusters  
  

 In light of the dramatic changes in MM clusters between tumor and healthy tissue, we 

then asked whether and how these immune cell clusters were changed upon myeloid cell-based 

immunotherapy on a single cell level. Specifically, we investigated the response to the CSF1R 

inhibitor because i) of its critical role in MM development and recruitment to the tumor 

microenvironment, ii) its high relevance to current anticancer therapies as several CSF1/R 

targeting agents are in clinical trials, iii) its potential to activate CD8+ T cells in some contexts, 

and iv) the broad CSF1R expression among the MM cluster in KP tumors (data not shown). 

 We found that CSF1Ri (BLZ945183) substantially reduced KP tumor progression as 

evident by lung weight (Figure 4.3A-B), and histological examinations of tumor area (Figure 

4.3C). These findings were intriguing, not only because KP tumors are notoriously difficult to 

treat46, but also because CSF1/R targeting by itself only robustly controls cancer outgrowth in 

some pre-clinical studies183,184. In other experimental tumor models, CSF1/R targeting provided 

benefit in combination with other anticancer therapies, such as radiotherapy185, 

chemotherapy158, targeted therapy186, androgen deprivation therapy187, and immunotherapy188. 

In previous work, BLZ945 successfully limited tumor progression in a glioblastoma model183, 

with treatment resistance eventually developing in approximately half of the mice189, but has not 

been well characterized in primary lung tumor models. We found that a two-week treatment with 

daily intraperitoneal drug injections was sufficient to robustly limit KP tumor growth in the lung. 

Based on these findings, we hypothesized that there CSF1Ri treatment may suppress tumor-

promoting populations within the lung, or conversely, amplify antitumoral myeloid cells. 

 Our initial scRNA-Seq studies (~40,000 cells) indicate that CSF1Ri does not simply 

ablate all macrophage populations in KP tumors (Figure 4.3D), but modulates macrophage 

subsets. These findings are in accordance with previous work from the Joyce lab, which defined 

immunosuppressive phenotypes in tumor-infiltrating MM to decrease in response to CSF1Ri183. 

Specifically, CSF1Ri treatment resulted in the reduction of mainly two tumor-associated 
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macrophage sub-clusters (MM4, 6). Interestingly, MM4 and 6 both expressed high levels of 

Arginase 1 (Arg1), which has been shown to be strongly associated with T cell suppressive 

activity190–193. Simultaneously, other sub-clusters such as MM2 were enriched compared to 

vehicle treated control. There was also a remarkable increase in a granulocyte subset (GN4). 

CSFRi treatment did not noticeably alter the frequency of DC subsets. These findings suggest 
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Figure 4.3 Myeloid-targeting immunotherapy controls distinct macrophage subclusters. 

(a)  BLZ945 treatment scheme in KP lung tumor bearing mice. 
(b)  Lung weight (as proxy for tumor burden) in healthy and tumor bearing vehicle treated or BLZ945 

treated for two weeks. 
(c)  H&E of samples in (b).  
(d)  Fold change in the proportion of cells within a given subcluster out of CD45+.in CSF1Ri treated 

mice compared to vehicle control. 



that the response to CSF1Ri results in profound changes in the make-up of myeloid cells, and 

MM in particular, in the tumor stroma. Further investigations will need to clarify whether these 

changes are functionally relevant for CSF1Ri-induced treatment response. 

4.3.4 CSF1Ri- induced tumor control requires CD8+ T cells  
  

 We hypothesized that KP lung tumor control by CSF1Ri may involve T cells, which 

display critical antitumor properties in patients and in mice6. In absence of treatment, KP tumors 

are generally poorly infiltrated by T cells46. Remarkably, the scRNA dataset revealed a five-fold 

expansion of CD3 expressing cells, e.g. T cells, in response to CSF1Ri (Figure 4.4A). We could 

also confirm increased tumor infiltration by CD3 positive T cells by using immunohistochemistry 

(Figure 4.4B), where the majority of tumor area was infiltrated by T cells in BLZ945-treated 

(67%) vs untreated (18%) mice (not shown). Furthermore, CSF1Ri treatment did not just amplify 

the proportion of tumor nodules that were infiltrated with CD3 T cells, but also enriched the T 

cell density within tumor tissue (Figure 4.4C). These findings resembled our previous results 

showing T cell infiltration into KP tumors induced by immunogenic chemotherapeutic treatment46 

(Chapter 3). The accumulating T cells were likely CD8+ T cells, as shown by additional CD8 

immunohistochemical staining (Figure 4.4D). Making use of the single cell expression data, we 

performed GSEA pathway analysis of differentially expressed genes in CD8+ T cells in response 

to CSF1Ri revealed enrichment in genes associated with ‘positive regulation of T cell mediated 

immunity’, ‘positive regulation of T cell activation’, and ‘antigen processing and 

presentation’ (Figure 4.4E). These results suggested that not only were CD8+ T cells infiltrating 

tumor tissue, but they were also more active than CD8+ T cells from vehicle treated mice. We 

then asked whether CD8+ T cells were functionally relevant to CSF1Ri-induced tumor control; 

we found that  CD8 depleting antibodies reversed CSF1Ri-induced tumor control (Figure 4.4F). 

These findings indicate that CSF1Ri is sufficient to i) modulate MM subset composition, ii) 

increase T cell numbers and activity within tumor tissue, iii) control KP tumor growth in a CD8+ T 
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cell dependent manner. 

 To summarize, in this study we present a comprehensive map of immune cell infiltrates 

in the healthy and tumor-bearing lungs using single cell RNA-seq analysis. We find that lung 

tumors dramatically alter myeloid cell subsets, such that novel cell subclusters appear 

specifically in tumor tissue. Furthermore, we report that CSF1Ri treatment controls tumor growth 

in a model of lung adenocarcinoma in a CD8+ T cell dependent manner, selectively redistributes 

tumor-associated myeloid cell clusters in the tumor, and simultaneously stimulates T cell 

infiltration into the tumor stroma. Whether the changes in myeloid substates are important for 

drug-induced tumor T cell infiltration and control of tumor growth remains to be clarified. Taken 
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Figure 4.4 CSF1Ri-induced tumor control requires CD8+ T cells. 

(a)  Fraction of CD3 expressing cells of CD45+ in tumor-bearing lungs treated with vehicle or  
CSF1Ri. Each bar is a biological replicate.  

(b)  Representative CD3 immunohistochemical staining of paraffin embedded tissue sections    
in mice treated as in a). Blue or green outline denotes tumor region with or without CD3 staining, 
respectively. 

(c)  Quantification of CD3 pixel area over total tumor area (n = 5), as shown in (b). 
Representative immunohistochemical CD8 staining of lung tumor nodule from a CSF1Ri-treated 
mouse.  

(e)  GSEA Pathway enrichment analysis of CD8+ T cell gene expression from mice treated or  
not with CSF1Ri.  

(f)   Lung weight for KP1.9 tumor-bearing mice treated with CSF1Ri with (n=5) or without  
(n=11) concomitant CD8 depleting antibodies. p* <0.05



together, these findings should help  define the immune cell subsets that regulate tumor 

progression positively or negatively in KP tumors, with the goal to define new therapeutic targets 

for anticancer therapies. In addition, our work can be feasibly extended to ask whether and how 

these novel substates can serve as prognostic indicators for disease outcome in patients. 

4.4 Discussion and Future Directions 

 Follow-up studies to this work are on-going with the goal to harness the unique 

properties of the scRNA-seq dataset to answer key questions regarding immune cell subsets 

(and their interactions) within the tumor stroma. This discussion will specifically focus on i) the 

relevance of distinct tumor-associated cell subsets to human cancer progression, ii) building a 

cellular and molecular interactome, iii) mechanisms of CSF1R inhibition-induced tumor control 

(relating to changes in myeloid cell subsets and T cell activity), and iv) therapeutic target 

discovery.

 First, we aim to determine which myeloid cellular states or subsets are relevant to 

human disease. Recent interrogations of human microarray data has generated expansive 

databases that allow us to ask whether the expression of a particular gene or gene signature 

relates to disease progression. One study carefully linked the presence of distinct immune cell 

gene expression signatures to survival in a range of different cancer types14; the authors 

employed a method called CIBERSORT, which the group had previously developed with the 

goal to deconvolute leukocyte populations from complex transcriptome datasets194. To generate 

CIBERSORT, the authors used transcriptome data, from well-defined leukocyte populations 

isolated from healthy controls, together with machine learning approaches to create gene 

signatures that most accurately defined each immune cell subset. When applying CIBERSORT 

to patient tumor microarray datasets, they found many interesting relationships; for instance, 

increased neutrophils (as defined by the expression of specific gene signature) was associated 

with adverse outcome in a pan-cancer analysis, including NSCLC patients14. In contrast, 

gamma-delta T cell and plasma cell presence in solid tumors (excluding brain) associated with 
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favorable disease outcome. For other cell types, such as MM and DC populations, the 

relationships were less clear. Since the gene expression datasets used to computationally 

define leukocyte populations for CIBERSORT were mainly from blood or bone marrow samples 

from healthy controls, it is possible that the immune cell signatures do not adequately 

distinguish cell substates within the tumor microenvironment. Therefore, extending these 

analyses using tumor specific immune cell signatures may improve the cellular resolution and 

disease associations in patient tumors.  

 Using our dataset, we will test whether gene signatures specific to tumor-infiltrating 

immune cells can be associated with disease outcome in patients. To do this, we will generate 

immune cell signatures based on our single cell RNA-seq dataset from murine tumor tissue and 

ask whether high or low expression of such signatures relate to patient outcome (here we will 

harness publicly available datasets as those used by Gentles et al.14  that include both gene 

expression data from tumors along with matched patient survival information). Preliminary 

explorations to this end suggest that we can feasibly distinguish cellular subtypes that associate 

with positive versus negative disease progression in human patients. Probing the molecular 

phenotypes of these subsets could help find key tumor promoting and inhibitory pathways in 

myeloid cells and lymphocytes, offering new prospects of prognostic markers and target 

discovery for human disease (see fourth discussion point). 

 Second, we are creating a cellular ‘interactome’ in which we exploit our ability to access 

the transcriptome of all tumor-infiltrating immune cells to map putative conversations between 

cells based on their respective ligand and receptor expression. This could be useful in creating 

a more comprehensive and dynamic view of the tumor microenvironment. We also plan to make 

the data on the complete tumor immune landscape available to the community as a user-

friendly web-interface, which would allow other groups to explore the dataset for their unique 

purposes, such as to define the expression of a particular gene across clusters or ask which 

surface markers could be used to fractionate novel populations via flow cytometry for various 

purposes, including ex vivo assays or screens. 

�91



  Third, in this study, we extended our analysis of tumor-infiltrating immune cells to a 

clinically relevant myeloid-based immunotherapy targeting the CSF1/CSF1R pathway. We found 

that CSF1R inhibition controlled KP tumor growth and resulted in distinct perturbations of both 

myeloid (e.g. MM4,6) and lymphoid cells (e.g. CD8+ T cells) in the tumor. We are particularly 

interested in how the changes in myeloid subsets relates to the increased CD8+ T cell infiltration 

and activity at the tumor site. Previous studies have shown that CSF1/R targeting can in some 

cases result in increased CD8+ T cells at the tumor site (typically measured as %CD8+ T cells by 

flowcytometry without showing tissue distribution), but it is not clear whether CSF1Ri-induced 

effects on myeloid cells results in i) upregulation of chemotactic factors that recruit CD8+ T cells, 

ii) promotion of CD8+ T cell proliferation, or iii) relief of suppressive molecules. These questions 

are of high clinical relevance as tumor infiltration by CD8+ T cells has emerged as one of the 

more reliable prognostic markers of increased survival in cancer patients and the ability to 

respond to checkpoint blockade therapy11. It is therefore of particular interest to clarify 

mechanisms of CSF1Ri-driven T cell infiltration. 

 We hypothesize that the decrease in MM4 and MM6 subtypes, that express Arg1 at high 

levels, could at least in part alleviate immunosuppression of tumor-infiltrating T cells190–193. Arg1 

production by myeloid cells (macrophages and neutrophil/monocyte like cells in particular) can 

deplete arginine from the microenvironment, which is needed for CD8+ T cell proliferation190–193. 

However, these changes in MM subsets may not be sufficient to explain the ability of the CD8+ T 

cells to enter the tumor nodule. It is also possible that the observed changes in MM subsets in 

response to CSF1R could indirectly impact T cells via regulation of DC populations. DCs, and 

more specifically subsets thereof, are potent T cell activators. In particular, a tumor-infiltrating 

DC subset characterized by CD103 (and/or CD8) expression and dependence on the 

transcription factors Zbtb46 and Batf3 appear particularly poised for tumor antigen 

crosspresentation to and activation of antitumor CD8+ T cell responses in several tumor 

models16,195. T cell infiltration was also restored in melanoma tumors by intratumoral adoptive 

transfer of Batf3- dependent DC populations into tumors159. There is precedent for macrophage-
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mediated DC control. For example, in a model of chemotherapy-resistance, macrophage 

restrictedT cell activation by limiting DC expression of IL-12158. In our system, CSF1Ri treatment 

does not alter the frequency of DC subtypes; however, we are currently exploring whether the 

drug affects DC expression of T cell chemoattractants or co-stimulatory molecules. Alternatively, 

changes in MM subsets could alter the vasculature to facilitate T cell infiltration, as observed in 

a model of pancreatic cancer in which local irradiation resulted in macrophage polarization, 

vasculature normalization and T cell influx143. In addition to investigating myeloid cell responses 

to CSFRi, specifically interrogating putative changes in T cell gene expression in response to 

CSF1Ri, such as changes in the expression of genes encoding chemokine receptors, 

proliferation and cytotoxicity, will be important in defining which signaling pathway that drives 

tumor T cell recruitment. Further analyzing these populations, in silico and in vivo, should help to 

elucidate these interactions.  

 Fourth, we plan to harness our single cell dataset on myeloid cell substates with the goal 

to identify putative cellular and molecular therapeutic targets. Initially, we will focus our search to 

cell populations that appear relevant to human disease (either positively or negatively) as 

discussed above. This may include several myeloid cell subtypes. Then, we will curate a list of 

genes encoding surface receptors, transcription factors, or secreted proteins that are most 

selectively expressed by these populations. The single cell nature of the dataset should be at a 

significant advantage here since it captures heterogeneity within cell subsets that would be 

missed using bulk analysis, which could allow for more specific antitumoral vs protumoral drug 

targets. In contrast, depleting cells more broadly may have undesirable side effects or toxicities 

that could affect cells that are beneficial for the host (e.g. depleting all neutrophils as opposed to 

a particular tumor-infiltrating subset could result in immunosuppression and susceptibility to 

infections). After defining the most unique markers relevant for a given myeloid cell subset, we 

can then ask questions regarding the functions of these cells in vivo. In the most ideal scenario, 

these subsets will express distinct surface markers that are typically more amenable to 

therapeutic targeting. Additionally, we can use pharmacological inhibitors or genetic mouse 
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models to reduce or augment the function of defined cell subsets or genes. The technological 

advances in CRISPR/Cas9 technologies should also permit relatively feasible experimental 

setups (compared to historical methods of generating new mouse models) to address the 

function of several target genes. We are currently starting these experiments, which should help 

to clarify the tumor supporting or inhibiting capacities of distinct myeloid cell substates or 

associated molecular mediators in regulating tumor growth and to reveal clinically relevant 

targets.  

 To conclude, in this study we have begun to catalogue the immune cell landscape in the 

healthy and tumor-bearing lung using single cell RNAseq analysis. In particular, we have 

defined new cell myeloid cell subsets that appear exclusively in tumor tissue; whether these 

subsets are functionally relevant for tumor progression in mice and associate with disease 

outcome in patients is currently being tested. Targeting KP tumors with myeloid-based 

immunotherapy (CSF1Ri) controls tumor progression and results in distinct perturbations of 

tumor-associated myeloid substates that may be important for drug efficacy and T cell influx to 

tumors. Our results should help to delineate myeloid cell activation states in tumors and of drug 

actions on such states, as well as provide novel resources to expand both basic and clinical 

discovery.  
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4.5 Experimental procedures

Mice and Tumor Models  

 C57BL/6 wild type mice were obtained from Jackson Laboratory. All animal experiments 

were performed according to approved IACUC guidelines. The lung adenocarcinoma cell line 

KP1.9, derived from lung tumor nodules of a male C57BL/6 KrasLSL-G12D/WT;Trp53Flox/Flox (referred 

to as KP) mouse was kindly provided by Dr. A. Zippelius, University Hospital Basel, Switzerland. 

The cell line was maintained in Iscove’s DMEM media supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin. To generate lung tumors, KP1.9 cells (2.5x105 cells 

in 100µl PBS) were injected intravenously (i.v.) into C57BL/6 mice. Age matched mice were 

used as tumor-free controls. Female C57BL/6 mice were euthanized between 43-44 days and 

male mice between 30-31 days post i.v. tumor cell injection. Tumor burden was analyzed by 

measuring post-mortem lung weight and by histological analyses of lung tissue sections using 

hematoxylin and eosin (H&E) stainings.  Experiments to generate biological replicates were 

performed on separate days (and included mice from two distinct cohorts of tumor-injected 

mice). Experimental and control samples were processed on the same day.  

          

Drug Treatments 

 KP1.9 lung or flank tumor-bearing female C57BL/6 mice were treated with the CSF1R 

inhibitor drug BLZ945 intraperitoneally (i.p.; or in indicated experiments i.v.). The drug was 

applied daily at a dose of 100mg/kg of body weight. BLZ945 was synthesized at the Center for 

Systems Biology at MGH using a 2-hydroxypropyl-β-cyclodextrin formulation. The concentration 

of BLZ945 was determined using liquid chromotography-mass spectrometry by comparing to a 

standard curve generated using DMF or DMSO solutions of BLZ945.  

 Lung tumor-bearing mice were treated with BLZ945 for two weeks and flank tumor-

bearing mice for eight days. In parallel, tumor-bearing control mice were injected with the 

vehicle (2-hydroxypropyl-β-cyclodextrin) that was used for BLZ945 drug formulation.   
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 In indicated experiments for depletion of CD8+ T cells, lung tumor-bearing C57BL/6 

female mice were injected i.p. with anti-CD8 monoclonal antibodies (mAb, clone 53-6.72, 

200µg/mouse, BioXcell). The mAb injection started 25 days after i.v. KP1.9 tumor cell injection 

and four days before the first BLZ945 drug treatment. Anti-CD8 mAb injection was continued 

every 2-3 day until the end of the experiment.  

          

Isolation of CD45+ Cells through Flow Cytometry-based Cell Sorting 

 KP1.9 lung tumor-bearing and tumor-free control mice were euthanized and perfused 

with 1xPBS to remove the majority of circulating immune cells. Lungs were harvested and 

weighed to determine tumor burden. One lung lobe was removed and processed for histological 

stainings. Tumor tissue and adjacent tumor-free tissue of tumor-bearing mice as well as lung 

tissue of tumor-free control mice was dissected with surgical fine scissors and digested in RPMI 

medium containing 0.2mg/ml collagenase type I (Worthington Biochemical Corporation) for 

15min at 37°C while shaking at 700rpm.  

 To generate a single cell suspension, the digested tissue was passed through a 70µM 

cell strainer and cells were washed using FACS buffer (1xPBS with 0.5% BSA and 2mM EDTA). 

Single cell suspensions were stained with CD45-PB mAbs (clone 30-F11, Biolegend) for 20min 

at 4°C and 7-aminoactinomycin (7AAD, Sigma) was used to exclude dead cells. Purity of sorted 

cells was assessed and exceeded >95%. CD45+ live cells were sorted into 100% FBS using a 

FACSAria cell sorter (BD) and immediately prepared for single cell RNAseq analysis and in 

parallel for further investigation by flow cytometry.  

Single cell RNAseq 

 Single cell RNA sequencing was performed according to the inDrops protocol177. Briefly, 

sorted CD45+ cells from mouse lung tissue were co-encapsulated into ~3 nl droplets together 

with hydrogel beads, containing photocleavable barcoding primers. To barcode the transcripts 

from each individual cell, the cells were then lysed to release their mRNA content, barcoding 
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primers were released by UV light, and reverse transcription was performed. cDNA libraries 

were then prepared for next-generation sequencing as described177. Sequencing was performed 

at a depth of ~50,000 read per cell (Illumina NextSeq). The number of cells sequenced per 

sample varied depending on the experiment, but ranged in the thousands. 

Bioinformatics Analyses 

 Preprocessing: A cell-by-gene digital expression matrix was produced by a 

previously described custom pipeline177, which was modified to accommodate recent 

changes to the library preparation protocol. The current implementation, which performs 

alignment with bowtie, UMI-based amplification and barcode selection, is available from 

the online depository Github (https://github.com/indrops/indrops). The reference used 

was GRCm38 (Dec. 2011), available from UCSC genome browser database. 

Doublet and dead cell removal 

 Barcodes with low number of reads (<250) were assumed to derive from cells 

with compromised integrity and were  discarded during preprocessing.  

Potential doublets deriving from technical considerations in the InDrops system were 

removed with a doublet identification algorithm.  The doublet rate in InDrops experiment 

has been previously assessed at 2.5%. To simulate its impact, we generated  “artificial” 

doublets by randomly sampling and combining observed transcriptomes, and 

constructed a kNN graph of the simulated and experimentally observed  cells.  This 

allowed us to compute a  doublet score for each observed cell by counting the number of 

its simulated doublet neighbors and using density propagation for smoothing. The cells 

within the top 2.5% doublet scores were removed.  To account for doublets stemming 

from biological considerations (e.g. mechanical interaction or adhesion between specific 

cell types), we applied a further doublet removal step after clustering.  Specifically, 

clusters were tested for robustness by comparing the similarity of individual cell 
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transcriptomes to their assigned clusters and to all other clusters. In robust clusters, 80% 

-100% of the cells were most similar to their own cluster centroid.  Two clusters with low 

robustness (<60%) were identified as potential experimental artifacts.  One of these 

clusters was identified as a possible doublet cluster due to a co-occurrence of 

granulocyte and monocyte markers. Another was found to be composed of 

heterogeneous cell types with consistently high mitochondrial reads and was labeled a 

dead cell cluster.  Both of these clusters were removed from further consideration.  

Dimensionality reduction, visualization and clustering 

        We performed dimensionality reduction on the data as follows. Genes with mean 

expression >0.03 and coefficient of variation (standard deviation/mean) >2 were z-score 

normalized and used to perform principal components analysis (PCA) of the cells down 

to 60 dimensions. A kNN graph (k=5) was constructed using Euclidean distance in the 

resulting PC space.   

 The kNN graph was visualized using a force-directed layout using a custom 

interactive software interface called SPRING 7. Only trivial manual steps (e.g. rotation 

and “shaking”) were taken to improve visualization after the initial data loading. It is 

important to emphasize that the manipulations affect visualization only. All subsequent 

analyses depend on the graph adjacency matrix, which is not affected by any of the 

changes to the graph layout.  To improve visual presentation of gene expression on the 

resulting layout, the data was smoothed by diffusing the gene expression values with a 

random walk over the kNN graph, controlled by a parameter corresponding to the 

termination probability.  To identify cell types and states in an unbiased way, we 

performed spectral decomposition of the kNN graph and applied density clustering using 

DBSCAN to the resulting space. 
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Batch effects         

 In the first set of experiments, we observed a batch effect on the granulocyte 

population derived from healthy lung, which displayed a slightly higher percent of 

mitochondrial reads and was likely due to a slight variation in extraction and processing 

conditions. To prevent this effects distorting subsequent data analysis,  we selected 

variable genes from one of biological replicates and used that set to calculate principal 

component (PC) gene loadings. Cells from both replicates were then projected into the 

reduced space, and all subsequent analysis was performed on the reduced PC space. 

       

IMMGEN Bayesian classifier 

 To classify each cell into a known immune cell type, we use gene expression 

profiles from the Immgen consortium. We assign each (cell, profile) pair a score 

corresponding to the probability of the cell deriving from that profile. The score is the 

product of the probabilities of the observed gene expression for each gene in the cell 

given the gene expression observed in the profile. 

Cell type-specific gene selection 

 For each of the 6 major immune cell categories (Gn,MM,DC,NK,T,B), we 

identified differentially expressed genes between cells within the group vs. all other 

immune cells. To be considered for differential gene expression analysis, genes had to 

be expressed by at least 1% of cells in at least one of the two groups of cells compared. 

Genes with a FDR<0.05 were considered cell-type specific if expressed at least 1.5 

higher in that cell type compared to any other cell type. The heatmap in Figure 4.1 

displays the first 100 most specific genes for each cell type. For within-category cell 

state-specific gene selection (not shown), the same procedure was used, except that all 

comparisons were limited to cells within a given category. For example, the selection of 

genes specific to DC1-4 was limited to dendritic cells. 
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Differential gene expression analysis 

 For differential genes expression analysis (DGE) between two groups of cells, we 

used a parameter-free permutation-based test to calculate p-values, with the difference 

in means as the test statistic. We accounted for multiple hypothesis testing with a false 

discovery rate (FDR) of 5% using the Benjamini-Hochberg procedure128. 

CD8+ T cell analysis pathway analysis 

Gene set enrichment pathway analysis of CD8+ T cell gene expression data from 

BLZ945-treated lung tumors and vehicle-treated tumor free was done as previously described 

(Chapter 2.6 Experimental Procedures).

Histology and Immunohistochemistry 

 Lung tissue samples were formaldehyde-fixed and paraffin-embedded following 

standard procedures. Tissue sections were prepared and stained with H&E using the Shandon 

Varistain Gemini ES Automated Slide Stainer (Thermo Scientific). 

 Immunohistochemistry stainings were performed as described earlier46. Briefly, lung 

sections were dried at 60°C for 1h, dewaxed and rehydrated before treated with heat-induced 

antigen-retrieval prior immunostaining. The sections were incubated in 10 mM sodium-citrate 

(pH6.0) buffered solution containing 0.05% Tween and heated at 120°C for 2min using a 

pressure cooker. To obtain consistent and reliable staining the LabVision Autostainer 360 

(Thermo Scientific) was used. The sections were pretreated using BLOXALL endogenous 

enzyme blocking solution (Vector Laboratories) for 5min to destroy endogenous alkaline 

phosphatase and peroxidase activity. After blocking with serum, the sections were incubated 

with rabbit anti-CD3 (clone SP7, Abcam) or rat anti-mouse CD8a (clone 4SM15, Affymetrix/

eBioscience) mAbs for 1h followed by several washes and respective secondary ImmPRESS 

polymer detection systems (Vector Laboratories) according to manufacturer's 
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recommendations. The Vulcan Fast Red Chromogen Kit 2 (red staining; Biocare Medical) and 

the DAB Quanto System (brown staining; Thermo Scientific) were applied as substrates and 

hematoxylin used as counterstain. The NanoZoomer 2.0-RS slide scanner system 

(Hamamatsu) was used for image documentation. CD3 stained images were analyzed and pixel 

areas per tumor area calculated using Fiji software.  

Statistical Analysis 

 For tumor measurements (lung weight, tumor area, tumor volume) and 

immunohistochemistry-based quantifications, results were presented as mean + SEM. One-way 

ANOVA followed by Tukey’s or Dunnett’s multiple comparisons test or two-tailed Student’s t test 

were performed when appropriate. P value <0.05 or less was used to denote statistical 

significance (*p<0.05, **p<0.01, ***p<0.01).  
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Chapter 5: Additional contributions 

5.1 Overview 

 In this chapter, I briefly summarize several projects to which I have contributed to during 

my thesis. These broadly include findings involving systemic cancer-related host immune 

responses, the role of microbiota in cytotoxic-induced antitumor immune responses, and the use 

of imaging to study drug uptake in, and tissue distribution of tumor-infiltrating myeloid cells. 

Together, these studies provide related and complementary findings to our contributions 

presented in Chapter 2-4 . 

5.2 Systemic cancer-host interactions 

5.2.1 SCS macrophages suppress melanoma by restricting tumor-derived vesicle-B cell 

interactions.  

Pucci F, Garris C, Lai CP, Newton A, Pfirschke C, Engblom C, Alvarez D, Sprachman M, 

Evavold C, Magnuson A, von Andrian UH, Glatz K, Breakefield XO, Mempel TR, Weissleder R, 

Pittet MJ.  

Science. 2016 Apr 8;352(6282):242-6.  

 Tumor-derived vesicles (tEVs) have been proposed as a key mechanism of cancer cell-

exerted effects on the local and systemic microenvironment. However, tEV distribution in the 

host has mainly been studied using bolus injections of vesicles isolated ex vivo from cancer cell 

lines or tumor microenvironments. To address this, Pucci et al. designed experimental tools in 

which tEVs were produced endogenously by tumors and their body-wide distribution and uptake 

by host cells could be measured in the tumor microenvironment or in distant organs (lymph 

nodes, bone marrow, spleen, etc). In this study, we found that tumor-derived extracellular 

vesicles were captured by lymph node macrophages and that these macrophages suppressed 
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protumoral B cell- associated responses. Sub-capsular sinus (SCS) macrophages thus 

functioned as a barrier to tEVs drained from the tumor via the lymph and disruption of this 

barrier (which occurred after chemotherapy or could be experimentally induced via lymph node 

macrophage depletion) resulted in accelerated tumor growth. Taken together, this study defined 

a previously unappreciated interaction between tEVs and lymp node resident SCS 

macrophages that was important in restricting B cell-driven tumor promoting mechanisms; these 

findings add to a literature showing diverse functions of macrophages in the context of cancer 

and important tEV functions influencing disease progression.  

Attributions: For this project, I performed protein array analysis of tumor cell lines with reduced 

capacity to produce microvesicles and assisted with in vivo experiments, experimental design, 

data analysis, and co-edited the manuscript.  

5.2.2  PF4 Promotes Platelet Production and Lung Cancer Growth. 

Pucci F, Rickelt S, Newton AP, Garris C, Nunes E, Evavold C, Pfirschke C, Engblom C, Mino-

Kenudson M, Hynes RO, Weissleder R, Pittet MJ. 

Cell Rep. 2016 Nov 8;17(7):1764-1772. 

  
 Tumor cells may act on host cells in the local tumor microenvironment, but they can also 

affect distant tissues through the release of soluble mediators. This mode of interaction remains 

incompletely understood. In this work, in silico screening of tumor-associated elevated plasma 

proteins was done to identify new candidate molecules of interest, through an analysis pipeline 

relating patient tumor gene expression with disease outcome, i.e. survival. Here, we identified 

that elevated levels of on such candidate, PF4 (CXCL4), was associated with poorer survival in 

lung adenocarcinoma patients. Further investigations revealed that Pf4 was also upregulated in 

lung adenocarcinoma models in mice, and had distinct effects on bone marrow hematopoiesis 

that impacted primary tumor growth. Specifically, PF4 overproduction by lentiviral delivery in 
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Kras-mutated lung adenocarcinomas amplified megakarypoiesis in the bone marrow, triggered 

platelet accumulation at the tumor site, and increased cancer outgrowth. Platelets had tumor-

promoted properties since therapeutically targeting platelets reduced lung adenocarcinoma 

outgrowth. These findings place PF4 as a novel endocrine regulator of host protumoral immune 

responses involving platelets.  

Attributions: For this study, I performed mouse experiments, analyzed data, and helped to edit 

the manuscript.  

5.3 Anticancer immune effects requires an intact microbiota 

5.3.1 The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide.  

Viaud S1, Saccheri F, Mignot G, Yamazaki T, Daillère R, Hannani D, Enot DP, Pfirschke C, 

Engblom C, Pittet MJ, Schlitzer A, Ginhoux F, Apetoh L, Chachaty E, Woerther PL, Eberl G, 

Bérard M, Ecobichon C, Clermont D, Bizet C, Gaboriau-Routhiau V, Cerf-Bensussan N, Opolon 

P, Yessaad N, Vivier E, Ryffel B, Elson CO, Doré J, Kroemer G, Lepage P, Boneca IG, 

Ghiringhelli F, Zitvogel L.  

Science. 2013 Nov 22;342(6161):971-6.  

 Certain cytotoxic chemotherapeutics control tumor growth at least in part via antitumor 

immune responses. It has become clear that the gut microbiota can critically control immune 

processes at steady and diseased states, but whether the gut microbiota influence antitumor 

immune responses to anticancer therapies had not been reported previously. This study showed 

that cyclophosphamide treatment disrupted the gut mucosal integrity in mice and that 

cyclophosphamide-induced antitumor responses were reduced in germ-free mice or mice 

treated with antibiotics. A concomitant published study also showed that antibiotics or germ-free 
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conditions abrogated chemotherapy-triggered antitumoral immune responses (involving TLR4-

dependent ROS-expressing myeloid cells) using other models. Taken together, these studies 

presented seminal work showing the relevance of the microbiome in generating chemtherapy-

induced antitumor responses. 

Attributions: For this article, I performed experiments and analyzed data testing whether 

antibiotic vancomycin administration limited the cyclophosphamide-based therapeutic response 

in a genetic mouse model of lung cancer.  

5.4 Imaging tumor-infiltrating macrophages 

5.4.1 Predicting therapeutic nanomedicine efficacy using a companion magnetic resonance 

imaging nanoparticle.  

Miller MA, Gadde S, Pfirschke C, Engblom C, Sprachman MM, Kohler RH, Yang KS, Laughney 

AM, Wojtkiewicz G, Kamaly N, Bhonagiri S, Pittet MJ, Farokhzad OC, Weissleder R. 

Sci Transl Med. 2015 Nov 18;7(314):314ra183.  

 Therapeutic nanoparticles have emerged as a promising tool to optimize drug delivery in 

various diseases, including cancer. This study tested whether magnetic resonance imaging of a 

companion nanoparticle could help predict the in vivo distribution of therapeutic nanoparticles 

(carrying cytotoxic drugs) in order to more accurately predict therapeutic efficacy.  Using 

xenograft tumor models, we found that the magnetic nanoparticles accumulated in tumor-

associated immune cells to comparable degrees. Among the hematopoietic cells, the majority of 

the nanoparticles were taken up by macrophages and granulocytes. Taken together, this study 

demonstrated that companion nanoparticle imaging could help predict treatment efficacy with 

therapeutic nanoparticles in mice.  
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Attributions: For this article, I performed FACS analysis of mouse tumors to compare 

therapeutic versus magnetic nanoparticle uptake in tumor cells and immune cells. 

5.4.2 Tumour-associated macrophages act as a slow-release reservoir of nano-therapeutic 

Pt(IV) pro-drug.  

Miller MA, Zheng YR, Gadde S, Pfirschke C, Zope H, Engblom C, Kohler RH, Iwamoto Y, Yang 

KS, Askevold B, Kolishetti N, Pittet M, Lippard SJ, Farokhzad OC, Weissleder R. 

Nat Commun. 2015 Oct 27;6:8692.  

 This study investigated nanoparticle and drug uptake and distribution in the tumor 

microenvironment. Here, fluorescently labeled platinum pro-drug was encapsulated in 

nanoparticles (labeled with a distinct fluorophore) and imaged in vivo over time. Microscopy and 

ex vivo flow cytometry analysis revealed that nanoparticles preferentially accumulated in tumor 

associated macrophages (TAMs). This uptake was important because TAMs slowly released 

platinum drug to the surrounding tissue over time and their depletion reduced therapeutic 

efficacy of the platinum loaded nanoparticles. 

Attributions: For this project, I performed FACS analysis of nanoparticle versus drug 

distribution in immune infiltrates and tumor cells. 

5.4.3 Heterogeneity of macrophage infiltration and therapeutic response in lung carcinoma 

revealed by 3D organ imaging. 

Cuccarese MF, Dubach JM, Pfirschke C, Engblom C, Garris C, Miller MA, Pittet MJ, Weissleder 

R. Nat Commun. 2017 Feb 8;8:14293. 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 Macrophage populations display diverse phenotypes in tumors and there is an urgent 

need to clarify their functions and tissue distribution in vivo. To address this issue, this study 

used whole tissue clearing techniques and nanoparticle-based macrophage labeling to image 

and quantify TAM density and tumor tissue penetrance, along with tumor burden. The results 

demonstrated high heterogeneity in TAM distribution throughout the KP lung tumor tissue, even 

within same animal. Targeting macrophages using a tyrosine kinase inhibitor (PLX3397), aimed 

at both CSF1R and cKIT, resulted in a spatial re-organization of TAMs (without apparent cell 

depletion), with amplified TAM infiltration of tumor nodules in controlled tumors. This study is 

complementary to our analysis of TAMs in KP tumor tissue using single cell RNAseq (Chapter 4) 

and provides novel insight to the diversity of TAM distribution throughout lung tumor tissue. 

Attributions: For this study, I assisted with mouse tumor experiments, experimental design, 

and performed flow cytometry analysis.  

5.5 Conclusion 

 The research summarized in the preceding sections represent additional and 

complementary information to what constitutes the main theme of the thesis (Chapter 2-4). In 

particular, Section 5.2 presents two studies that further unravel modes of systemic interactions 

between tumors and distant organs (e.g. tEVs and draining lymph nodes versus PF4 and the 

bone marrow). Combined, these studies reinforce the idea that tumors and remote immune 

responses, including hematopoiesis, are linked and should be further explored. Furthermore, 

the findings introduced in Section 5.3 broadens our understanding of chemotherapy-induced 

antitumor immune responses (Chapter 3) to also include the importance of the microbiota. 

These findings are clinically relevant since many patients undergoing chemotherapy require 

treatment with antibiotics. Finally, the last collection of studies introduced here (Section 5.4) 
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feature the fact that tumor-host interactions can be investigated using multiple vantage points, 

including exploiting macrophages’ phagocytic properties for in vivo imaging, for diagnostic 

purposes, and to improve drug pharmacokinetics. The article referenced in Subsection 5.4.3 is 

particularly relevant to the research in Chapter 4, as it defines spatial reorganization of TAMs in 

response to a CSF1R targeting agent; relating the distribution of TAMs within the tumor along 

with their gene expression profiles should further advance the definition of their relevant tumor-

associated functions. In summary, the studies in Chapter extend the main goals of this thesis 

with supplemental basic mechanisms and therapeutic explorations of tumor-immune 

interactions in the local and systemic tissue microenvironment. 
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Chapter 6: Summary and Future directions 

 The findings presented in this thesis are part of a larger effort within the cancer 

immunology field dedicated to understanding the underlying mechanisms and diversity of tumor-

immune interactions both within and outside the local tumor microenvironment. By considering 

that components in the host are locally and globally interdependent, whether it be on a 

molecular, cellular or organismal level, one can better appreciate the complex dynamics of 

immune responses influencing disease progression and therapy. Measuring and interpreting this 

type of complexity is a serious challenge; nevertheless, it is critical to understand the full 

spectrum of cancer-exerted effects on the host (including those related to anticancer therapies) 

and how these responses can be best harnessed for treatments across cancer types and 

individuals.  

 A growing body of evidence from preclinical studies, including our own, suggest that 

there is substantial diversity within tumor-infiltrating neutrophil, macrophage, and DC 

phenotypes and functional properties, which could be relevant to human cancer pathology. 

Future studies should therefore aim to understand the heterogeneous repertoire of tumor-

associated myeloid cells specifically in cancer patients. Furthermore, systemic cancer-host 

interactions remain less explored both in patients and animal models, but our findings that 

tumors interact with the bone marrow stroma to propel its own growth via myeloid cells (Chapter 

2), along with previous work from our lab24,25,27,51 and others19,22,23,196,197, emphasize the 

importance of studying tumor-associated myeloid responses that occur outside the local stroma. 

It will also be important to further investigate the effects of anticancer therapy-related effects on 

myeloid responses in patients. Regardless of the question, critically interrogating myeloid cell 

functions in human patients, whether they refute or confirm preclinical phenotypes, should help 

fuel discoveries regarding myeloid-related phenotypes and functions in patient tumors.  

 Thus, a more complete understanding of the human immune cell repertoire should help 

define which tumor-associated cell populations are the most amenable to therapeutic targeting, 
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with the goal to best potentiate current anticancer therapies as well as define new therapeutic 

targets. Currently, one of the burning questions in tumor immunology is how to most efficiently 

expand the number of patients that respond to ICB, since for the patients who do respond, ICB 

may offer unprecedented durable control of tumor progression4,11. ICB treatment resistance can 

play out as a lack of initial response, partial response, or initial response followed by relapse of 

the disease4. Tumor infiltration by T cells (specifically cytotoxic T cells) has emerged as one of 

the more robust predictors of treatment efficacy and disease outcome, yet many tumors lack a 

robust T cell presence. Targeting other components of the tumor stroma (either directly or 

indirectly) to activate T cells and facilitate their influx into tumors, presents an intriguing 

possibility to dramatically increase ICB responders198.  

 In this work, we show that T cell infiltration can be achieved either by inducing 

immunogenic cell death (Chapter 3) by careful selection of appropriate chemotherapeutics 

towards a particular tumor. It is plausible that patients whose tumors lack T cells, may benefit 

from optimizing their chemotherapeutic regime to facilitate T cell infiltration. Approximately ~60% 

of late stage NSCLC patients already receive some type of chemotherapy; therefore, although 

chemotherapy may not be the end-goal treatment, screening drugs for immunogenicity towards 

a patient’s own tumors, may serve as a feasible and relatively inexpensive (these drugs are 

already FDA-approved) way to sensitize patients to ICB. 

 More generally, various manipulations of the tumor stroma could be beneficial in this 

context by supplying T cells with tumor antigens, stimulating T cell proliferation, changing the 

stromal landscape to facilitate T cell-tumor interactions, and stimulating a T cell phenotype 

amenable to ICB targeting198,199. Targeting myeloid components could be useful in combination 

with other anticancer therapies, such as cytotoxic or targeted therapies, or promoting antitumor 

myeloid phenotypes for treatment success. For example, as we showed in Chapter 4, CSF1R 

inhibition resulted in a robust tumor control and T cell expansion at the tumor site; this type of 

treatment might be particularly appropriate to boost T cell activity in macrophage-rich tumor 

microenvironments. Tumor cell intrinsic signaling also impacts T cell tumor infiltration199, and 
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therefore, better understanding the effect of cancer cell-intrinsic mutations and signaling on the 

tumor microenvironment could also provide new powerful ways to enhance T cell influx into 

tumors. 

 New technologies should offer opportunities to both ask fundamental questions related 

to tumor progression and to improve therapeutic targeting. Exciting new developments in 

techniques such as single cell analysis of the transcriptome (e.g. DropSeq)127,200 or protein 

level(CyTOF)180,201, protein mass-spectrometry202, high throughput protein analysis203, 

application of machine learning techniques to biology14, or novel CRISPR screens204 are already 

helping to propel such investigations. These techniques are centered around the goal to learn 

more from less, e.g. they are particularly amenable to studying human cancers were sample 

size is often a restriction. Additionally, clinical imaging technologies (e.g. magnetic resonance 

imaging and positron emission tomography) could be used to dynamically and non-invasively 

monitor myeloid cell activity and repertoires, in combination with tumor growth86. More directed 

delivery of anticancer therapies, whether the target is the immune system or not, also has the 

potential to dramatically improve cancer therapy, with the aim to maximize treatment efficacy 

and minimize toxic side effects. Examples of these include injectable biomaterials that could 

serve as localized vaccine approaches205, or nanoparticle-encapsulation of drugs that could 

result in more directed drug delivery or improved pharmacokinetics206. However, as discussed, 

systemic drug effects may be desirable and in some cases required for treatment efficacy, and 

therefore, careful mechanistic investigations of drug-host-cancer interactions are needed. 

 The field of cancer immunology is making remarkable strides; the last decade has seen 

a considerable transformation in the types of treatments offered to patients, an advancement of 

the available technologies used to interrogate and manipulate tumor-host interactions, and an 

increased interest in tumor immunology within the research community. Within this area of 

research, our findings provide new insights into both local and systemic tumor-host interactions 

that warrant further investigation. 
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Appendix 1  
The role of myeloid cells in cancer therapies (Engblom et al. NRC 2016) 
Reprinted from Nature Reviews Cancer with permission. 
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Until the beginning of the twenty-first century, cancer 
was largely considered to be a cell-autonomous disease, 
with malignant growth driven by genetic mutations 
within tumour cells. More recently, it has become clear 
that heterotypic interactions between neoplastic and 
seemingly normal host cells also profoundly regulate 
cancer progression. Most notably, tumour-infiltrating 
T lymphocytes are now regarded as a key component 
of the tumour microenvironment because therapeuti-
cally activating these cells can durably control various 
cancer types1. These advances are not only revolutioniz-
ing cancer therapy but have also validated immune cell 
targeting as a relevant approach to fight human can-
cer. Considering that tumour microenvironments are 
home to diverse cell types2 and that current immuno-
therapies benefit only a minority of patients1, it is 
important to identify whether other components of the 
tumour microenvironment can be additional relevant  
therapeutic targets.

This Review focuses on myeloid cells, which belong to 
the innate immune system. Myeloid cells and their phago-
cytic activities were first discovered by Élie Metchnikoff3 
more than a century ago when his landmark starfish 
larvae microscopy studies showed that infection sites 
accumulate leukocytes that ingest and eliminate for-
eign material. In mammals, myeloid cells are among 
the most important defenders against infection. They 
are also essential in tissue homeostasis4,5 and crucial in 
initiating, sustaining or inhibiting T cell immunity6,7. 
Emerging evidence indicates that myeloid cells affect 
cancer progression by interacting directly with tumour 
cells and indirectly by enabling a tumour stroma that 

promotes cancer growth8–10. The importance of mye-
loid cells in cancer is not entirely surprising: tumours 
do not use de novo mechanisms to interact with host 
components but instead employ pre-existing physio-
logical programmes, particularly those involved with 
wound healing, that engage myeloid cells11. The inter-
play between myeloid cells and adaptive immunity is 
also emerging as an important regulator of cancer pro-
gression, with tumour-associated myeloid cells probably 
having an important role in cancer immune evasion.

Myeloid cells comprise various cellular subtypes 
and are operationally divided into mononuclear and 
polymorphonuclear cells (FIG. 1). Mononuclear phago-
cytes include macrophages, which reside in virtually all 
tissues, where they perform location-specific functions 
including the regulation of tissue homeostasis, immune 
surveillance and inflammation12,13. Mononuclear phago-
cytes also include dendritic cells (DCs), which consist of 
distinct subsets. Classic DCs (cDCs) form the predomi-
nant DC subset and are specialized to sample antigens in 
tissues and to migrate to local draining lymph nodes to 
induce antigen-specific T cell immunity or tolerance6,7; 
cDCs also control T cell responses within nonlymphoid 
tissues, including solid tumours8,14. Plasmacytoid DCs 
(pDCs) are another DC subset that is uniquely able to 
produce interferon-α (IFNα) and may also regulate 
cancer progression15. Macrophages and DCs can have 
various origins5,16 but those that accumulate in tumours 
derive mostly from circulating precursors, called mono-
cytes17 and pre-DCs18, respectively, which are themselves 
produced by bone marrow-derived haematopoietic 
stem cells (HSCs). Polymorphonuclear phagocytes,  
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Innate immune system
A system comprising various 
cell types that together provide 
defence to the host against 
infection and injury and 
orchestrate inflammatory 
responses. Unlike adaptive 
immune cells, innate immune 
cells express only 
germline-encoded pattern 
recognition receptors and 
generally they do not provide 
long-lasting immunity; however, 
they can activate the adaptive 
immune system through a 
process known as antigen 
presentation.
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Abstract | Recent clinical trials have demonstrated the ability to durably control cancer in some 
patients by manipulating T lymphocytes. These immunotherapies are revolutionizing cancer 
treatment but benefit only a minority of patients. It is thus a crucial time for clinicians, cancer 
scientists and immunologists to determine the next steps in shifting cancer treatment towards 
better cancer control. This Review describes recent advances in our understanding of 
tumour-associated myeloid cells. These cells remain less studied than T lymphocytes but have 
attracted particular attention because their presence in tumours is often linked to altered patient 
survival. Also, experimental studies indicate that myeloid cells modulate key cancer-associated 
activities, including immune evasion, and affect virtually all types of cancer therapy. Consequently, 
targeting myeloid cells could overcome limitations of current treatment options.
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Macrophages
Differentiated cells of the 
mononuclear phagocyte 
lineage that can clear dead 
cells and foreign particles 
through a process called 
phagocytosis. Macrophages 
assume tissue- and micro-
environment-specific 
phenotypes to regulate tissue 
homeostasis, immunity and 
inflammation; they are 
essential protectors against 
injury and infections but also 
contribute to many diseases, 
including cancer.

Dendritic cells
(DCs). Crucial antigen- 
presenting cells for immune 
control. DCs typically have a 
probing morphology and 
localize in T cell areas of 
lymphoid organs to activate 
specific CD4+ and CD8+ 
T cells, but they can also be 
found in nonlymphoid tissues, 
such as the tumour stroma.

often referred to as granulocytes, also derive from HSCs 
and include neutrophils, eosinophils, mast cells and baso-
phils. These cells can accumulate in diseased sites where 
they release toxic and inflammatory agents that protect 
the host against various insults, including bacterial and 
parasitic infections19–21. So-called myeloid-derived sup-
pressor cells (MDSCs) broadly include immature myeloid 
progenitors and monocyte- and granulocyte-like cells 
and are functionally defined based on their ability to sup-
press T cell activation in vitro22. MDSCs are viewed as dis-
tinct from terminally differentiated myeloid cells such as 
macrophages and DCs; however, it is important to recog-
nize that macrophages can also exhibit T cell-suppressive 
activity23,24. The phenotypes of tumour-associated 

MDSCs can be distinct from those of resting mono-
cytes and neutrophils; however, whether monocytes and  
neutrophils compared with MDSCs are different cell types 
or cellular states remains disputed and in appreciation 
of this complexity we discuss them together.

In this Review, we first summarize current knowl-
edge on the various, and sometimes seemingly opposing,  
contributions of myeloid cells to cancer progression. 
We also highlight how these cells and their precursors 
are regulated locally and systemically by tumours. We 
then explore the ways in which myeloid cells are affected 
by anticancer drugs and influence treatment outcome. 
Finally, we discuss how myeloid cells can be targeted 
therapeutically and outline next-generation therapeutic 

Figure 1 | Developmental pathways of myeloid cells. Discrete developmental activities control step-wise progression 
from haematopoietic stem cells (HSCs) to tumour-infiltrating myeloid cells. These activities occur in different body locations 
and include haematopoietic stem and progenitor cell (HSPC) amplification in haematopoietic tissues such as the bone 
marrow; release of the newly produced cells into peripheral blood; recruitment of the circulating precursors into the 
tumour stroma; and functional activities of the infiltrating cells within the tumour microenvironment. All these processes 
can be amplified or regulated by (distant) tumours. Molecular regulators of these processes are candidate drug targets 
to control myeloid cells as they progress along their developmental pathways. Myeloid-derived suppressor cells (MDSCs) 
can release factors shown here for neutrophils and/or monocytic cells. ANGPT2, angiopoietin 2; ARG1, arginase 1;  
AT, angiotensin; CCL, chemokine (C-C motif) ligand; CCR, C-C chemokine receptor; CDP, common dendritic cell progenitor; 
CXCL, chemokine (C-X-C motif) ligand; DC, dendritic cell; FLT3L, Fms-like tyrosine kinase 3 ligand; G-CSF, granulocyte 
colony-stimulating factor; GM-CSF, granulocyte–macrophage colony-stimulating factor; GM-CSFR, GM-CSF receptor; 
GMP, granulocyte–macrophage progenitor; IL, interleukin; iNOS, nitric oxide synthase 2, inducible; M-CSF, macrophage 
colony-stimulating factor; M-CSFR, M-CSF receptor; MDP, monocyte and dendritic cell progenitor; MMPs, matrix 
metalloproteinases; PDL1, programmed cell death 1 ligand 1; ROS, reactive oxygen species; SCF, stem cell factor; 
STAT3, signal transducer and activator of transcription 3; STING, stimulator of interferon genes; TAM, tumour-associated 
macrophage; TGFβ, transforming growth factor-β; TNF, tumour necrosis factor; VEGFA, vascular endothelial growth 
factor A; XBP1, X-box binding protein 1.
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Monocytes
Bone marrow-derived 
mononuclear phagocytes, 
crucial in protection against 
infections and in immune 
homeostasis, which when 
deployed to tissues can 
differentiate into 
a macrophage, and under 
certain conditions, a dendritic 
cell. Monocytes are typically 
divided into two subtypes: 
patrolling monocytes and 
inflammatory monocytes.

Neutrophils
Polymorphonuclear cells that 
develop and mature in the 
bone marrow, exist at high 
numbers in circulation and 
can be rapidly recruited to a 
site of injury or inflammation. 
Neutrophils can release potent 
biologically active antimicrobial 
enzymes, which are directly 
involved in clearance of 
infection.

Eosinophils
Granulocytic cells that are 
known mostly for their 
involvement in asthmatic 
disease and parasitic 
infections. Eosinophils are 
found primarily in the 
circulation, gut and thymic 
tissue but can be rapidly 
deployed into various tissues 
during inflammation to expel 
their granular content.

approaches that could better exploit myeloid cells to 
more effectively tailor treatment options for individ-
ual patients. Our overall goal is to guide readers, with 
nuance and cautious optimism, through the current 
understanding of myeloid cells in both human and 
mouse cancers.

Tumour-infiltrating myeloid cells
The definition of whether myeloid cells are relevant to 
cancer is currently largely based on two types of investi-
gation. First, pathologists have begun to address whether 
the presence of tumour-infiltrating myeloid cells can 
predict patient outcomes. Typically, these studies are 
based on immunohistochemical analysis of tumour 
biopsies and are performed at the time of diagnosis 
(that is, in the absence of treatment). The results pro-
vide correlative, but not causative, links between myeloid 
cell content in the tumour stroma and disease progres-
sion. Furthermore, these data depend on a limited set 
of cellular markers that are seldom cell-type specific 
and may vary considerably across tissues and cancer 
types25. Nonetheless, these studies provide a window 
into myeloid cell involvement in human cancer, and the 
information obtained has diagnostic, prognostic and 
therapeutic potential. Second, animal and in vitro stud-
ies have started to investigate how myeloid cells regulate 
tumour progression. These investigations generally posi-
tion myeloid cells as tumour-promoting components, 
with notable exceptions.

Macrophages. Tumour-associated macrophages (TAMs) 
frequently emerge as abundant immune cells in the 
tumour stroma in a broad range of cancers. However, 
the heterogeneity of macrophages12,26,27 makes it chal-
lenging to define specific markers for these cells and 
additional methods are needed to accurately identify 
them. Currently, the intracellular glycoprotein CD68 is 
widely used in clinical studies as a TAM marker but it 
also detects other cell types28,29 and does not identify the 
functional states of cells. The scavenger receptor CD163 
(also known as M130 in humans) is also used to define 
TAMs, sometimes with concomitant CD68 staining. 
Studies using these markers revealed a significant associ-
ation between high densities of TAM-like cells and poor 
prognosis in numerous cancer types including breast, 
thyroid, head and neck, liver, bladder, kidney, pancreatic, 
ovarian, oral, endometrial and lung cancer, as well as 
Hodgkin lymphoma25,30,31.

These pathology findings are in accord with animal 
studies that show that TAMs can enhance cancer growth 
by producing mediators that shape the tumour micro-
environment (FIG. 2a). Such mediators include growth 
factors and cytokines that support tumour cell survival 
and proliferation (for example, epidermal growth factor 
(EGF), interleukin 6 (IL-6) and tumour necrosis factor 
(TNF))10,23; extracellular matrix degrading enzymes 
(for example, matrix metalloproteinases (MMPs) and 
cysteine cathepsins) and other factors that modulate 
tissue architecture and favour tumour cell migration, 

Figure 2 | The tumour-promoting and antitumour functions of myeloid cells. a | The tumour-promoting functions of 
myeloid cells include direct stimulation of tumour cell proliferation by cytokines and growth factors, enhanced tumour 
vascularization by angiogenic stimulators, increased tumour cell invasion by secreting enzymes and other factors and 
pp iono antit mo nat al ill c ll o c ll a io int ac ll la c ll ac an c t acto b | The 

antitumour functions of myeloid cells include: direct tumour cell killing by cellular signalling molecules and induction of 
tumour cell elimination by other cells, including NK and CD8+ c ll a ina n itic c ll pi mal
growth factor; IL, interleukin; IFNs, interferons; MMPs, matrix metalloproteinases; NO, nitric oxide; PDL1, programmed cell 
death 1 ligand 1; ROS, reactive oxygen species; SEMA4D, semaphorin 4D; STING, stimulator of interferon genes; TAM, 
tumour-associated macrophage; TGFβ, transforming growth factor-β; TNF, tumour necrosis factor; TPH1, tryptophan 
5-hydroxylase 1; VEGFA, vascular endothelial growth factor A; XBP1, X-box binding protein 1.
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Mast cells
Crucial innate effector 
cells that are rich in granules 
that contain various 
immunoregulatory molecules. 
Upon stimulation by 
pathogens, allergens or 
endogenous factors, mast cells 
can rapidly degranulate and 
profoundly affect local and 
systemic tissue homeostasis, 
as exemplified by anaphylaxis.

Basophils
Circulating granulocytic cells 
known to mediate allergic 
responses and host defence 
against parasitic infections. 
Basophilic granules are a 
rich source of inflammatory 
mediators, including the 
vasodilator histamine and 
the anticoagulant heparin.

Tertiary lymphoid structures
Ectopic lymph node-like 
arrangements that form 
in tissues under 
pathophysiological conditions 
and that seem to facilitate 
local lymphocyte activation.

invasion and metastasis32–34; and pro-angiogenic agents 
that enable nutrient and oxygen delivery to tumours (for 
example, vascular endothelial growth factor A (VEGFA), 
IL-8 and semaphorin 4D (SEMA4D))23,35,36. TAMs can 
also promote cancer immune evasion by expressing cell 
surface proteins and releasing soluble factors that display 
immunosuppressive functions and blunt antitumour 
immunity (for example, arginase 1 (ARG1), IL-10, pro-
grammed cell death 1 ligand 1 (PDL1) and transforming 
growth factor-β (TGFβ))23,24,37.

However, clinical studies also suggest that TAMs may 
have divergent functions25. For instance, high densities 
of CD68+ cells have been associated with improved sur-
vival in colon38, gastric39 and endometrial40 cancer. The 
functional state of TAMs may help to define whether 
these cells promote or suppress tumours. Indeed, macro-
phages can display a spectrum of activation states that 
fulfil specific functions and are often catalogued as clas-
sically (M1) or alternatively (M2) activated cells. Both 
M1-like and M2-like cells can have protective func-
tions, for example, by eliminating intracellular bacteria 
and controlling parasite infections, respectively. These 
two macrophage populations are often distinguished 
based on their inducing stimuli (for example, Toll-
like receptor (TLR) ligands and IFNs for M1 cells and 
IL-4, IL-10, TGFβ and glucocorticoids for M2 cells) or 
their secretion profiles and transcriptional activity (for 
example, expression of Il12, nitric oxide synthase 2, 
inducible (Nos2; which encodes iNOS), macrophage 
receptor with collagenous structure (Marco), suppressor 
of cytokine signalling 3 (Socs3) for M1 cells; Rela, Socs2, 
Krüppel-like factor 4 (Klf4) and Arg1 for M2 cells)13,41,42. 
Categorizing macro phages based on these signatures 
has limitations27 — for instance, because M1 and M2 
profiles are artificial in vitro extremes and TAM pheno-
types typically go beyond simple M1 and M2 denomi-
nations — yet it has enabled an insight into the role of 
macrophages during physiological and disease processes. 
In growing tumours, TAMs often show M2-like pheno-
types24, which foster tumour cell growth and invasion, 
enhance tumour angiogenesis and blunt antitumour 
T cell functions. In mice, perivascular CD163+ TAMs 
have been identified as cells expressing alternative activa-
tion markers, whereas some CD163lo TAMs in necrotic 
tumour regions activate inflammatory pathways43. It is 
possible that some M1-like macrophages are involved in 
cancer control by directly killing tumour cells, producing 
angiostatic factors and/or stimulating antitumour T cell 
functions44–46 (FIG. 2b). In support of these ideas, M2-like 
TAMs, compared with M1-like TAMs, were associated 
with less favourable prognosis in a pan-cancer analysis47. 
More sensitive characterization of TAM phenotypes and 
functions is needed to clarify whether the M1 and M2 
classification is sufficient to predict pro-tumoural versus 
anti-tumoural TAM functions in various cancer types.

Dendritic cells. Unlike TAMs, DCs are not abundant at 
the tumour site but must be considered because they can 
efficiently present extracellular antigens on major histo-
compatibility complex (MHC) class I molecules to enable 
antitumour CD8+ T cell activation8 (FIG. 2b). Accordingly, 

high densities of tumour-infiltrating DCs, particularly 
cDCs, may be beneficial48,49. In lung cancer, high cDC 
densities are associated with increased T cell activation48,50. 
Additionally, activated cDCs and T cells can cluster within 
tertiary lymphoid structures in tumours from patients with 
lung cancer49, a pattern that provides further evidence for 
DC–T cell interactions at tumour sites.

The relative abundance of anti-tumoural versus 
pro-tumoural DCs and the degree to which tumours 
co-opt DCs may vary between individuals and cancer 
types. In support of this idea, a rare tumour-infiltrating 
CD103+ (CD103 is also known as integrin αE) cDC pop-
ulation seems poised to cross-present antigens and acti-
vate CD8+ T cells in several mouse models51. Additionally, 
an elevated ratio of CD103hi/CD103lo expression in the 
tumour stroma is associated with increased overall sur-
vival for patients with breast, head and neck or lung can-
cer51. CD103+ DCs, although sparsely distributed in the 
tumour stroma, may thus display distinct antitumour 
immune functions.

Simultaneously, tumours can suppress the anti-
tumour activity of DCs52. For example, ovarian tumour 
cells in mice can activate the transcription factor X-box 
binding protein 1 (XBP1) in DCs, thereby rendering 
them dysfunctional53. XBP1 induces an endoplasmic 
reticulum stress response that enables oxidized lipids to 
accumulate in DCs and blunts T cell priming by these 
DCs53 (FIG. 2a). DC functions can also be suppressed 
upon activation of the β-catenin signalling pathway in 
cancer cells54, by tumour-derived cyclooxygenases55 and 
by IL-10-producing TAMs56.

Besides cDCs, pDCs can also accumulate in the 
tumour stroma; however, tumour-infiltrating cDCs and 
pDCs may have divergent functions. Interestingly, high 
CD123+ (CD123 is also known as IL3Rα) pDC content 
in breast tumour biopsies correlated with decreased 
5-year overall and relapse-free survival57. Similar results 
were reported for patients with melanoma58.

There is an urgent need to be able to identify anti-
tumour DCs in a broad range of cancer patients. Most 
likely, these DCs are rare and share attributes with other 
DC subsets; therefore, their characterization will require 
a careful assessment of DC functional states that goes 
beyond generic DC surface markers. Also, because 
mouse and human DCs express different markers59,60 it 
will be important to define whether findings hold true 
across species.

Neutrophils, monocytes and MDSCs. The abundance of 
tumour-infiltrating neutrophils, monocytes and MDSCs 
is associated with advanced cancer stage and decreased 
disease-free and overall survival in patients with various 
tumour types, including lung adenocarcinoma, breast 
cancer and colorectal carcinoma47,61. Similarly, elevated 
levels of circulating monocytes62,63, neutrophils62,63 and 
MDSCs64 often correlate with poorer clinical outcome. 
Mouse monocytes can be operationally divided into lym-
phocyte antigen 6 complex, locus C (Ly6C)lo cells, which 
patrol the vasculature at steady state and clear damaged 
endothelial cells, and Ly6Chi cells, which can differenti-
ate into macrophages or DCs upon extravasation into 
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Regulatory T cells
(Treg cells). Specialized T cells 
that are functionally defined 
by their ability to confer 
peripheral tolerance to self, 
commensal and environmental 
antigens. Treg cell accumulation 
in tumours can suppress 
antitumour immunity and is 
associated with poor prognosis 
in many cancers.

Degranulation
Release of cytotoxic and 
other molecules from 
secretory vesicles, also called 
granules, that are initially 
stored in some innate immune 
cells, for example, neutrophils, 
eosinophils and mast cells.

diseased tissues17. Many tumours in mice selectively 
expand Ly6Chi monocytes, which seed tumour-promoting 
TAMs37,65–67. By contrast, Ly6Clo monocytes are typically 
not expanded by tumours but may suppress metastasis, 
as discussed below.

In mice, both Ly6Chi monocytic and granulocytic cells 
are positive for CD11b (also known as integrin αM) and 
Gr1 (a cell surface antigen that comprises both Ly6C  
and Ly6G epitopes). These markers are also used to define 
MDSCs, which can suppress antitumour T cells to vary-
ing degrees22,68. Key myeloid-mediated T cell suppressive 
mechanisms include secretion or expression of immuno-
regulatory factors, including ARG1 (REF. 69), nitric oxide 
(NO)70, PDL1 (REF. 37), TGFβ71 and cyclooxygenase 2 
(COX2; also known as PTGS2)72 among others10. These 
myeloid cells also produce reactive oxygen species (ROS) 
and peroxynitrite, which can interfere with MHC–T cell 
interactions73, suppress T cell migration74 and activate  
regulatory T cells (Treg cells) via CD40–CD40L inter actions 
to induce tolerance to tumour cell-expressed antigen75 
(FIG. 2a). Monocytic cells may preferentially use NO 
and cytokines to suppress immune responses, whereas  
granulocytic cells seem to preferentially use ROS10.

In addition to suppressing antitumour immunity, 
neutrophils may promote tumour growth by limiting 
cancer cell senescence76, promoting angiogenesis77, trig-
gering thrombosis via neutrophil extracellular traps78, 
inducing genotoxic damage79 and recruiting other 
tumour-promoting cells80. Because it is challenging to 
distinguish MDSCs from neutrophils and monocytes 
in both humans and mice68, many functions attributed 
to MDSCs may apply to neutrophils and/or monocytes, 
and vice versa.

Neutrophils and monocytes may also limit tumour 
progression in certain settings81 (FIG. 2b). For example, 
neutrophils can display anti-tumoural cytotoxic activ-
ities in some mouse models of cancer82,83 and promote 
T cell activation when retrieved from patients with 
early-stage lung cancer84. Taken together, these studies 
demonstrate that neutrophils and monocytes are likely 
to be important modulators of tumour growth, but their 
tumour- associated functions may diverge. Our under-
standing of the mechanisms that determine whether 
neutrophils and monocytes will accelerate or restrict 
tumour growth in human cancer patients remains 
limited, but might depend on several factors, such as 
tumour stage and the local tissue microenvironment.

Other tumour-infiltrating myeloid cells. Although 
their tumour-associated functions remain much less 
studied, eosinophils and mast cells are other granulo-
cytes that may regulate cancer progression. Intriguingly, 
the presence of tumour-infiltrating eosinophils, or their 
local degranulation, has been associated with favourable 
prognosis in oral squamous cell carcinoma and prostate 
and colon cancer85,86, and tumour infiltration by eosino-
phils can suppress metastatic melanoma progression in 
mice87. Eosinophils may secrete cytotoxic proteins with 
direct anti-tumoural activities85 and promote anti-
tumour CD8+ T cell immunity at least in some con-
texts88 (FIG. 2b). In contrast to eosinophils, mast cells are 

often viewed as tumour-promoting cells89. For example, 
mast cells produce tryptophan 5-hydroxylase 1 (TPH1), 
which exhausts tryptophan. Such nutrient deprivation 
liberates immunoregulatory metabolites and thereby 
promotes immune suppression90. Mast cells may foster 
tumour outgrowth by activating cancer-promoting Treg 
cells (which suppress antitumour immunity)91–93, mono-
cytes and neutrophils93,94 and B cells89 in mice (FIG. 2a). 
In support of these results, tumour infiltration by mast 
cells was linked to poorer disease outcome in patients 
with colorectal cancer95. However, other reports show 
conflicting results96,97, which may reflect the divergent 
functions of mast cells during tumour progression or 
in different tumour microenvironments, as discussed 
above for other types of myeloid cell. Additionally, most 
mouse studies have used Kit-mutant genetic mouse 
models which, in addition to lacking mast cells, have 
KIT-dependent anomalies such as anaemia and ste-
rility (KitW/Wv mutant mice) or the less severe splenic 
myeloid and megakaryo cytic hyperplasia (KitW−sh/W−sh 
mutant mice)98. New Cre recombinase-based models 
of mast cell deficiency circumvent this issue99,100. Using 
one of these models, mast cells were reportedly dispen-
sable for tumour growth in genetically induced onco-
genic KrasG12D-driven pancreatic cancer101. Whether 
this is true for other tumour types, or patients, requires 
investigation.

Myeloid cells have emerged as crucial regulators 
of tumour progression, but our ability to distinguish 
tumour-promoting versus inhibitory cells in patients 
remains a major challenge for all myeloid cell subsets. 
Future analyses of clinical samples should aim to go 
beyond ‘cell types’ and instead focus on cellular func-
tions; this may be achieved by harnessing recent techno-
logical advances, as discussed further in the Perspectives 
section below.

Systemic tumour–myeloid cell interplay
As cancer is a systemic disease, we extend our discus-
sion of tumour–myeloid cell interactions to the entire 
body. We first examine how some tumours affect mye-
loid cell components well beyond the local tissue micro-
environment and then consider how myeloid cell subsets 
in various body compartments can regulate tumour cell 
dissemination and metastasis.

The systemic impact of cancer on myeloid cells. Besides 
unravelling crucial anti- and pro-tumoural interactions 
between myeloid cells and cancer cells within the local 
tumour microenvironment, research during the past 
decade has revealed that tumours can regulate myeloid 
cells before they enter the tumour stroma (FIG. 3). Indeed, 
whereas many tissue macrophages are produced during 
embryogenesis and are maintained in adults102, circulat-
ing monocytes contribute the vast majority of TAMs in 
mouse mammary65 and lung67 tumours and TAMs can 
be continually and rapidly replaced during cancer pro-
gression65–67. TAMs may proliferate in some tumours103, 
although TAM amplification is contributed mostly by 
circulating precursor recruitment65–67,103. Animal studies 
further indicate that the macrophage colony-stimulating 
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(macrophage-colony 
stimulating factor and 
its receptor, also known 
as CSF1–CSF1R). A 
haematopoietic growth factor–
receptor pair that is required 
for proper development, 
survival and maintenance of 
the monocyte and macrophage 
cell lineage.

CCL2–CCR2
(chemokine (C-C motif)  
ligand/receptor 2). 
A chemokine–receptor pair 
that mediates monocyte 
release from the bone marrow 
and, in the context of cancer, 
entry into the tumour 
microenvironment.

factor (M-CSF)–M-CSF receptor (M-CSF–M-CSFR; also 
known as CSF1–CSF1R) and C-C motif chemokine 
ligand 2–C-C motif chemokine receptor 2 (CCL2–
CCR2) pathways are crucial regulators of TAM recruit-
ment and maintenance. The CCL2–CCR2 pathway is 
a central axis of TAM recruitment because it not only 
attracts circulating monocytes to tumours104,105 but also 
mobilizes bone marrow-derived monocyte precursors 
to the periphery66,106. Similarly, M-CSF overexpression 
accelerates TAM recruitment and tumour growth, 
whereas genetic ablation of M-CSF reduces TAM den-
sity and delays tumour progression to malignancy107,108. 
Correspondingly, human studies revealed positive asso-
ciations between CCL2 and/or M-CSF overexpression 
and poor prognosis in many cancer types, including 
breast109,110, pancreatic111, colorectal112, hepatocellular113 
and endometrial114 tumours. Also, myeloid chemo-
attractants are elevated in human tumours110,113,115 and 
increased numbers of monocytes in peripheral blood 
correlate with poorer survival of cancer patients63. In 
contrast to TAMs, subcapsular sinus macrophages do 
not derive from circulating monocytes and can sup-
press melanoma progression in mice by physically lim-
iting the systemic spread of tumour-derived vesicles in 
tumour-draining lymph nodes116.

In comparison with macrophages, less is known 
about the origins and recruitment of other tumour- 
infiltrating myeloid cells, although many of them 
probably derive from circulating cells7. In the absence 
of disease, most DCs originate from circulating pre-
DCs. In tumour-bearing mice, adoptively transferred 
pre-DCs can also produce tumour-infiltrating DCs18. 

Furthermore, mammary tumour DCs can be main-
tained independently of M-CSF51, suggesting that these 
cells have a monocyte-independent origin. Different 
tumour-associated DC populations may be maintained 
by distinct developmental and amplification mecha-
nisms. In mammary tumours, overexpressed Fms-related 
tyrosine kinase 3 ligand (FLT3L), a cytokine that is struc-
turally similar to M-CSF, selectively expands CD103+ 
DCs51, whereas granulocyte–macrophage colony- 
stimulating factor (GM-CSF) amplifies tumour- 
infiltrating CD103− DCs. CD103+ and CD103− DCs also 
depend on the expression of distinct transcription fac-
tors: zinc finger and BTB domain-containing protein 46 
(Zbtb46), interferon regulatory factor 8 (Irf8) and basic 
leucine zipper transcriptional factor ATF-like 3 (Batf3) 
control CD103+ DCs whereas Irf4 expression controls 
their CD103− counterparts117–120. Accordingly, Batf3 
is required to produce DCs that promote antitumour 
immunity and control tumour progression in mice119. 
Monocytes also produce bona fide DCs in some inflam-
matory conditions121. Tumour-infiltrating neutrophils 
turn over within days in mouse models122; tumoural 
and/or systemic accumulation of these cells and other 
granulocytes is regulated by growth factors (for exam-
ple, G-CSF, GM-CSF and VEGFA)10,123,124 and various 
other components (for example, S100A8, S100A9, high 
mobility group protein B1 (HMGB1), oxysterols, IL-17 
and prostaglandins)10,122,125. Some tumours also amplify 
myeloid cells or their precursors in remote body loca-
tions through various mechanisms, including the release 
of tumour-derived signals that extend far beyond the 
tumour stroma (BOX 1).

Figure 3 | Cell-intrinsic, local and systemic regulation of cancer. a | Cancer can be analysed at different levels and 
scales. Whereas tumour cell-intrinsic mutations are important drivers of tumour progression (left panel), tumour 
mic o n i onm nt o t c ll incl in c ll an m loi c ll al o alt t mo o t mi l pan l itionall
whole-body dynamics of anti- and pro-tumoural responses become important when considering that most tumour- 
infiltrating myeloid cells are continuously replaced by recruited circulating precursors and that immune responses are 
controlled in tissues distant from the tumour (right panel). Note that lung cancer is used here as a representative tumour 
stroma. b | Listed here are tissues that regulate myeloid cell production or participation in tumour-associated processes. 
APC, adenomatous polyposis coli; DC, dendritic cell; EGFR, epidermal growth factor receptor; LN, lymph node;  
NF, neurofibromin; NK, natural killer; RB1, retinoblastoma 1; TAM, tumour-associated macrophage.
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Premetastatic sites
Sites in which metastasis will 
occur. These sites are thought 
to be primed for tumour cell 
engraftment by factors that 
are secreted by the primary 
tumour and by bone 
marrow-derived 
haematopoietic cells that 
are recruited locally.

Natural killer (NK) cells
Cytotoxic lymphocytes that are 
crucial to the innate immune 
system and that provide rapid 
responses to eliminate 
abnormal cells, such as 
virus-infected cells and 
tumour cells.

The impact of myeloid cells on metastasis. Some 
tumour cells acquire the ability to invade their sur-
rounding tissue, enter and survive in the circulation, 
extravasate into distant tissue and grow126. Myeloid 
cells may be involved at each step of the metastatic 
cascade. For example, mouse macrophages at primary 
tumour sites can promote tumour cell migration and 
entry into blood (FIG. 4a) via a paracrine EGF–M-CSF 
macrophage–tumour cell loop127. The presence of 
macro phages next to endothelial cells and tumour cells 
also predicts cancer metastatic behaviour in at least 
some subtypes of human breast cancer128. Additionally, 
TAMs can enhance tumour cell intravasation by pro-
ducing VEGFA, which increases vascular permea-
bility32. Once in the circulation, tumour cells can be 
scavenged by liver-resident macrophages through 
phagocytosis, which could help to reduce metas-
tases9,129 (FIG. 4b). However, macrophage-mediated 
phagocytosis of circulating cancer cells is limited by 
tumour cell upregulation of CD47, which binds to sig-
nal regulatory protein-α (SIRPα) on macrophages and 
functions as a ‘do not eat me’ signal130,131. Some mye-
loid cells at premetastatic sites also foster tumour cell 
seeding by promoting aberrant vascular formation132 
(FIG. 4c). Ly6Clo ‘patrolling’ monocytes, which largely 

remain in the circulation, may prevent lung metastasis 
by scavenging tumour-derived material in the tumour 
microvasculature and attracting anti-tumoural natural 
killer (NK) cells locally133. However, Ly6Chi ‘inflamma-
tory’ monocytes, which differentiate into tumour-  
promoting TAMs, enhance lung metastasis in a CCL2- 
and VEGFA-dependent manner104. These findings 
highlight the distinct functions and tropisms of subsets 
of monocytes, and their opposing roles in metastasis. 
Neutrophils can also support tumour cell intravasation 
and seeding. For example, neutrophil secretion of leu-
kotrienes, controlled by arachidonate 5-lipoxygenase 
(ALOX5), promotes mouse lung colonization by 
metastasis-initiating breast cancer cells134. Neutrophils 
also augment tumour cell intraluminal survival by 
suppressing NK cell antitumour activity and further 
facilitate tumour cell extravasation by secreting IL-1β 
and MMPs135. Neutrophils125 and macrophages136 fur-
ther regulate metastasis outgrowth; for example, by 
suppressing antitumour immunity, although the func-
tion of these cells may vary81,82 (FIG. 4d). The under-
lying mechanisms that govern anti- versus pro-tumour 
myeloid cell functions in the development of human 
metastases require investigation, but potentially have 
crucial implications for therapy.

Myeloid cells in cancer therapies
The relevance of myeloid cells to current cancer treat-
ments remains largely unexplored, particularly in 
the clinical setting, although virtually all therapeutic 
modalities, including surgery, chemotherapy, radio-
therapy, immunotherapy and targeted therapy, probably 
involve these cells. Notably, myeloid cells are required 
to clear killed tumour cells and orchestrate the healing 
response that follows treatment-induced cancer regres-
sion. Furthermore, emerging evidence indicates that 
myeloid cells and cancer treatments are linked at other, 
sometimes unexpected, levels and that these connec-
tions can strikingly influence treatment outcome, either 
positively or negatively (TABLE 1). Below, we discuss 
recent discoveries, obtained mostly from experimental 
studies, related to the interplay between myeloid cells 
and various cancer treatments.

Myeloid cells and cytotoxic therapies. Decades ago, 
radiotherapies and chemotherapies were developed to 
kill dividing tumour cells. These treatments remain the 
primary therapies for many cancer types even though 
their efficacy is often limited. Tumour microenviron-
ment analysis in experimental mouse models suggests 
that TAMs and other phagocytes can negatively influ-
ence the outcome of cytotoxic treatment. For exam-
ple, TAMs can promote drug resistance by producing 
cysteine cathepsins that protect tumour cells from 
being killed by the chemotherapeutic agent taxol137 
and by secreting the immunoregulatory cytokine IL-10, 
which impairs drug-induced CD103+ DC accumula-
tion in tumours and antitumour CD8+ T cell activity56. 
Consequently, suppressing TAMs can improve therapy: 
M-CSFR targeting enhances radiotherapies against 
mouse prostate138 and mammary 139 tumours and 

Box 1 | Myeloid cell production away from the tumour stroma

Some tumours produce soluble factors that act over extended distances in the body to 
actively induce myeloid cell production from haematopoietic stem and progenitor cells 
(HSPCs)123,124,187. Studies in mice have identified that granulocyte colony-stimulating 
factor (G-CSF) expands haematopoietic stem cells and myeloid progenitors in the bone 
marrow and leads to the amplification of tumour-associated macrophages (TAMs) and 
other myeloid cells123. In cancer patients, haematopoiesis is also typically enriched and 
skewed towards myelopoiesis226. Elevated levels of circulating granulocyte–
macrophage progenitors (GMPs) are found across different tumour types and high 
blood levels of GMPs correlate with poor survival226. The cellular fate and tissue 
destination of expanded progenitors cannot be easily addressed in patients; however, 
adoptive cell transfer studies in mice have shown that bone marrow-derived GMPs 
produce TAMs51,67 and tumour-infiltrating dendritic cells (DCs)51 in mouse models of 
lung and breast cancer. The bone marrow is the main site of haematopoiesis in the 
adult227, but extramedullary tissues such as the spleen also contribute TAMs in a genetic 
mouse model of lung adenocarcinoma driven by KrasG12D and loss of Trp53 (KP mice)67. 
The spleen is a monocyte reservoir in mice228 and humans67,229, and mouse splenic 
monocytes can be mobilized to distant injured tissues228,230 and tumours67,187, where they 
differentiate into macrophages. Some cancer patients and tumour-bearing mice also 
amplify splenic HSPCs that can produce monocytes231. These findings support the 
existence of monocyte production both inside and outside the bone marrow in humans, 
although whether extramedullary tissues contribute a substantial number of TAMs 
(and/or other myeloid cells) in human cancer is unknown. Also, the bone marrow 
contains dynamic microenvironments that produce monocytes in both the steady state 
and inflammation, and spleen-derived macrophages are predominantly products of 
inflammation; yet, whether these niches generate functionally different cells requires 
study. Interestingly, the peptide hormone angiotensin II, which is overexpressed in KP 
tumour-bearing mice, specifically augments extramedullary TAM progenitors187, 
suggesting that different molecular pathways regulate TAM production from medullary 
and extramedullary tissue. Medullary and extramedullary tissues can also contribute 
tumour-promoting neutrophils in mouse models of metastatic breast cancer135. 
Combined, these studies support the notion of cancer as a systemic disease: tumours 
control and are controlled by processes that occur both within and outside the local 
tumour microenvironment. Investigations that further probe long-range mechanisms of 
myeloid cell-mediated tumour control should reveal additional tumour–host 
communication pathways that could serve as new clinical targets.

REV IEWS

NATURE REVIEWS | CANCER  VOLUME 16 | JULY 2016 | 453



�135

Tumour cell
extravasation
from primary
tumour

Tumour cell
survival in
circulation

Tumour cell
intravasation
and seeding

Metastatic
tumour cell
growth

TAM
• VEGFA
• EGF
• M-CSF

DC
• IL-12
• STING
• IFNs

Neutrophil
• NK cell suppression
• MMPs

Kupffer cell
Phagocytosis

Hepatic sinusoid

Tumour vessel

Ly6Clo monocyte
• NK cell attraction
• Tumour cell scavenging

Ly6Chi monocyte and TAM
• CCL2
• VEGFA

• MMPs
• Cysteine cathepsins

Ly6Chi monocyte, TAM, 
monocyte, neutrophil 
and mast cell
• VEGFA
• EGF
• ANGPT2
• IL-10
• TGFβ

• PDL1
• MMPs
• Cysteine
 cathepsins
• Others

Deleterious
myeloid cell

Protective
myeloid cell

• IL-1β
• ALOX5

M-CSF blockade ameliorates paclitaxel treatment effi-
cacy against mammary tumours in mice140, indicating 
that these TAMs promote cancer. Neutrophils and/or 
MDSCs also seem to limit the efficacy of radiotherapy 
as depletion of Ly6G+ cells can improve the outcome of 
irradiated mice bearing colon carcinoma141.

The interplay between cytotoxic therapies and mye-
loid cells goes both ways: myeloid cells can regulate 
treatment efficacy but cytotoxic therapies can also con-
trol myeloid cells. For example, some chemotherapeutic  
agents may reduce the numbers of myeloid cells by 
eliminating them directly or by limiting bone marrow- 
derived myeloid progenitors. Accordingly, trabectedin142, 
doxorubicin143 and 5-fluorouracil144 can control tumour 
growth not only by killing cancer cells but also by reduc-
ing the number of TAMs and other tumour-promoting 
phagocytes. For example, trabectedin selectively induces 
caspase-8-dependent apoptosis in monocytes and TAMs, 
which is probably due to a unique expression pattern of 
TNF-related apoptosis-inducing ligand (TRAIL) recep-
tors in these cells142. Instead, some chemotherapeutic 
agents may amplify myeloid cells. For example, paclitaxel 
increases TAM accumulation in mammary tumours in 
mice by stimulating M-CSF production by mammary 
epithelial cells140. This process is relevant to treatment 
because M-CSF blockade in combination with paclitaxel 
improves survival. Also, we have limited knowledge of 
the impact of drug treatment on the dynamics between 
TAMs and their progenitors but it is possible that reacti-
vated haematopoiesis after drug clearance145 transiently 
accelerates TAM production in myeloablated hosts.

Although these findings suggest that suppressing 
TAMs can improve cytotoxic chemotherapies, complete 
TAM elimination may be undesirable in some contexts. 
For example, local irradiation of tumours with low-
dose ionizing radiation in a transgenic mouse model 
of pancreatic cancer stimulates iNOS+ TAM accumu-
lation; these cells may help to normalize the tumour 
vasculature and promote T cell influx into otherwise 
non-T cell-infiltrated tumours, thereby improving 
tumour control and mouse survival146. Furthermore, 
platinum-based oxali platin treatment against various 
mouse cancer models triggers TAMs and neutrophils to 
produce ROS147, which mediate DNA damage and apop-
tosis. Oxaliplatin therapy response in a transplantable 
model of colon carcinoma requires both Toll-like recep-
tor 4 (TLR4), which is expressed by myeloid cells, and an 
intact microbiota, suggesting the importance of myeloid 
cell–microbiota interactions in regulating drug effects147. 
Additionally, TAMs may be useful drug depots because 
they can accumulate large quantities of nanoparticles 
containing cytotoxic compounds and then release their 
payload to neighbouring tumour cells148. These TAMs 
are beneficial to the host because TAM depletion reduces 
treatment efficacy148.

Tumour-infiltrating DCs are typically thought to 
improve cytotoxic therapies. For example, oxaliplatin 
and several anthracyclines can kill tumour cells through 
a process called immunogenic cell death, which involves 
ATP and HMGB1 release as well as calreticulin surface 
expression by dying tumour cells149. These effector 

Figure 4 | Myeloid cell regulation of metastasis. To metastasize, tumour cells need 
to enter the bloodstream, survive in the circulation, extravasate and proliferate in 
distant tissues. Myeloid cells can both promote and limit these different steps. Some 
tumour-associated macrophages (TAMs) in primary tumours can increase vascular 
permeability and promote tumour cell migration and intravasation. Liver-resident 
macrophages (Kupffer cells) or other cells that filter blood, such as some macrophages 
in the spleen, may sample and reduce the number of circulating tumour cells. 
However, CD47 expression on tumour cells could at least in part explain the 
persistence of some tumour cells in circulation by acting as a ‘do not eat me’ signal to 
macrophages. Tumour cells exiting the bloodstream may interact with various 
myeloid cells. Lymphocyte antigen 6 complex, locus C (Ly6C)lo monocytes may 
prevent metastasis by scavenging tumour-derived material and reducing tumour cell 
extravasation; Ly6Clo monocytes may not kill tumour cells directly but instead attract 
natural killer (NK) cells to accomplish this task. Ly6Chi monocytes and TAMs may 
instead favour metastasis by inducing the production of chemokines and growth 
factors. Neutrophils can also support metastasis initiation by suppressing antitumour 
NK cell activity and enhancing tumour cell extravasation and migration. Myeloid cells 
at metastatic sites can both promote and inhibit growth and persistence of metastatic 
cancer cells; similarly to their functions at primary tumour sites (FIG. 2). Cells in red 
and blue depict deleterious and protective myeloid cells, respectively. Specific factors 
or activities associated with defined myeloid cells are also listed. ALOX5, 
arachidonate 5-lipoxygenase; ANGPT2, angiopoietin 2; CCL2, chemokine (C-C motif) 
ligand 2; DC, dendritic cell; EGF, epidermal growth factor; IL, interleukin; IFNs, 
interferons; M-CSF, macrophage colony-stimulating factor; MMPs, matrix 
metalloproteinases; PDL1, programmed cell death 1 ligand 1; STING, stimulator of 
interferon genes; TGFβ, transforming growth factor-β; VEGFA, vascular endothelial 
growth factor A.
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Fcγ-receptor
(FcγR). A surface-bound 
protein receptor expressed 
by phagocytes and other cell 
types, which binds to the 
constant heavy chain (Fc) 
region of an antibody and 
mediates cell clearance 
mechanisms. FcγRs, for which 
four different classes are 
known (FcγRI, FcγRII, FcγRIII 
and FcγRIV), bind to the Fc 
region of immunoglobulin G 
antibodies.

molecules modulate DCs: ATP release results in DC 
recruitment into the tumour bed150, calreticulin stimu-
lates tumour antigen engulfment by DCs151 and HMGB1 
enhances the capacity for antigen presentation by DCs 
to T cells152. In mouse models, anthracyclines stimulate 
tumour infiltration by CD11b+ CD11c+ Ly6Chi DC-like 
cells that are necessary for treatment efficacy153. Because 
these antitumour cells do not require Batf3 (REF. 153), 
they instead may derive from inflammatory mono-
cytes121. Similarly, chemotherapies can increase HMGB1 
levels in mouse lung tumours and induce tumour infil-
tration of DC-like myeloid subsets154. Radiotherapies 
can also trigger tumour infiltration by DC-like cells that 
foster antitumour T cell immunity155–157.

Myeloid cells and monoclonal antibody-based immuno-
therapies. Harnessing the immune system can durably 
control cancer in some patients while limiting side 
effects1. In the years to come, immunotherapy will prob-
ably become the backbone of cancer treatment, as either 
monotherapy or as part of combination therapies. Many 
immunotherapy approaches involve immunoglobulin G 
(IgG) monoclonal antibodies (mAbs) that can either tar-
get cancer cells (for example, rituximab targets CD20+ 
non-Hodgkin lymphoma cells), stimulate antitumour 

T cell immunity (for example, nivolumab and pembroli-
zumab antagonize the T cell immune-checkpoint recep-
tor programmed cell death protein 1 (PD1; also known 
as PDCD1)) or inhibit angiogenesis (for example, bev-
acizumab targets VEGFA)158. Some of these therapeutic 
mAbs may directly control tumours by inducing apop-
tosis or inhibiting cell proliferation, but others depend 
on additional host components, such as complement 
cascade proteins and Fcγ-receptor (FcγR)-positive cells158. 
Indeed, IgG mAbs contain a variable Fab domain that 
confers binding specificity but also a constant Fc domain 
that bridges antibody-coated targets with FcγR+ cells, 
which include macrophages and DCs158,159.

FcγRs can be either activating or inhibitory. Cross-
linking activating receptors (namely, FcγRI, FcγRIIA, 
FcγRIIC and FcγRIIIA in humans and FcγRI, FcγRIII 
and FcγRIV in mice) on the phagocyte surface can trig-
ger cytotoxic or phagocytic elimination of mAb-coated 
target cells. This process probably contributes to the 
in vivo activities of many therapeutic mAbs158,159. For 
example, rituximab depletes non-Hodgkin lymphoma 
cells via FcγR-mediated monocyte and macrophage 
cytotoxicity158,160. Similar mechanisms occur with the 
mAbs trastuzumab (anti-ERBB2) and daratumumab 
(anti-CD38), which are used against ERBB2+ breast 

Table 1 | Protective and deleterious contributions of TAMs and DCs to anticancer therapies

Protective myeloid cell contributions Deleterious (but therapeutically targetable) myeloid 
cell contributions

Chemotherapy • Chemotherapy promotes antitumour DC recruitment to 
tumours150

• Chemotherapy-induced differentiation or infiltration 
o anti n p ntin c ll tim lat antit mo c ll
immunity153,154

• Macrophages can be drug depots for nanotherapeutics148

• TAM suppression by IL-10R blockade improves 
chemotherapy56

• TAM suppression by CCR2 or M-CSFR blockade improves 
chemotherapy140,184

• Inhibition of TAM-derived cysteine cathepsins improves 
chemotherapy137

Radiotherapy • Ionizing radiation induces antitumour adaptive immunity via 
an t p p n nt i nallin in 156

• Local low-dose ionizing radiation instigates macrophage 
differentiation into iNOS+ M1-like cells that support 
antit mo c ll imm nit 146

• TAM suppression by M-CSFR blockade improves 
radiotherapy138,139

• Irradiation-induced intratumoural SDF1α recruits 
cancer-promoting TAMs232

mAb-based 
immunotherapy

• CD20 mAb-mediated removal of tumour cells depends on Fc 
receptors expressed by phagocytes160,161,233

• CD40 mAb-mediated control of pancreatic tumours involves 
activation of tumoricidal macrophages195

• Successful CTLA4 mAb therapy involves phagocyte-mediated 
Treg cell depletion

164,165,234

• TAM reprogramming by M-CSFR inhibition improves 
immune checkpoint blockade therapy169

• PDL1 blockade on monocytes augments antitumour 
immunity37

• Depletion of extratumoural macrophages enhances CD40 
mAb therapy235

Adoptive cell 
immunotherapy

• cc l a opti c ll t ap i + DCs51
• DC adoptive transfer instigates tumour infiltration by 

c ll an n iti t mo to anti an anti
therapies54

TAM suppression by M-CSFR blockade improves adoptive cell 
therapy236,242

Small-molecule 
based therapy

• JAK2–STAT3 targeting causes DC activation and 
differentiation178

• Histidine-rich glycoprotein-polarized TAMs promote 
antitumour immunity and vessel normalization237

• KIT inhibition stimulates antitumour NK cell activation via 
DCs238

• MEK and BRAF inhibitors revert BRAF-mutated 
melanoma-induced DC suppression176,177

• o t omi tim lat to in c antit mo c ll
immunity239

• Inhibition of TNF production by macrophages improves 
therapies that target the MAPK pathway171

• Inhibition of VEGFA production by macrophages improves 
BRAF inhibitor treatment172

• TAM suppression by M-CSFR blockade improves BRAF 
inhibitor therapy by increasing antitumour immunity173

• M-CSFR blockade controls TAM recruitment and improves 
antiangiogenic therapy240

• TAM depletion improves tyrosine protein kinase inhibitor 
therapy241

CCR2, chemokine (C-C motif) receptor 2; CTLA4, cytotoxic T lymphocyte-associated antigen 4; DC, dendritic cell; IFN, interferon; IL, interleukin; iNOS, nitric oxide 
nt a in ci l an ina m monoclonal anti o mac op a colon tim latin acto c pto c ll nat al ill c ll

programmed cell death 1 ligand 1; SDF1α, stromal-derived factor 1α i nal t an c an acti ato o t an c iption tim lato o int on
genes; TAM, tumour-associated macrophage; TNF, tumour necrosis factor; Treg cell, regulatory T cell; VEGFA, vascular endothelial growth factor A.
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cancer161 and multiple myeloma162, respectively. In mice 
treated with antitumour mAbs, FcγR-mediated killing 
by Kupffer cells also eliminates circulating tumour cells 
that transit through the liver129.

Similarly, engaging activated FcγRs expressed by 
myeloid cells influences the activities of T cell immune 
checkpoint blockers. Ipilimumab (anti-cytotoxic 
T-lymphocyte-associated antigen 4 (CTLA4)), which 
amplifies antitumour T cell activity while restrict-
ing immunosuppressive Treg cells163, reduces Treg cell 
counts via FcγR-mediated phagocytosis164. Treatment-
induced tumour control and Treg cell depletion in 
mice both depend on FcγRIV, which is expressed by 
TAMs164. Also, patients with melanoma who respond 
to ipilimumab treatment have more FcγRIIIA+ CD16+ 
blood monocytes than non-responders165. The inhib-
itory receptor FcγRIIB, which is conserved in both 
humans and mice, also regulates mAb-based immuno-
therapies. Mice treated with agonistic CD40 mAbs 
require FcγRIIB crosslinking to stimulate myeloid 
cell maturation and activate CD8+ T cells. This pro-
cess controls cancer growth even in the absence of all 
activating FcγRs166.

Taken together, these studies identify myeloid cells 
and FcγRs as important executors of responses to 
various immunotherapies, but FcγR-mediated activa-
tion may also have deleterious effects. As an exam-
ple, endogenous IgGs can foster mouse squamous 
cell carcinoma progression by stimulating FcγRs on 
macrophages and mast cells89. Further investigation 
is needed to clarify how FcγR-mediated myeloid cell 
responses affect treatment outcomes and, by extension, 
how they can be harnessed for therapy. The results of 
FcγR engagement in a given microenvironment will 
probably be controlled by several variables, including 
the IgG Fc composition, the diversity of inhibitory and 
activating FcγRs engaged by IgGs, and the cell types 
expressing these FcγRs. Engineered mAbs that lack Fc 
domains, such as single-chain variable domain frag-
ments167, are considered for therapy in part because 
their reduced binding to FcγR+ cells improves pene-
tration into tumours; yet, how the absence of FcγR-
mediated myeloid cell activation affects treatment 
outcome in humans requires study.

Myeloid cells may also influence mAb-based immuno-
therapies independently of FcγRs. First, Fab domains of 
some therapeutic mAbs can bind to tumour-infiltrating  
DCs and TAMs. PDL1 mAbs, for example, may con-
trol cancer growth at least in part by acting on PDL1+ 
phagocytes37,168. Additionally, tumour-infiltrating DCs 
may be required for successful immunotherapies. In 
melanoma, active β-catenin signalling results in CD103+ 
DC and T cell exclusion from the tumour stroma, but 
bone marrow-derived DCs injected into these tumours 
instigate T cell recruitment and sensitize tumours to 
anti-PDL1 and anti-CTLA4 therapy54. Also, immuno-
genic chemotherapeutics can upregulate TLR4 on 
tumour-infiltrating CD103+ DC-like cells; TLR4+ cells 
promote tumour infiltration by CD8+ T cells, a process 
that sensitizes tumours to anti-CTLA4 or anti-PD1 
therapy154. In contrast to tumour-infiltrating DCs, 

TAMs may antagonize immune checkpoint thera-
pies. Indeed, inhibited M-CSFR signalling improves 
anti-CTLA4 and anti-PD1 therapy in mouse models 
of pancreatic cancer169. This indicates that agents that 
target myeloid cells and immune checkpoint block-
ers influence non-redundant mechanisms and can be 
more successful in combination. Manipulating TAM 
functions while boosting tumour-infiltrating DCs may 
further expand the proportion of patients who respond 
to current immunotherapies.

Myeloid cells and small-molecule based therapies. 
The development of small-molecule compounds that 
target cancers harbouring specific genetic alterations 
and/or molecular compositions has transformed cancer 
therapy. Genetic testing of somatic mutations is now a 
routine clinical procedure and an increasing number 
of molecularly targeted drugs are becoming available. 
These drugs can dramatically shrink tumours, but 
these effects are typically short-lasting. There is thus 
an urgent need to dissect the underlying tumour resist-
ance mechanisms and find new avenues to improve 
the efficacy of small-molecule therapeutics. Myeloid 
cells may be relevant in both cases. Notably, in both 
human and mouse gastrointestinal cancers the tyrosine- 
kinase inhibitor imatinib induces M2 macrophage- 
associated genes and suppresses inflammatory cytokine 
production in TAMs170, and genetically removing TNF 
in myeloid cells delays resistance to MAPK inhibi-
tors in a mouse model of BRAF-driven melanoma171. 
Consequently, blocking M-CSFR signalling improves 
the efficacy of BRAF inhibitors172 and extends sur-
vival in melanoma-bearing mice173. Blocking M-CSFR 
signalling similarly ameliorates antiangiogenic drug 
efficacy against mouse lung carcinomas174. Inhibition 
of the hepatocyte growth factor receptor MET, which 
is a molecular drug target for several cancers, includ-
ing that of the lung175, may also negatively influence 
neutrophil cytotoxicity and antitumour activities82. 
Interestingly, however, some targeted drugs may have 
positive effects on myeloid cells: MEK and BRAF inhib-
itors can revert BRAF-mutated melanoma-induced DC 
suppression in vitro176,177, and molecular targeting of the 
Janus kinase 2–signal transducer and activator of tran-
scription 3 (JAK2–STAT3) pathway can promote DC 
activation178. Additionally, long-term treatment with 
imatinib dramatically reduces the numbers of mast cells 
in patients with chronic myeloid leukaemia and in mice, 
although it is not clear if this is relevant to treatment 
outcome179. Future studies should reveal whether manip-
ulating myeloid cells or molecular pathways involving 
these cells enables targeted therapies to produce more 
durable responses in patients.

Targeting myeloid cells to limit cancer
The relevance of tumour-infiltrating myeloid cells in 
cancer progression and therapy has spurred interest  
in therapeutically targeting these cells. One strategy is to 
reduce numbers of myeloid cells such as TAMs, which 
may be achieved by targeting TAMs themselves or their 
precursors (FIG. 3). Because myeloid cells can contribute 
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both anti- and pro-tumoural activities, modulating their 
functions, rather than depleting the cells, is another 
attractive option.

Manipulating myeloid cell numbers. Different myeloid 
cell depletion strategies, including pharmacological 
and genetic approaches, have been used to successfully 
control tumour progression in various mouse models180. 
In mice, broad depleting strategies that target CD11b-, 
Gr1- or Ly6G-expressing myeloid cells, delay tumour 
progression in several, but not all, experimental set-
tings125,140,181. Rather than exclusively affecting myeloid 
cells at the tumour site, these strategies typically affect 
myeloid cell populations systemically; by extension, 
the observed antitumour effects could be driven at 
least partially by altered extratumoural myeloid cells. 
Because monocyte recruitment to tumours and TAM 
maintenance depend strongly on CCL2–CCR2 and 
M-CSF–M-CSFR signalling, these pathways are prom-
ising targets for depleting TAMs more selectively23,25. 
Different approaches using mAbs104,169,182, small- 
molecule inhibitors169,183,184 or nanoparticle-based gene 
expression silencing67,185 can limit TAM accumula-
tion and control disease progression in various mouse 
models of cancer. Drug regimen schedules, however, 
may profoundly affect clinical outcomes. Indeed, inter-
rupting CCL2 blockade treatment in mice can result in 
sudden monocyte release from the bone marrow, which 
increases metastasis formation and accelerates death145. 
Furthermore, targeting the M-CSF–M-CSFR pathway 
can have different outcomes: it controls tumours in some 
cancer models182,183,186, whereas others require combina-
tion with an additional treatment56,138–140. Accordingly, 
drugs that target the CCL2–CCR2 or M-CSF–M-CSFR 
pathway are being evaluated in patients both as mono-
therapies182 and in combination with anticancer agents25. 
In mice, tumour phagocyte replenishment can also be 
controlled by limiting tumour-induced myelopoiesis. 
For instance, targeting production of GM-CSF124 or 
angiotensin II187 reduces monocyte and neutrophil-like 
cells or TAMs, respectively, and suppresses tumour pro-
gression. G-CSF inhibition may also reduce bone mar-
row production123 and release188 of tumour-promoting 
myeloid precursors.

Current myeloid cell depletion strategies have limi-
tations: they can delay tumour progression but may be 
insufficient to eliminate or durably control cancer in mice 
on their own125,140,169,187. Also, myeloid cell ablation may 
have undesirable clinical side effects, such as increased 
risk of infections, that must be considered in translating 
these treatments for patient use.

Manipulating myeloid cell phenotypes. Strategies that 
modulate, rather than ablate, tumour-infiltrating phago-
cytes may not only harness their antitumour properties 
but also circumvent the drawbacks of phagocyte deple-
tion strategies. Interestingly, in some cases, M-CSFR 
targeting induces tumour regression without depleting 
TAMs186. The drug-induced antitumour mechanisms 
probably involve changing TAM phenotypes, including 
downregulation of M2 macrophage-associated genes. 

A model of pancreatic cancer showed similar results169, 
although M-CSFR blockade simultaneously reduced 
the TAM infiltrate. Besides M-CSF–M-CSFR target-
ing, other strategies may skew myeloid cell functions 
and exploit their antitumour potential. For instance, 
inhibiting the receptor tyrosine kinase MERTK trig-
gers a pro-inflammatory TAM phenotype, increases 
CD8+ T cell infiltration and improves tumour control 
in mice189,190. Several US Food and Drug Administration 
(FDA)-approved small-molecule compounds inhibit 
the MERTK pathway although they were not originally 
developed for this purpose190. Myeloid cell functions 
are also regulated at the epigenetic level; as an example, 
drugs that interfere with chromatin remodelling, such as 
bromodomain and extra-terminal motif proteins191,192, 
or histone deacetylase (HDAC) inhibitors193,194, can 
affect inflammatory macro phage phenotypes. Other 
approaches to the modulation of macrophage functions 
include local low-dose ionizing radiation146 and CD40 
targeting, which can trigger macrophages to kill tumour 
cells195. Whether these treatments repolarize individual 
TAMs or modulate the tumour microenvironment by 
reducing and expanding distinct TAM subtypes remains 
unclear, yet it seems that TAM ‘reprogramming’ without 
massive TAM depletion can effectively control cancer 
progression in at least some settings.

Strategies to amplify the ability of DCs to stimulate 
effective antitumour T cell responses have long been 
considered14. GM-CSF is typically used to amplify 
DCs in vitro and can promote antitumour immunity 
in vivo196. For example, an FDA-approved vaccine,  
sipuleucel-T, uses in vitro GM-CSF-expanded patient 
DCs primed with prostate antigens to stimulate anti-
tumour T  cells197. However, GM-CSF may have 
pleiotropic effects on myeloid cells: it can expand 
T cell-activating DCs but also bone marrow-derived 
TAM progenitors and other immunosuppressive mye-
loid cells124. Defining when GM-CSF benefits or harms 
the host requires study, although evidence indicates that 
the microenvironment in which GM-CSF is produced 
can dictate the function of this cytokine198.

Other approaches consist of modifying DCs to 
boost protective antitumour immunity and prevent 
tumour-induced exhaustion. Recent evidence indi-
cates that cytosolic DNA sensing by stimulator of inter-
feron genes (STING) induces type I IFN production 
and enables DCs to activate antitumour CD8+ T cell 
responses199. STING agonists can potently activate this 
pathway in mice200,201. Encapsulating STING agonists 
into nanoparticles further amplifies DC-mediated 
antitumour immunity202 and STINGVAX, a vaccine 
that uses GM-CSF-producing cells in combination with 
STING agonists, can regress mouse tumours that are 
otherwise poorly immunogenic203. The small-molecule 
compound DMXAA (also known as vadimezan), which 
was originally developed as a tumour-vascular disrupt-
ing agent, targets STING in mice204. Clinical trial results 
were disappointing but may be explained by the finding 
that human STING has an amino acid substitution that 
makes it insensitive to DMXAA204. New investigations 
involving human-specific STING agonists are under way. 
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Intriguingly, the absence of STING also improves 
tumour control and CD8+ T cell activity in a mouse 
model of lung cancer205.

Other strategies to activate DCs in tumours include 
upregulating the co-stimulatory molecules CD80, 
CD86 and CD40 (REF. 206), the T cell-stimulating 
cytokine IL-12 (REFS 56,207) or the immunostimulatory 
microRNA miR-155 (REF. 208); or suppressing the tran-
scription factor STAT3 (REF. 209), the stress response fac-
tor XBP1 (REF. 53) or the β-catenin pathway54. Implanting 
physical scaffolds that incorporate a combination of 
immunoregulatory components into tumour-bearing 
subjects could be useful to optimize tumour-infiltrating 
DC activation in situ210–212.

Perspectives
Although knowledge of phagocyte biology in cancer 
has exploded in recent years, we still have a limited 
understanding of how the various myeloid cell subtypes 
function in vivo during tumour progression and how 
drugs alter the activity of these cells. Functional imaging 
of intact microenvironments in mice213 should help to 
address these questions and could be achieved by com-
bining new mouse models and reporters, single-cell 

in vivo imaging technology and new computational 
analysis32,214–216. In vivo imaging is important because of 
its ability to define both temporally and spatially how 
different cells interact with their environment, respond 
to drugs and mediate immunosuppressive or tumori-
cidal actions213. Understanding these processes is crucial 
to defining how therapies fail or work within complex 
tissue environments.

Additionally, in the future we must uncover which 
myeloid cells are crucial to human disease, how cancer 
therapeutic agents modulate human myeloid cells and 
how these perturbations regulate treatment efficacy. We 
propose two major areas of emphasis to address these 
questions and obtain knowledge that can be harnessed 
to improve current treatment options (FIG. 5).

First, we need to decipher the complex repertoires 
of tumour-infiltrating myeloid cells in patients. Our 
increasing ability to analyse phagocyte content in 
tumours should help to uncover whether specific sig-
natures can be used to reveal diagnostic and prognos-
tic information, tailor treatments, monitor responses 
to therapy and/or predict drug resistance in individ-
ual patients. Human phagocyte studies remain lim-
ited by the scarcity of biopsy material, without which 
it is difficult to identify and manipulate tumour-  
infiltrating cell populations. However, techniques such 
as novel single-cell RNAseq approaches (for example, 
DropSeq)217,218, single-cell mass cytometry (CyTOF)219, 
protein mass spectrometry220 and high-throughput 
protein analysis from fine-needle aspirates221 permit the 
extraction of substantially more information from lim-
ited tissue samples, which should help to discriminate 
between tumour-promoting and tumour-suppressing 
cells and, in turn, improve patient stratification and 
survival prediction. Additionally, myeloid cells could 
be mapped noninvasively in patients. Given their natu-
rally high endocytosis activity, macrophages efficiently 
accumulate nanomaterials, which can then be detected 
by commonly used clinical imaging technologies, such 
as magnetic resonance imaging (MRI) and positron 
emission tomography (PET)222. Imaging of peripheral 
TAMs could also be used to delineate tumour mar-
gins noninvasively and serve as an aid for planning 
surgery223.

Second, we should learn whether clinical interven-
tions that manipulate myeloid cells have therapeutic 
benefit. Clinicians have already launched clinical 
trials with promising therapeutics that target TAMs 
or tumour-infiltrating DCs25,224. These investigations 
are relevant not only because we urgently need new 
treatment options against many cancers, but also 
because they consider crucial cellular components 
in the tumour microenvironment that often remain 
overlooked. Given that most cancer therapies affect 
myeloid cells, it is important to evaluate whether mye-
loid cell-targeting agents mitigate the limitations of 
other treatments. These studies should test different 
regimens, such as simultaneous versus sequential drug 
administration, because these variables can affect the 
outcome of combinatorial treatments225. Manipulating 
myeloid cell responses could have varied positive 

Figure 5 | Towards a more comprehensive understanding of human tumours and 
relevant therapeutic targets. Major areas of emphasis for research on myeloid cells in 

cancer include expanding our knowledge of the complex repertoires of these cells in 

cancer patients (top left panel) and uncovering whether interventions that affect these 

cells have therapeutic benefit (top right panel). Each box indicates possible approaches 

to address these issues, and their relevance. This knowledge, combined with information 

available from current patient readouts, should help clinicians to optimize precision 

medicine approaches (bottom blue panel). CCR2, chemokine (C-C motif) receptor 2; 

CyTOF, single-cell mass cytometry; DC, dendritic cell; IFNs, interferons; M-CSFR, 

macrophage colony-stimulating factor receptor; RNAseq, RNA sequencing; STING, 

stimulator of interferon genes; TAM, tumour-associated macrophage.
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Appendix 2 Supplementary Materials for Chapter 2 

A2.1 Supplementary Figures (Chapter 2)  
 
 
 

 
 
 
Figure S2.1. Lung adenocarcinoma development in KP mice. 
 
(A) In KP mice lung tumors are initiated through i.t. delivery of AdCre virus.  
(B) Representative H&E staining of lung lobe sections from KP tumor-bearing mice (+AdCre) post-

tumor induction. 
(C) Lung weight of KP lung tumor-bearing and tumor-free mice from OsteoSense experiment presented 

in Figure 2.1A-B (n = 5-6). 
 ***p<0.001; AdCre: Adenovirus-Cre. 
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Figure S2.2 Extended OsteoSense FMT analysis.  

(A) Experimental outline of OsteoSense injections into KP or LLC lung tumor-bearing or tumor-free 
mice and subsequent FMT readout.  

(B) Representative FMT images of OsteoSense signal in the femoral-tibial joint of LLC tumor-bearing 
mice and tumor-free control mice.  

(C) Representative ex vivo FMT OsteoSense signal in the rib cage of KP tumor-bearing (+AdCre) and 
tumor-free mice (–AdCre).  

(D) Representative ex vivo FMT images of long bones in mice with or without tumors (±AdCre) and 
injected or not with OsteoSense (±OsteoSense).  

(E) Ex vivo OsteoSense signal in bones (n = 24-25) in various compartments including femoral-tibial 
joint, elbow joint, ribs sternum, vertebrae and pelvic bone. OsteoSense-injected mice as in (A).  

 ****p<0.0001; AdCre: Adenovirus-Cre; FMT: Fluorescence-mediated tomography. 
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Figure S2.3 KP lung tumor cells do not detectably metastasize to the bone.  

(A) Representative images of lung tumor tissue (left), tumor-free lung tissue (middle) and femur from 
a KP lung tumor-bearing mouse (right).  

(B) Scoring of the presence of tumor cells in sections described in (A). 10 sections were scored per 
mouse (20x), n = 8 mice total per group.  

(C) Detection of recombined p53 1lox (only present in tumor cells) by PCR. Recombined p53 1lox 
band: 612bp; WT band: 288bp; background band: 400 bp. KP.19 tumor cells were titrated to 
determine the PCR’s detection sensitivity (1 cell approximately contains 6 pg of DNA).  

(D-E) P53 PCR from DNA isolated from whole bone marrow (D) or calvarial bone (E) of KP lung tumor-
bearing mice and compared to DNA isolated from KP1.9 tumor cells as in (C). 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Figure S2.4 Extended OsteoSense microscopy analysis. 

(A) Additional confocal microscopy images as presented in Figure 1C of OsteoSense (white) and 
vasculature signal (red, labeled with anti-Sca-1, anti-CD31 and anti-CD144 mAbs) in the sternum of 
KP1.9 lung tumor-bearing or tumor-free mice. 

(B) Ex vivo confocal microscopy of the femur from KP tumor-bearing or tumor-free mice showing 
OsteoSense signal (white). 
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Figure S2.5 Extended µCT analysis.  

Lung tumor burden and bone parameters (µCT analysis of femurs) were measured in mice bearing KP1.9 
lung tumors.   
(A) Lung weight of mice analyzed for µCT, Goldner Trichrome (Figure 2.2A), Von Kossa staining 

(Figure 2.2D).  
(B) Diagram of the trabecular and cortical bone areas that were scanned using µCT in Figure 2.1D and 

Figure S2.5C-I.  
(C) Representative images of µCT scans of trabecular bone. Scale bar 1mm. 
(D) Bone mineral density (BMD).  
(E) Trabecular number (Tb.N). 
(F) Trabecular thickness (Tb.Th).  
(G) Trabecular separation (Tb.Sp).  
(H) Representative images of µCT scans of cortical bone from tumor-free and KP1.9 lung tumor-

bearing mice. 
(I) Combination of all parameters investigated in the femurs using µCT and presented in panels A to H. 

*p<0.05, **p<0.01, ***p<0.001. 
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Figure S2.6 Extended bone histomorphometry analysis.  

Cellular composition of trabecular bone was evaluated in KP1.9 lung tumor-bearing and tumor-free mice 
(see also Figure 2.2A).  
(A) Osteoid surface/bone surface. 
(B) Osteoclasts/bone surface. 
(C) Eroded surface/bone surface.  

**p<0.01, n.s. not significant. 
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Figure S2.7 In vivo bone histomorphometry.  

(A) Mineral apposition rate calculated on femur sections of mice (n = 3-4) based on calcein and 
demeclocycline labeling.  

(B) Bone formation rate per bone surface for mice as in (A). 
 *p<0.05. 
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Figure S2.8 Reduction of Ocn+ cells in OcnCre;Dtr/Yfp mice following diphtheria toxin (DT) treatment.  

(A) Experimental outline for DT-mediated Ocn+ cell depletion in mice with or without cancer.  
(B) Delta body weight of mice treated as in (A) (n = 4-9).  
(C) Bone marrow cells from DT-treated OcnCre;Dtr and OcnCre;Yfp/Yfp mice were stained by flow cytometry 

to identify YFP+ Ocn+ cells. Representative dot plots are shown (pre-gated on 7AAD– CD45– CD31– 

cells).  
(D) Representative Ocn IHC staining (brown) on bone sections of control and OcnCre;Dtr/Yfp mice. 
(E) Representative ex vivo confocal microscopy images identify Ocn+ cells (green) in bone tissue 

(femur) of OcnCre;Dtr/Yfp mice treated or not with DT and in DT-treated control mice. Bone is 
visualized by OsteoSense  (white) and vasculature (red; stained in vivo with anti-CD31, anti-Sca1 
and anti-CD144 mAbs). 

(F) H&E staining of decalcified paraffin-embedded femur sections of DT-treated control and OcnCre;Dtr/

Yfp mice with magnification of Ocn+ cells. 
 n.s. not significant. 
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Figure S2.9 Diphtheria toxin (DT) control experiments in bone marrow of DT-treated Cd169Dtr mice.  

(A) Lung weight as proxy of tumor burden in Cd169Dtr mice or control mice (n = 9).  
(B) Flow cytometry-based evaluation of bone marrow macrophage cell numbers per femur after DT-

treatment in the same mice as in (A) (n = 4).  
(C) Flow cytometry-based evaluation of bone marrow neutrophil cell numbers per femur after DT-

treatment in the same mice as in (A) (n = 4). 
 ***p<0.001; n.s. not significant. 
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Figure S2.10 KP tumor-infiltrating lymphocyte counts in DT-treated control and OcnCre;Dtr mice.  

Lymphocyte populations including T cells (CD3+, CD3+CD4+, CD3+CD8+), B cells (B220+CD19+) and NK 
cells (CD49b+NK1.1+) were quantified ex vivo by flow cytometry. Results are shown relative to control 
mice (n = 13-19). *p<0.05; n.s. not significant. 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Figure S2.11 NK cell depletion does not restore tumor burden in osteoblast-reduced lung tumor-
bearing mice.  

(A)  Experimental layout of Ab-based NK1.1 cell depletion in KP1.9 tumor-bearing mice with either 
normal or reduced osteoblasts.  

(B) Flow cytometry-based verification of NK cell depletion in lung tumor tissue of OcnCre;Dtr mice treated 
as in (A). Representative dot plots are shown. 

(C) Quantification of CD49b+Nkp46+ cells per mg lung tissue of mice treated as in (A) (n = 7-9).  
(D) Lung weight as a proxy for tumor burden in mice treated as in (A) (n = 7-9).  
 *p<0.05, **p<0.01, ****p<0.0001, n.s. not significant; DT: diphtheria toxin.  
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Figure S2.12 Controls for DT- and Cre-DTR-mediated effects on hematopoietic cells. 

(A-B) Percentage (A) and cell number per femur (B) of granulocytes, quantified by flow cytometry in 
bone marrow of wild-type (WT) mice treated or not with DT, treated as in Figure S2.8A (n = 4).  

(C) Splenocytes from WT or OcnCre;Dtr mice were incubated in vitro with increasing doses of DT. 
Percentage of CD11b+ cells among CD45+ cells was calculated by flow cytometry after 20 h of 
treatment. Results are normalized to untreated cells from each genotype. 

(D)  Percentage of dead 7AAD+ CD11b+ cells was calculated by flow cytometry as in (C).   
(E-F)  Positive control experiments to verify DT’s ability to kill diphtheria toxin receptor (DTR)+ cells in 

vitro. Splenocytes from WT or Cd11cDtr mice were treated with DT and the percentage of CD11c+ 
(DTR+) cells (E) and CD3+ (DTR–) cells (F) were calculated by flow cytometry as in (C).  

 n.s. not significant;  DT: diphtheria toxin. 

�155



 
Figure S2.13 Controls for neutrophil depletion. 

(A) Representative contour plots of flow cytomety-based evaluation of neutrophils in isolated lung 
tumor nodules from KP mice. Neutrophils were defined as live CD45+ CD11b+ Ly-6G+ CD11c– Ly-6C
+ cells. 

(B) The percent of neutrophils defined as in (A) was investigated in lung tumor nodules (left) and blood 
(right) of KP mice treated with anti-Gr-1 or isotype control mAbs, respectively (6 tumor nodules; n = 
3-5 mice/group). 

 **p<0.01, ****p<0.0001 
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Figure S2.14 SiglecFhigh granulocytes (CD11b+ Ly-6G+) in lung tumors expand during tumor 
progression. 

(A) Ratio between lung SiglecFhigh and SiglecFlow granulocytes (measured by flow cytometry) plotted 
against lung weight (proxy of tumor burden) of KP1.9 lung tumor-bearing mice (n = 17).  

(B) Representative dot plots showing SiglecF vs Ly-6G expression in tumor-free lungs (left), lungs with 
low KP tumor burden (middle) and lungs with high KP tumor burden (right).  
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Figure S2.15 Phenotyping of SiglecFhigh granulocytes in the tumor microenvironment by flow 
cytometry reveals a neutrophil-like phenotype.  

Representative flow cytometry histograms showing forward and side scatter profiles, as well as 
expression of five cell surface myeloid-associated markers, for: Ly-6G+ SiglecFhigh cells in KP tumor-
bearing mice, Ly-6G+ SiglecFlow cells in KP tumor-bearing mice (neutrophil-like), Ly-6G+ SiglecFlow cells in 
tumor-free mice (neutrophil-like), Ly-6G– Ly-6C+ cells in KP tumor-bearing mice (monocyte-like), CD11blow 

Ly-6G– SiglecFhigh CD11c+ cells in KP tumor-bearing mice (alveolar macrophages), Ly-6G– SiglecFhigh cells 
in KP tumor-bearing mice (eosinophil-like), and remaining Ly-6G– Ly-6Clow SiglecFlow CD11b+ cells 
(including macrophages/dendritic cells). Grey histograms indicate unstained or fluorescence-minus-one 
(FMO) control samples. According to this analysis, Ly-6G+ SiglecFhigh cells closely resemble the neutrophil 
populations found in both healthy and tumor tissue and are distinct from other SiglecF+ cells in the tumor 
microenvironment, including alveolar macrophages and eosinophils.  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Figure S2.16 SiglecF+ cells in tumor-free areas resemble alveolar macrophages. 

(A) IHC based anti-SiglecF mAb validation on murine spleen sections (positive cells are highlighted 
with white arrowheads). 

(B) Ly-6G+ cells (red arrowheads) in KP lung tumor tissue. Tumor area is highlighted with a dotted 
purple line. 

(C) SiglecF IHC staining in lung tumor-free tissue of KP1.9 tumor-bearing mice shows cells with 
macrophage like phenotype (green arrowheads). Tumor area is highlighted with a dotted purple 
line. 

(D) Ly-6G+ cells (red arrowheads) and Ly-6G– cells, the latter with macrophage-like morphology, (green 
arrowheads) in tumor-adjacent lung tissue.  

(E) Representative H&E stained cytospins of Ly-6G+ SiglecFhigh cells (top) and alveolar macrophages 
(bottom). See also Figure 2.4A. 
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Figure S2.17 CD45.1 myeloid and lymphocyte progeny in osteoblast sufficient and reduced mice.  

Fate mapping experiment to evaluate CD45.1+ Lin– cKit+ hematopoietic precursor’s ability to produce 
myeloid and lymphocyte progeny in lung tumors of CD45.2+ OcnCre;Dtr or CD45.2+ control mice (see also 
Figure 2.4E). 
(A) Percent of CD11b+ Ly-6G– cells in lung tumor tissue of OcnCre;Dtr vs control mice. Data are relative to 

those observed in host control mice. 
(B) Percent of B220+ cells in lung tumor tissue of OcnCre;Dtr vs control mice, as shown in (A). 
 n.s. not significant.  
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Figure S2.18 Phenotyping of SiglecFhigh cells in the tumor microenvironment by single cell 
RNAseq analysis. 

(A) SiglecF+ gene signature score based on single cell analysis of granulocytes from KP1.9 lung 
tumors or healthy controls. Hematopoietic cells were FACS sorted and 6,020 cells were defined as 
granulocytes.  

(B) Volcano plot showing significantly differential gene expression between T-SiglecFhigh and H-
SiglecFlow cells.  

(C) Volcano plot highlighting significantly differential gene expression between T-SiglecFlow and H-
SiglecFlow cells. 

(D) Heat-maps showing relative gene expression of levels of transcription factors (left) and cytokine or 
cytokine receptors (right) in T-SiglecFhigh, T-SiglecFlow and H-SiglecFlow cells. 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Figure S2.19 Gene set enrichment analysis of T-SiglecFhigh cells. 

(A-B) Positively (A) and negatively (B) enriched gene sets in T-SiglecFhigh vs T-SiglecFlow cells (left). 
Enrichment plots of selected gene sets (right).  
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A2.2 Supplementary Tables (Chapter 2) 

Table S2.1 Information of KRAS positive NSCLC patients and control patients.  

Control patients had undergone non-contrast chest CT using the same imaging protocols as the KRAS+ 
NSCLC patient group. Both groups were identified and 1:1 matched for sex, age and BMI within ±2 years 
and ±2 kg/m2, respectively. Control patients with either active malignancy, chronic illness or medication 
use that is known to affect bone metabolism were excluded. NSCLC: non-small cell lung cancer; BMI: 
Body Mass Index. 
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Table S2.2  

SiglecF correlated and anticorrelated genes used for murine neutrophil gene signature. 
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SiglecF correlated genes (top 50)

Gene name

 r 
(Spearman 
correlation 
coefficient)

p value

Siglecf 1.00 0.00E+00
Clec4n 0.51 0.00E+00
Hexb 0.48 0.00E+00
Ltc4s 0.46 1.56E-307
mt-Nd1 0.42 1.10E-254
Scimp 0.42 7.83E-253
mt-Nd2 0.41 2.83E-246
B4galt1 0.41 2.43E-237
mt-Nd3 0.40 2.95E-234
Ppia 0.40 3.19E-226
Cdkn1a 0.40 6.52E-225
Bhlhe40 0.39 2.13E-217
mt-Atp6 0.39 2.44E-217
Xbp1 0.37 1.09E-198
AA467197 0.37 2.58E-196
mt-Cytb 0.37 3.30E-195
Ptma 0.36 1.38E-186
Id2 0.36 3.47E-179
Rgs10 0.35 4.09E-177
mt-Nd4 0.35 2.38E-176
Gm11410 0.33 2.66E-156
Rps28 0.33 1.99E-154
Itgax 0.33 1.01E-148
Gpr171 0.32 4.10E-147
Entpd3 0.32 4.16E-147
mt-Co3 0.32 3.71E-146
Mrpl52 0.32 1.62E-139
Bcl2a1b 0.32 4.00E-139
Ms4a6d 0.31 3.08E-134
mt-Nd5 0.31 8.01E-134
mt-Co2 0.31 3.24E-133
Id1 0.31 8.96E-132
Ffar2 0.30 2.56E-125
Atp6v0c 0.30 8.52E-124
Cish 0.30 8.54E-122
Rps18 0.29 1.53E-119
Pald1 0.29 2.16E-118
Runx1 0.29 3.56E-118
RP23-27H19.7 0.29 3.04E-117
Rps29 0.29 3.66E-117
Adgre1 0.29 1.80E-114
Rps17 0.29 6.84E-114
Clec5a 0.29 4.45E-113
Ubash3b 0.29 5.10E-113
Ier3 0.28 9.36E-113
Ski 0.28 5.58E-109
Fam105a 0.28 3.92E-108
Car4 0.28 8.33E-108
Krtcap2 0.28 2.87E-107
Bcl2a1d 0.28 5.45E-106

SiglecF anticorrelated genes (top 50)

Gene name

 r 
(Spearman 
correlation 
coefficient)

p 
value

S100a6 -0.40 1.68E-224
Tmsb4x -0.37 5.83E-191
S100a11 -0.36 1.18E-188
Retnlg -0.35 2.96E-173
Slpi -0.35 7.96E-169
Dusp1 -0.34 3.21E-166
Ccl6 -0.33 2.26E-149
Sell -0.32 2.51E-141
H2-D1 -0.30 8.87E-124
Actg1 -0.29 5.15E-115
Msrb1 -0.28 6.07E-111
Fos -0.27 2.55E-104
Mmp8 -0.27 3.35E-104
S100a9 -0.27 1.12E-103
Taldo1 -0.26 1.76E-91
Hdc -0.25 3.07E-87
Grina -0.24 1.00E-81
Slc16a3 -0.24 6.82E-81
Pglyrp1 -0.24 1.04E-80
Adam8 -0.24 2.58E-80
Slc2a3 -0.23 7.52E-73
S100a8 -0.23 5.48E-72
Clec4d -0.22 1.65E-68
Lyz2 -0.22 1.90E-66
Anxa2 -0.22 9.11E-66
Lyz1 -0.21 4.68E-63
Osm -0.21 8.86E-63
Mxd1 -0.21 9.41E-62
Retnlb -0.21 2.50E-60
Lsp1 -0.20 6.07E-57
Gda -0.20 9.97E-55
Csf3r -0.20 3.99E-53
Alox5ap -0.20 9.97E-53
Lcn2 -0.19 2.30E-49
Txn1 -0.19 7.44E-48
Mmp9 -0.18 2.06E-47
Zfp36 -0.18 1.28E-44
Tpm4 -0.18 2.09E-44
Hp -0.18 4.64E-44
Samhd1 -0.17 1.48E-41
C5ar1 -0.17 1.87E-41
Selplg -0.17 1.73E-40
Txn-ps1 -0.17 3.01E-40
Mcemp1 -0.17 4.86E-40
Cd300lb -0.16 2.60E-37
Rassf3 -0.16 1.02E-36
Emb -0.16 1.41E-36
Tgfbi -0.16 8.09E-36
Cxcr2 -0.16 1.21E-35

AB124611 -0.16 4.13E-35



Table S2.3  

Differentially expressed genes between T-SiglecFhigh and T-SiglecFlow cells (top/bottom 100 genes). 
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Differentially expressed genes in T-SiglecFhigh vs T-SiglecFlow cells
Downregulated Downregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
S100a11 -2.067 Stx11 -2.474
Camk1d -2.068 Wfdc17 -2.477
Zfp516 -2.076 Sergef -2.479
Dck -2.094 Tbc1d10c -2.480
Itgal -2.094 Asprv1 -2.481

Tacstd2 -2.100 Zfp426 -2.484
Lilra6 -2.103 Lcn2 -2.488
Gm5150 -2.110 Gpr141 -2.494
Abtb1 -2.120 S100a6 -2.516
Tnfsf14 -2.129 Fam129a -2.524
Pira2 -2.140 Prr5l -2.532
Klf3 -2.143 Trpm2 -2.573
Prkar2b -2.147 Gm12854 -2.601
Gm11951 -2.152 Slc40a1 -2.632

Ifi27l2a -2.155 Mrgpra2b -2.634
Slc16a3 -2.159 Mrgpra2a -2.666
Coq10b -2.162 Dhrs9 -2.672
Rtp4 -2.189 Retnla -2.678
Kif21b -2.192 6430548M08Rik -2.728
Chrm3 -2.203 Wfdc21 -2.747
Kcnj2 -2.209 Mgst1 -2.785
Trim30b -2.216 Pglyrp1 -2.787

Sepp1 -2.239 Lrrk2 -2.805
Gm15448 -2.241 Slc2a6 -2.818
St8sia4 -2.243 Plk2 -2.827
Gm9733 -2.243 Stfa2 -2.835
Sgms2 -2.245 Slc2a3 -2.869
Fosb -2.251 Ddx60 -2.962
Gm14608 -2.253 Mid1ip1 -3.064
Gm14548 -2.262 Stfa2l1 -3.079

Mcemp1 -2.265 9830107B12Rik -3.104
Gpcpd1 -2.268 Xdh -3.125
AB124611 -2.294 Gm7665 -3.176
Sfxn5 -2.294 A530064D06Rik -3.260
Chil1 -2.296 Slpi -3.306
Ifitm3 -2.304 Retnlb -3.332
Gpr65 -2.310 Rnf144a -3.383
Ndrg1 -2.320 Carns1 -3.428
Snai1 -2.326 AC109138.1 -3.428

Slc44a1 -2.331 Rdh12 -3.433
Arhgap15 -2.333 Sell -3.695
Gm7676 -2.349 Padi4 -3.703
Tmem71 -2.349 Ifitm6 -3.910
Fam65b -2.352 Scnn1a -3.959
Ifitm1 -2.375 Mmp8 -3.985
Steap4 -2.387 Bmx -4.028
Fyb -2.413 Retnlg -4.082

Vnn3 -2.432 Rgs18 -4.154
Adam8 -2.443 Ly6g -4.277
Klf2 -2.458 Scrg1 -4.379

Differentially expressed genes in T-SiglecFhigh vs T-SiglecFlow cells
Upregulated Upregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
Spp1 8.869 Rcc2 4.384
Ltc4s 7.253 Prss2 4.329
Gpr171 7.078 Psmd3 4.297
Ralgds 6.824 Ctsc 4.253
Rab15 6.553 Tcof1 4.248
Scimp 6.413 Erdr1 4.235
Samm50 6.143 Trio 4.208
Il1a 6.044 Dapk1 4.203
Adamdec1 6.011 Pebp1 4.202
Mreg 5.990 Odc1 4.202
Nme2 5.986 Tmem86a 4.168
Cox16 5.965 Slc23a2 4.146
Cxcl14 5.886 Pald1 4.144
Tmem147 5.862 Abi3 4.135
Lrp1 5.829 Rgs10 4.130
Adora2b 5.642 Siglecf 4.129
H1f0 5.622 Src 4.115
Gm20390 5.608 Snx8 4.105
Tnfrsf13b 5.582 Ccdc86 4.095
Nme1 5.481 Nucks1 4.074
Armc1 5.480 Plagl2 4.063
Tmem126a 5.295 Bola2 4.042
Pnn 5.271 Gm13092 3.999
Mif 5.229 Nt5e 3.983
Ranbp1 5.183 G3bp1 3.964
Hexb 5.183 Slco4a1 3.948
Naa40 5.146 Ddx21 3.944
Lgmn 5.116 Ptgs1 3.943
Ms4a6d 5.109 Sptssa 3.942
Dnajc19-ps 5.102 Ormdl1 3.935
Rpl36a-ps3 5.078 Tubb6 3.932
P2ry14 5.068 Cish 3.929
Pdia4 5.042 Aars 3.928
Acp5 4.965 B4galt1 3.919
Gm4076 4.918 Mcoln1 3.912
S1pr2 4.891 Igfbp6 3.903
Fundc2 4.863 Nop10 3.888
Hspa9 4.825 U2af1l4 3.851
Ffar2 4.796 Mrpl52 3.847
Hsd17b12 4.795 Mrpl42 3.829
Dbi 4.728 Zranb2 3.824
Car4 4.604 Nckap5l 3.815
Elk3 4.558 Ilf3 3.770
Rhoq 4.496 Nhp2 3.755
Mat2a 4.469 Ccl3 3.749
Slc45a4 4.450 Gns 3.739
Ddt 4.408 Rnf187 3.728
E2f4 4.404 mt-Nd2 3.705
Gm14542 4.401 2210016F16Rik 3.675
Polr2m 4.392 Polr2f 3.654



Table S2.3 (Continued)  

Differentially expressed genes between T-SiglecFhigh and H-SiglecFlow cells (top/bottom 100 
genes). 
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Differentially expressed genes in T-SiglecFhigh vs H-SiglecFlow cells
Upregulated Upregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
Scimp 7.881 Erdr1 3.841
Car4 7.496 Hemk1 3.831
Ltc4s 7.070 Havcr2 3.810
Ffar2 7.059 Src 3.806
Pald1 6.423 Pdcd1lg2 3.791
Adamdec1 6.395 Bcl2a1d 3.779
Ms4a6d 6.210 Banf1 3.773
Il1a 6.102 Nt5e 3.772
Cish 5.871 S100a1 3.724
Hexb 5.748 Ccdc86 3.722
Gpr171 5.733 B3gnt7 3.717
H1f0 5.478 Lgmn 3.712
Hbegf 5.330 Tuba1b 3.707
Rgs10 5.190 Xbp1 3.698
Acp5 5.179 Elk3 3.685
Trio 5.148 Gm20390 3.681
P2ry14 5.083 2510009E07Rik 3.681
Spp1 5.049 Gm13092 3.676
Mrpl52 5.034 AA467197 3.674
1810011H11Rik 4.999 Bcl2a1b 3.649
Clec4n 4.863 Cdkn1a 3.641
Siglecf 4.830 Ccl3 3.631
Krtcap2 4.740 mt-Nd3 3.597
Rab15 4.692 Nme2 3.576
Prss2 4.681 Chil3 3.559
Bhlhe40 4.639 Upp1 3.556
Cxcl14 4.626 Icam1 3.554
Tnfrsf13b 4.432 Nme1 3.543
Hsd17b12 4.395 Ggta1 3.541
Adora2b 4.366 Gpr55 3.522
Mif 4.358 Ier3 3.519
B4galt1 4.354 Polr2m 3.517
Mreg 4.338 Igsf8 3.500
Hic1 4.312 Fundc2 3.484
Lsm7 4.311 Bcl2a1c 3.470
Gm10146 4.291 Tubb6 3.458
Ctsc 4.263 Gsto1 3.442
Il1rl2 4.186 mt-Nd2 3.436
Stx3 4.169 mt-Nd1 3.413
Camkk1 4.095 Dtx3 3.393
Ddt 4.090 Eps8 3.380
Igfbp6 4.081 Scd2 3.363
Ralgds 4.065 Aprt 3.357
Fam20c 4.061 Med12l 3.333
Nckap5l 4.054 Uck2 3.306
Entpd3 4.016 Mt1 3.298
Bcl2a1a 3.989 Mfsd12 3.297
Rhoq 3.898 Pebp1 3.279
Ranbp1 3.864 Prdm1 3.273
Mtss1 3.855 Tnfrsf26 3.268

Differentially expressed genes in T-SiglecFhigh vs H-SiglecFlow cells
Downregulated Downregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
Lsp1 -2.004 Abtb1 -2.417
Ceacam2 -2.009 Sepp1 -2.418
Glipr1 -2.014 Lcn2 -2.453
E2f2 -2.025 Slc39a4 -2.466
Rnf125 -2.025 Lrrk2 -2.488
Rab11fip4 -2.028 Glis2 -2.514
Fosb -2.029 Mcemp1 -2.546
Prkar2b -2.031 Ifi27l2a -2.551
AB124611 -2.037 9830107B12Rik -2.599
Slc40a1 -2.039 Slc16a3 -2.647
H2-Q1 -2.047 Fpr1 -2.657
Taldo1 -2.073 Mgst1 -2.674
Dhrs7 -2.078 Gm12854 -2.711
Hacd4 -2.080 Trpm2 -2.721
Slc44a1 -2.100 Fam129a -2.723
Tmcc1 -2.104 Rtp4 -2.737
F5 -2.114 Pglyrp1 -2.753
Wfdc21 -2.117 A530064D06Rik -2.760
Atp1a3 -2.143 Ifi204 -2.777
Chil1 -2.152 S100a6 -2.796
Zfp516 -2.168 Plk2 -2.831
Acta2 -2.177 Thbd -2.839
Ndrg1 -2.183 Xdh -2.855
Ddx60 -2.186 Arhgap15 -2.887
Ceacam1 -2.187 Rgs18 -2.908
Zcchc8 -2.190 Slc2a6 -2.925
Pi16 -2.190 Carns1 -2.950
S100a11 -2.204 AC109138.1 -2.950
Vnn3 -2.220 Csad -2.974
Phf1 -2.225 Gm7665 -2.997
Gm5068 -2.234 Mid1ip1 -3.013
Emb -2.236 Tmem38a -3.078
Pira2 -2.239 Slpi -3.103
Dck -2.247 Sergef -3.228
Fyb -2.249 Slc2a3 -3.293
Gpr141 -2.251 Retnla -3.353
Gm15448 -2.258 Ifitm6 -3.419
Rccd1 -2.270 Scnn1a -3.619
Fbxo31 -2.273 Rdh12 -3.996
Lilra6 -2.277 Sell -4.048
Tmem71 -2.295 Rnf144a -4.050
Stat4 -2.315 Padi4 -4.152
Stx11 -2.339 Ly6c1 -4.265
Asprv1 -2.345 Bmx -4.281
6430548M08Rik -2.345 Retnlb -4.310
Aqp9 -2.352 Ly6g -4.478
Dhrs9 -2.356 Scrg1 -4.521
Tpm4 -2.385 Retnlg -4.526
Apobec1 -2.386 Mmp8 -4.860
Adam8 -2.386 Ly6c2 -5.001



Table S2.3 (Continued)  

Differentially expressed genes between T-SiglecFlow and H-SiglecFlow cells (top/bottom 100 genes). 
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Differentially expressed genes in T-SiglecFlow vs H-SiglecFlow cells
Downregulated Downregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
Gm13349 -1.030 Gm5068 -2.212
Fbxl3 -1.034 Gm9230 -2.220
Ctsd -1.036 Cfap61 -2.239
Tmem189 -1.050 Ly6c2 -2.241
C3 -1.070 Plcl2 -2.258
Nmrk1 -1.073 H2-Q1 -2.338
Ptms -1.081 Rccd1 -2.674
Adam28 -1.108 Sema3a -2.966
Trim50 -1.110
Mdh2 -1.118
Casc4 -1.123
Fpr1 -1.124
Retn -1.127
Lgals9 -1.131
Cybb -1.170
Gfod1 -1.190
Lamtor4 -1.195
Bag6 -1.257
Camsap1 -1.264
Pgam1 -1.301
RP23-301L9.8 -1.322
Elk1 -1.338
Gm15542 -1.348
Aqr -1.378
Slc27a4 -1.440
Gm4918 -1.465
F5 -1.488
Rap1gap2 -1.521
Trim56 -1.559
Smyd4 -1.627
Thbd -1.630
Rab3d -1.669
Nans -1.716
Tsg101 -1.719
Ccdc6 -1.732
Haus8 -1.744
Smim4 -1.782
Stard7 -1.793
Fbxw2 -1.804
Acta2 -1.819
Gm10134 -1.836
Gga3 -1.863
Ly6c1 -1.945
Pnoc -1.961
Rnaseh2c -1.967
Mvk -2.058
Thbs1 -2.112
Xpo1 -2.122
Gusb -2.188
Gm4477 -2.202

Differentially expressed genes in T-SiglecFlow vs H-SiglecFlow cells
Upregulated Upregulated (Continued)
Gene symbol log2 Fold Change Gene symbol log2 Fold Change
Wfdc17 3.008 Rara 1.109
Ier3 2.462 Csf2rb2 1.099
Anxa7 2.146 Bcl2a1b 1.093
Tuba1b 2.075 Jak2 1.093
Cd244 2.070 Sla 1.092
Socs3 1.883 Fhod1 1.088
Il1rap 1.874 Stfa2 1.084
Entpd3 1.866 Itgax 1.068
Ifitm1 1.831 Csrnp1 1.066
Tagln2 1.748 AI467606 1.055
Xbp1 1.741 Rhob 1.054
Dhrs3 1.664 March1 1.021
B9d2 1.643 Isg20 1.019
Vrk1 1.635 Ddx54 1.011
Aplf 1.623
Mefv 1.595
Wfdc13 1.575
Anxa6 1.559
Gm7676 1.558
Il13ra1 1.505
Bcl2a1d 1.473
Vim 1.467
Gpr146 1.455
Arhgef3 1.445
Klhl18 1.428
Phf8 1.405
Clec4n 1.397
Rsu1 1.371
Id1 1.361
Cd33 1.358
Oaz2 1.311
Prr5l 1.309
Klf2 1.299
Camk2g 1.288
Tnfsf14 1.280
Dennd4a 1.264
Lrg1 1.262
Tmc6 1.256
Glipr2 1.256
Rnf181 1.246
Adam19 1.232
Zfp36l1 1.230
Lpin2 1.217
Arid5a 1.185
1600014C10Rik 1.171
Nemf 1.158
Rnasel 1.149
Il4ra 1.146
Hlx 1.135
Stfa2l1 1.112



Table S2.4  

Human orthologs used for SiglecFhigh neutrophil gene signature (patient survival analysis, Figure 
2.6). Detailed in 2.6 Experimental Procedures.  
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Murine 
gene

Human 
ortholog

TPM 
SiglecF

high

TPM 
SiglecF

low

log
2fc

Spp1 SPP1 467.70 1.00 8.87
Ltc4s LTC4S 316.28 2.07 7.25
Ralgds RALGDS 113.33 1.00 6.82
Il1a IL1A 171.81 2.60 6.04
Adamdec1 ADAMDEC1 286.55 4.44 6.01
H1f0 H1F0 116.58 2.37 5.62
Nme1 NME1 105.70 2.37 5.48
Hexb HEXB 511.80 14.09 5.18
Car4 CA4 471.90 19.40 4.60
Mat2a MAT2A 125.93 5.69 4.47
Ctsc CTSC 191.99 10.07 4.25
Trio TRIO 206.45 11.17 4.21
Slc23a2 SLC23A2 119.01 6.72 4.15
Rgs10 RGS10 174.08 9.95 4.13
Nt5e NT5E 205.37 12.99 3.98
G3bp1 G3BP1 124.12 7.96 3.96
Ptgs1 PTGS1 118.72 7.72 3.94
Cish CISH 378.56 24.85 3.93
B4galt1 B4GALT1 651.04 43.05 3.92
Igfbp6 IGFBP6 114.04 7.62 3.90
Mrpl52 MRPL52 166.50 11.57 3.85

Ccl3
CCL3 /// 
CCL3L1 /// 
CCL3L3

1595.07 118.64 3.75

Gns GNS 320.38 23.99 3.74
Npm1 NPM1 193.55 16.49 3.55
Banf1 BANF1 230.67 21.89 3.40
Gstm1 GSTM5 205.92 20.33 3.34
Itm2c ITM2C 150.86 15.07 3.32
Bhlhe40 BHLHE40 1081.80 108.43 3.32
Stx3 STX3 111.47 11.69 3.25
Cstb CSTB 888.49 93.24 3.25
Colgalt1 COLGALT1 117.03 13.91 3.07
Basp1 BASP1 973.89 119.22 3.03
Hmga1 HMGA1 146.23 17.93 3.03
Fam105a FAM105A 291.04 35.90 3.02
Ski SKI 408.03 52.61 2.96
Uqcrb UQCRB 102.89 13.30 2.95
Maff MAFF 155.47 20.42 2.93
Id2 ID2 /// ID2B 574.31 76.75 2.90
Ppia PPIA 1498.36 203.81 2.88
Rps19 RPS19 314.85 42.98 2.87
Arl8b ARL8B 109.43 15.23 2.85
Gsto1 GSTO1 119.06 16.93 2.81

Runx1 LOC100506403 
/// RUNX1 353.34 50.32 2.81

Cdkn1a CDKN1A 2174.77 315.91 2.78
Cct2 CCT2 125.90 18.38 2.78
Vegfa VEGFA 251.19 37.15 2.76
Itgb1 ITGB1 188.12 27.88 2.75
Ctsb CTSB 880.50 132.22 2.74
Tnf TNF 133.12 20.24 2.72
Csf1 CSF1 697.73 106.75 2.71

Murine 
gene

Human 
ortholog

TPM 
SiglecF

high

TPM 
SiglecF

low

log
2fc

Atp6v1c1 ATP6V1C1 131.76 20.59 2.68
Eif4e EIF4E 101.35 16.05 2.66
Rps18 RPS18 562.54 89.67 2.65
Pdia6 PDIA6 120.80 19.48 2.63
Adgre1 ADGRE1 385.17 62.36 2.63
Cd63 CD63 1109.89 180.25 2.62
Cct8 CCT8 150.27 24.69 2.61
Cox7b COX7B 120.48 19.93 2.60
Dad1 DAD1 113.62 19.42 2.55
Aprt APRT 136.59 23.64 2.53
Tsg101 TSG101 104.15 18.19 2.52
Anxa5 ANXA5 136.21 24.70 2.46
Eif4g1 EIF4G1 159.72 29.16 2.45
Srsf7 SRSF7 105.49 19.39 2.44
Rps27l RPS27L 209.49 39.69 2.40
Bag1 BAG1 138.33 27.02 2.36
Rpn2 RPN2 148.57 29.77 2.32
Hic1 HIC1 110.19 22.13 2.32
Prdx1 PRDX1 112.82 22.67 2.32
Scamp3 SCAMP3 117.73 23.92 2.30
Dhx15 DHX15 218.80 44.52 2.30
Egr2 EGR2 430.48 87.95 2.29
Wsb2 WSB2 135.43 28.09 2.27

Sod2 LOC100129518 
/// SOD2 118.07 24.67 2.26

Ppm1g PPM1G 113.07 23.64 2.26
Prpf8 PRPF8 216.63 45.80 2.24
Mtdh MTDH 296.49 63.06 2.23
Erh ERH 120.97 25.85 2.23
Eif3a EIF3A 207.15 44.94 2.20

Rnh1 FLJ23519 /// 
RNH1 276.42 60.37 2.19

Tgfbr1 TGFBR1 209.94 45.86 2.19
Nabp1 NABP1 120.52 26.41 2.19
Atp6v0c ATP6V0C 3113.05 687.12 2.18
Aco2 ACO2 144.06 31.92 2.17
Set SET 230.11 51.09 2.17
Rgcc RGCC 160.74 36.08 2.16
Mdh2 MDH2 314.92 70.78 2.15
Pcna PCNA 246.19 55.34 2.15
Sep15 Sep15 226.40 51.49 2.14
Tmed9 TMED9 170.01 39.09 2.12
2010107E0
4Rik C14orf2 194.21 45.12 2.11

B4galnt1 B4GALNT1 245.18 57.30 2.10
Bcl2l1 BCL2L1 180.38 42.57 2.08
Chd8 CHD8 103.49 24.46 2.08
Nr4a2 NR4A2 165.41 39.61 2.06
Snw1 SNW1 102.66 24.59 2.06
Itpkb ITPKB 120.70 29.54 2.03
Rpl15 RPL15 378.81 93.18 2.02
Emc6 EMC6 136.82 33.74 2.02
Casp8 CASP8 113.64 28.07 2.02



Table S2.5  

Human orthologs used for SiglecFlow neutrophil gene signature (patient survival analysis, Figure 
2.6). Detailed in 2.6 Experimental Procedures. 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Murine gene Human ortholog TPM 
SiglecFhigh

TPM 
SiglecFlow log2fc

Xpo6 XPO6 65.40 217.46 -1.73
Vrk1 VRK1 102.12 338.02 -1.73
Sap30 SAP30 32.05 104.18 -1.70
Kif23 KIF23 35.94 116.33 -1.69
Hp HP /// HPR 321.60 1039.71 -1.69
Ulk1 ULK1 57.11 183.33 -1.68
Fas FAS 37.12 116.70 -1.65
Preb PREB 81.73 256.42 -1.65
Clip1 CLIP1 91.36 284.74 -1.64
Dusp1 DUSP1 2514.86 7795.10 -1.63
Anxa2 ANXA2 405.71 1249.59 -1.62
Fbxl5 FBXL5 139.03 425.91 -1.62
Tsc22d3 TSC22D3 277.39 849.32 -1.61
Hmgb2 HMGB2 229.59 701.34 -1.61
Ifitm2 IFITM1 /// IFITM2 479.66 1459.02 -1.60
Fgl2 FGL2 628.91 1893.15 -1.59
Il15 IL15 48.89 147.02 -1.59
Cfp CFP 48.39 144.64 -1.58
Sun2 SUN2 113.60 338.97 -1.58
Nfe2 NFE2 36.57 109.05 -1.58
Mrpl33 MRPL33 172.78 513.54 -1.57
Nadk NADK 134.34 399.16 -1.57
Pacs1 PACS1 56.07 166.21 -1.57
Adrb2 ADRB2 106.65 315.75 -1.57
Snrk SNRK 158.93 469.87 -1.56
Gpi1 GPI 86.76 253.14 -1.54
Bcl10 BCL10 118.07 343.10 -1.54
Notch2 NOTCH2 76.53 218.35 -1.51
Ap1s2 AP1S2 58.06 164.11 -1.50
St3gal6 ST3GAL6 61.81 174.40 -1.50
Grina GRINA 618.93 1741.77 -1.49
Flna FLNA 214.24 601.22 -1.49
Msrb1 MSRB1 935.04 2610.36 -1.48
Ube2h UBE2H 97.44 270.18 -1.47
Hdc HDC 634.15 1754.83 -1.47
Cpd CPD 168.61 465.23 -1.46
Atxn7l1 ATXN7L1 94.75 259.65 -1.45
Evi2a EVI2A 49.39 131.69 -1.41
Cdkn1b CDKN1B 212.41 563.44 -1.41
Gmfg GMFG 204.60 541.95 -1.41
Tnfrsf1a TNFRSF1A 374.62 990.72 -1.40
Sorl1 SORL1 520.11 1369.36 -1.40
Fos FOS 2721.55 7116.00 -1.39
Mxd1 MXD1 1143.78 2982.86 -1.38
Hck HCK 82.85 214.87 -1.37
Rgs14 RGS14 71.70 185.79 -1.37
Nbeal2 NBEAL2 70.63 182.80 -1.37
Kctd12 KCTD12 376.84 966.40 -1.36
Rasa3 RASA3 118.54 303.14 -1.35
Ugcg UGCG 41.06 104.87 -1.35

Murine gene Human ortholog TPM 
SiglecFhigh

TPM 
SiglecFlow log2fc

Mmp8 MMP8 59.04 934.82 -3.98
Padi4 PADI4 11.61 151.21 -3.70
Sell SELL 103.95 1346.65 -3.70
Slpi SLPI 275.16 2721.63 -3.31
Mid1ip1 MID1IP1 18.35 153.54 -3.06

Slc2a3 SLC2A14 /// 
SLC2A3 67.14 490.34 -2.87

Plk2 PLK2 19.79 140.39 -2.83
Pglyrp1 PGLYRP1 113.30 781.78 -2.79
S100a6 S100A6 1679.50 9609.78 -2.52
Lcn2 LCN2 343.24 1924.96 -2.49
Klf2 KLF2 314.32 1727.35 -2.46
Adam8 ADAM8 148.22 806.14 -2.44
Fam65b FAM65B 132.98 678.87 -2.35
Slc44a1 SLC44A1 23.60 118.77 -2.33
Ndrg1 NDRG1 35.38 176.69 -2.32
Gpr65 GPR65 84.99 421.29 -2.31
Ifitm3 IFITM3 123.20 608.61 -2.30
Chil1 CHI3L1 67.01 329.10 -2.30
Fosb FOSB 76.36 363.46 -2.25
St8sia4 ST8SIA4 47.97 227.11 -2.24
Kcnj2 KCNJ2 59.32 274.27 -2.21
Klf3 KLF3 178.63 789.01 -2.14
Tacstd2 TACSTD2 50.89 218.11 -2.10
Itgal ITGAL 257.89 1100.73 -2.09
Dck DCK 143.53 612.62 -2.09
Anxa1 ANXA1 187.33 781.91 -2.06
Dfna5 DFNA5 31.57 131.32 -2.06
Dhrs7 DHRS7 92.81 385.50 -2.05
Isg20 ISG20 57.23 237.13 -2.05
Satb1 SATB1 47.25 195.00 -2.05
Pla2g7 PLA2G7 287.40 1180.08 -2.04
Taldo1 TALDO1 353.51 1449.04 -2.04
Aqp9 AQP9 35.92 146.16 -2.02
Mettl9 METTL9 46.08 187.31 -2.02
Tgfbi TGFBI 190.53 754.55 -1.99
Vim VIM 111.32 439.94 -1.98
Zyx ZYX 317.10 1246.57 -1.97
Gadd45a GADD45A 169.22 657.73 -1.96
Glrx GLRX 66.76 253.81 -1.93
Tspan13 TSPAN13 92.79 350.00 -1.92
Lsp1 LSP1 343.49 1250.03 -1.86
Cd244 CD244 51.24 184.45 -1.85
Cnn2 CNN2 196.35 705.36 -1.84
Selplg SELPLG 737.15 2625.29 -1.83
Nedd9 NEDD9 46.10 162.56 -1.82
Apobec1 APOBEC1 45.74 157.07 -1.78
Tmc6 TMC6 30.40 103.08 -1.76
Oaz2 OAZ2 38.38 129.04 -1.75
Mapk14 MAPK14 60.13 201.43 -1.74
Tmem43 TMEM43 49.61 165.60 -1.74



Appendix 3 Supplementary Materials for Chapter 3 

A3.1 Supplementary figures (Chapter 3) 

Figure S3.1 KP lung tumors lack infiltrating T cells, resist standard chemotherapy and reflect the 
human disease.  

Related to Figure 3.1. 
(A-C) Immunohistochemistry (IHC) of CD3+ cells (red) in KP lung tumor nodules and tumor-free lung 
tissue as well as spleen tissue sections as reference positive control. Arrowheads in (C) show individual 
stained CD3+ cells. (D) Magnetic resonance imaging (MRI)-based detection of lung tumors in KP mice. 
Surface renderings of MRI images show lungs from mice that were untreated (ø, top) or exposed to 
paclitaxel and carboplatin (Ptax-Carbo, bottom). Color-coded images show tumors (blue) and lungs (light 
pink) both pre- (left) and post-treatment (right). (E) CD8+ cell tumor tissue infiltration score, based on IHC  
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Figure S3.1 (Continued) 

staining (see F), in lung biopsies (nS=76) from non-small cell lung cancer patients with or without KRAS 
(top, left), EGFR (top, right) or TP53 (bottom, left) mutations. The bottom, right panel shows patient 
biopsies with TP53-KRAS double mutations or without TP53 and KRAS mutations. (F) Representative 
IHC for CD8+ cells (red) in lung tumor patient biopsies from TP53-KRAS-nonmutated (left) and TP53-
KRAS-mutated (right) lung tumors. Patient identifiers are noted above each biopsy (patient #, sex, age, 
location of biopsy in lung (LUL, left upper lobe; RLL, right lower lobe; RUL, right upper lobe)). Scale bars 
as indicated. Results are expressed as mean±SEM. *p<0.05; **p<0.01; ns, not significant. 
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Figure S3.2 Oxa-Cyc chemotherapeutic drugs are well tolerated in vivo and increase HMGB1 
nuclear staining in lung tumor cells of KP mice. 

Related to Figure 3.2. 
(A, B) Experimental scheme and body weight change of drug-treated KP mice relative to a pre-treatment 
time point. Each line represents an individual mouse (n=7-8 mice per group) that was either left untreated 
(ø) or exposed to Ptax-Carbo or Oxa-Cyc. (C) Representative HMGB1 (red) IHC staining of KP lung 
tumor tissue from control mice (ø) or mice exposed to Ptax-Carbo or Oxa-Cyc (see also Figure 2D). Scale 
bars: 100 µm. Ptax, Paclitaxel; Carbo, Carboplatin; Oxa, Oxaliplatin; Cyc, Cyclophosphamide. 
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Figure S3.3 Oxa-Cyc suppresses lung tumor progression in KP mice and orthotopic KP1.9 tumor 
cell-bearing mice. 

Related to Figure 3.3.  
(A) Treatment scheme of tumor-bearing KP mice exposed to either Ptax-Carbo or Oxa-Cyc. (B) Lung 
weight as proxy for tumor burden (Cortez-Retamozo et al., 2012) of mice treated as in (A). ‘Pre Tx’ and 
‘Post Tx’ define pre (d45) and post (d66) treatment time points, respectively (n=10-34 mice per group). 
(C) Example of lung tumor area quantification on a hematoxylin and eosin (H&E) stained section of a KP 
lung tumor lobe. Encircled tumor nodules (black) and total analyzed lobe (green) areas were used to 
calculate % tumor area/lung tissue area. (D) Experimental treatment scheme of orthotopic KP1.9 tumor 
cell-bearing mice treated or not with Ptax-Carbo, Oxa, Cyc or Oxa-Cyc. (E) Body weight change of mice 
treated (as in D) relative to a pre-treatment time point. Each line represents a single mouse (n=8-21 mice 
per group). (F) KP1.9 lung tumor burden identification and quantification in H&E stained lung sections of 
mice treated (as in D) (n=3-4 mice per group). (G) Cleaved-caspase 3 (red) IHC in lung tumor tissue from 
KP mice left untreated (ø) or treated with Ptax-Carbo or Oxa-Cyc. Scale bars: 100 µm. Results are 
expressed as mean±SEM. Oxa, Oxaliplatin; Cyc, Cyclophosphamide; Ptax, Paclitaxel; Carbo, 
Carboplatin; *p<0.05; **p<0.01; ****p<0.0001; ns, not significant; N/A, not applicable. 
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Figure S3.4 Oxa-Cyc instigates CD3+ T cell infiltration in lung tumor nodules of KP mice and fails 
to suppress tumor growth in Rag2–/– KP mice. 

Related to Figure 3.4. 
(A) IHC of CD3+ cells (red) in tumor-free lungs, tumor tissue of untreated KP mice (ø) and tumor tissue of 
KP mice exposed to Ptax-Carbo or Oxa-Cyc (see also Figure 4D). Scale bars: 50 µm. (B) Multiple IHC 
showing CD3+ (red) and Ki67+ (brown) cells in lung tumor tissue from Oxa-Cyc-treated KP mice. 
Arrowheads show CD3 and Ki67 co-localization. (C) IHC of CD8+ cells (brown) in lung tumor tissue of 
Oxa-Cyc-treated KP mice (see also Figure 4E). Scale bars: 100 µm. (D-F) Experimental approach (D) 
and immune profile of Rag2–/– KP mice. CD3 and CD19 flow cytometry profile (pre-gated on CD45+ cells) 
of single cell suspensions from lungs of Rag2–/– KP mice (E). CD3, CD8 and CD19 flow cytometry profile 
of single cell suspensions from lungs of Rag2–/– KP mice (blue) and spleens of Rag2+/+ KP mice (grey) 
(F). (G) Lung tumor identification in H&E stained tissue sections of Rag2–/– KP mice either left untreated 
(ø, top) or exposed to Oxa-Cyc (bottom). (H) Flow cytometry-based quantification of CD8+ cell 
concentrations in lung tissue of Oxa-Cyc-treated tumor-bearing KP mice that did or did not receive anti-
CD8 (αCD8) depleting mAb (n=6-7 mice per group). Results are expressed as mean±SEM. Oxa, 
Oxaliplatin; Cyc, Cyclophosphamide; Ptax, Paclitaxel; Carbo, Carboplatin; ***p<0.001; ns, not significant. 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Figure S3.5 Oxa-Cyc fosters tumor nodule infiltration by CD8+ T cells and improves tumor growth 
control and survival of immune checkpoint blockade-treated lung tumor-bearing mice. 

Related to Figure 3.6. 
(A) Treatment scheme of a pre-clinical study in KP-OVA mice. The experimental scheme outlines when 
Oxa-Cyc (blue) and anti-PD-1 + anti-CTLA-4 (αPD-1 + αCTLA-4) mAbs (grey) were given to tumor-
bearing KP-OVA mice. T0, T1, T2 define micro-computed tomography (µCT) imaging time points whereas 
T3 designates the ex vivo analysis time point (n=5 mice per group). (B) Multiphoton microscopy of CD8+ 
cell infiltration (red) into luciferase+ tumor areas (green, for visualization highlighted also by dashed green 
line) of lung tissue isolated from KP-OVA mice at time point T3 left untreated (ø) or exposed to Oxa-Cyc 
and anti-PD-1 + anti-CTLA-4 mAbs either alone or in combination. The collagen network is shown in blue 
(see also Figure 6H). Scale bar: 30 µm. (C) In vitro validation of anti-luciferase Ab (red, left) used in (B) to 
detect luciferase-expressing tumor cells derived from KP-OVA mice. In addition, these KP-OVA tumor 
cells (KP-OVA-CG1 cell line) were stained with keratin 8/18 (green, right) to verify their epithelial origin. 
Cell nuclei (DAPI staining) are shown in blue. Scale bars: 20 µm. (D) Survival of tumor-free C57BL/6 mice 
(n=3) and of mice bearing orthotopic KP1.9 tumors, left untreated (ø) or exposed to anti-PD-1 mAbs, anti-
CTLA-4 mAbs, Oxa-Cyc or combinations thereof (n=5-7 mice per group). (E) Oxa-Cyc improves anti-
PD-1 mAb treatment in KP1.9 tumor-bearing mice. Experimental outline and tumor volume of Oxa-Cyc-
treated mice also treated with anti-PD-1, anti-CTLA-4 or anti-PD-1 + anti-CTLA-4 mAbs (n=4-5 mice per 
group). Results are expressed as mean±SEM. Oxa, Oxaliplatin; Cyc, Cyclophosphamide; *p<0.05; 
**p<0.01; ns, not significant. 
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A3.2 Supplementary Experimental Procedures (Chapter 3) 

Mice 

 KrasLSL-G12D/+;Trp53flox/flox (referred to as KP) mice were used as a conditional mouse 

model of non-small cell lung cancer1 and bred in our laboratory in the 129 background. Several 

experiments were replicated using KP mice in the C57BL/6 background. Rag2–/– mice (C57BL/6 

background), Tlr4–/– mice (C57BL/6 background) and C57BL/6 wild type mice were obtained 

from the Jackson Laboratory. BALB/c wild type mice were purchased from Janvier Labs and 

C57BL/6 wild type mice (used for the MCA205 fibrosarcoma model) were obtained from Harlan 

Laboratories. All animal experiments were approved by the Massachusetts General Hospital 

Subcommittee on Research Animal Care, except experiments in BALB/c and MCA205-bearing 

C57BL/6 mice that were approved by the Ethical Committee of the Gustave Roussy Cancer 

Campus (Villejuif, France). 

Tumor Models 

 To induce lung adenocarcinoma, KP mice were infected with an adenovirus expressing 

Cre recombinase (AdCre) by intratracheal intubation and inhalation (i.t.) or intranasal instillation 

(i.n.) as described previously1. AdCre was purchased from the University of Iowa Gene Transfer 

Vector Core. Treatment of i.t. infected 129 KP mice started on week 7 and of C57BL/6 KP mice 

on week 9 after AdCre infection, when lung adenocarcinomas are established and detectable by 

micro-computed tomography (µCT). Treatment of 129 KP mice infected i.n. started 12 weeks 

after AdCre infection. To study tumor-antigen specific T cell responses, lentiviral vectors 

(LucOS) containing two peptides of the ovalbumin (OVA) antigen (OVA257-264 (CD8 epitope), 

OVA323-339 (CD4 epitope)) and the SIY (SIYRYYGL) antigen fused to luciferase were used for KP 

mouse infection (these mice are referred to as KP-OVA mice). Lung tumors that develop in 

LucOS infected KP-OVA mice express the OVA and SIY antigens and luciferase as a tumor cell 

marker2. Treatment of i.t. infected 129 KP-OVA mice started 19 weeks after LucOS infection 
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when lung tumors are established and detectable by µCT. When indicated, murine KP1.9 lung 

tumor cells were injected into C57BL/6 mice intravenously (i.v., 2.5x105 cells in 100 µl PBS) to 

develop orthotopic tumors. These mice reproducibly show macroscopic lung tumor nodules at 3 

weeks post tumor cell injection. Evaluation of lung tumor burden in all three models included 

noninvasive high-resolution µCT or magnet resonance imaging (MRI) as detailed below (see 

section: Micro-Computed Tomography (µCT) and Magnet Resonance Imaging (MRI)), as well as 

lung weight measurements and histological analyses based on hematoxylin and eosin (H&E) 

staining of explanted lung tissue. In selected experiments, KP1.9 tumor cells were injected 

intradermally (i.d., 1x106 cells in 50 µl PBS) into the flank of C57BL/6 mice; tumor dimensions 

were measured with a digital caliper and tumor volumes defined as ∏/6 x length x width2. CT26 

colon carcinoma cells given subcutaneously (s.c., 8x105 cells in 100 µl PBS) into BALB/c mice 

and MCA205 fibrosarcoma cells injected (s.c., 8x105 cells in 100 µl PBS) into C57BL/6 mice 

were followed over time using caliper-based measurements; tumor sizes were calculated as 

length x width. 

Cell Lines 

 The lung adenocarcinoma cell line KP1.9 was derived from lung tumors of C57BL/6 KP 

mice and was kindly provided by Dr. A. Zippelius, University Hospital Basel, Switzerland. The 

lung adenocarcinoma cell lines KP L1-3, KP L1-5 and KP L2-9 were derived from 129 KP 

mouse lung tumors whereas the lung adenocarcinoma cell line KP-OVA-CG1 was generated 

from lung tumor tissue of C57BL/6 KP-OVA mice; these cell lines were all established in our 

laboratory. All lung adenocarcinoma cell lines were cultured in Iscove’s DMEM media 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The colorectal 

carcinoma cell line CT26, obtained from ATCC, was maintained in RPMI 1640 medium 

supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin G sodium salt, 100 µg/ml 

streptomycin sulfate, 1 mM sodium pyruvate and 1 mM non-essential amino acids. Murine 

fibrosarcoma MCA205 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 
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2 mM L-glutamine, 100 IU/ml streptomycin sulfate, 1 mM sodium pyruvate, 1 mM non-essential 

amino acids and 1 mM HEPES buffer. 

Human Tumor Samples 

 Sections from paraffin-embedded biopsies of lung resections (n=76) from non-small cell 

lung cancer patients with known KRAS and EGFR gene mutation status were obtained from the 

Department of Pathology at Massachusetts General Hospital. TP53 immunohistochemistry 

(IHC) was conducted as described in detail below with anti-p53 monoclonal antibody (mAb; 

clone DO-7, Leica). TP53 wild type or mutational status was assessed based on TP53 pattern 

expression as described3 using the following scoring system: score 0 (complete absence of 

staining indicates TP53 null mutation); score 1 (focal nuclear expression in up to 50% of tumor 

cells presents TP53 wild type); score 2 (nuclear overexpression in more than 50% of tumor cells 

represents TP53 missense mutation). Biopsies with score 0 or score 2 were categorized as 

TP53 mutants and biopsies with score 1 as TP53 wild type. All p53-stained biopsies were 

reviewed in a blinded manner. CD8 IHC was performed with anti-CD8 mAb clone C8/144B 

(DAKO) on subsequent sections and CD8 positive cell infiltration in tumor areas scored in the 

following categories: score 0 (less that 5% CD8 staining); score 1 (5-15% CD8 staining); score 2 

(15-25% CD8 staining); score 3 (more than 25% CD8 positive stained cells). Two independent 

blinded evaluations were performed and presented as mean CD8+ cell tumor infiltration score. 

Micro-Computed Tomography (µCT) and Magnet Resonance Imaging (MRI) 

 Mice infected with AdCre or LucOS plasmids were anonymized and tumor burden 

noninvasively evaluated through in vivo lung imaging at different time points (pre- and post-

treatment). During the measurements, the mice were anesthetized with isoflurane gas 

inhalation. µCT was acquired on a Siemens’ Inveon system with a 80 kVp 500 mA cone beam 

µCT over 360 projections and reconstructed by modified Feldkamp cone beam reconstruction 

algorithm into isotropic 78 micron voxels (512 x 512 x 768 matrix). µCT tumor quantification was 
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performed by manual segmentation in OsiriX software (The OsiriX foundation). For the µCT 3D 

renderings, in AMIRA software (Visage Imaging Inc), the lungs were segmented using threshold 

bounded region growing with a seed placed in the lung. Respiratory-gated RARE T1 weighted 

MRI images were acquired on a Bruker pharmascan 4.7 tesla magnet with a echo time of 14.1 

ms and a repetition time of 900 ms on a 256 x 256 x 18 image matrix (voxel size of 0.215 mm x 

0.156 mm x 1.0 mm). Tumor quantification of MRI images was performed by region-based 

thresholding of the lungs, which were manually segmented utilizing OsiriX software. The 

threshold was determined as the average normal lung value (n=3). Surface renderings of MRI 

images were done using AMIRA software. µCT and MRI tumor quantification was performed 

blinded to treatment groups.  

Mouse Histology, Immunohistochemistry (IHC) and Immunofluorescence Microscopy 

 For histological analysis of tumor burden in mice, lung tissues of tumor-bearing and 

control animals were harvested, formaldehyde-fixed and paraffin-embedded following standard 

procedures. Consecutive sections were prepared and stained with H&E using the Thermo 

Scientific™ Shandon Varistain™ Gemini ES Automated Slide Stainer (Thermo Scientific).  

 For IHC, lung tissue sections were prepared and dried at 60°C for 1 h, dewaxed and 

rehydrated before treated with heat-induced epitope-retrieval (HIER) during which the sections 

were incubated in 10 mM sodium-citrate (pH6.0) or 10 mM Tris (pH9.0) buffered solutions 

containing 0.05% Tween heated at 120°C for 2 min. To obtain consistent and reliable staining, 

automated staining systems (LabVision Autostainer 360, Thermo Scientific or Leica Bond, 

respectively) were used. The sections were cooled down to room temperature (RT) and placed 

in the Autostainer. To efficiently destroy all endogenous peroxidase and alkaline phosphatase 

activity in the tissue, the sections were pretreated using BLOXALL endogenous enzyme 

blocking solution (Vector Laboratories) for 10 min. After a blocking step with normal horse or 

goat serum, the sections were incubated with the individual primary Abs for 1 h followed by 

secondary ImmPRESS polymer detection systems (Vector Laboratories) according to the 
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manufacturers protocol. The Vulcan Fast Red Chromogen Kit 2 (red staining, Biocare Medical) 

and the DAB Plus Substrate System (brown staining, Thermo Scientific) were applied as 

substrates. Hematoxylin was used for counterstaining. Primary Abs used for IHC were: rabbit 

anti-CD3 (clone SP7, Abcam), rabbit anti-Ki67 (clone SP6, Abcam), rabbit anti-HMGB1 

(polyclonal, Abcam), rabbit anti-cleaved-caspase 3 (polyclonal, Cell Signaling), rat anti-mouse 

CD4 (clone 4SM95, eBioscience). For multiple IHC, following HIER and blocking steps, the 

individual Abs were incubated consecutively using the chromogens indicated above. Based on 

the nuclear staining intensity of HMGB1 in lung tissue of KP mice with or without drug treatment, 

blinded scoring of stained sections was performed with the following criteria: score 0 (no 

HMGB1 nuclear staining); score 1 (low HMGB1 nuclear staining); score 2 (intermediate HMGB1 

nuclear staining); score 3 (high HMGB1 nuclear staining). 

 For anti-CD8 IHC on murine lung tissue, frozen tissue sections of ~6 µm thickness were 

prepared using a cryostat (Leica). These sections were air-dried for at least 1 h and then fixed in 

acetone for 10 min at -20°C. Before incubation with Abs, the sections were rehydrated and 

permeabilized with PBS containing 0.2% Triton-X100 for 5 min, followed by several washes in 

PBS. Two primary rat anti-mouse CD8 Abs were used in parallel (clone YTS169.4, Abcam and 

clone 53-6.7, BD Biosciences) that both showed similar staining patterns. The NanoZoomer 2.0-

RS slide scanner system (Hamamatsu) was used for image documentation. 

 For immunofluorescence microscopy, KP-OVA-CG1 cells were grown on coverslips, fixed 

in pre-cooled (-20°C) methanol for 5 min, followed by an incubation in -20°C cold acetone for 30 

sec. After the cells had air dried, they were rehydrated in PBS and permeabilized using 0.2% 

Triton-X100 in PBS (5 min), rinsed in PBS and then incubated with the primary Abs (rabbit anti-

firefly luciferase (polyclonal, Abcam) or mouse anti-keratin 8 (clone Ks 17.2, Progen) and mouse 

anti-keratin 18 (clone Ks 18.174, Progen)) in a wet chamber for 1 h. After three washing steps 

with PBS at RT for 5 min, the samples were incubated with the secondary Ab for 45 min, 

followed by an incubation step with DAPI (Sigma) for another 5 min. The cells were then 

washed twice with PBS for 5 min and once with Aqua dest. for 1 min at RT, air dried and then 
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mounted with Fluoromount-G (Southern Biotech). Immunofluorescence microscopic images 

were recorded with an Axiophot microscope (Carl Zeiss). The KP-OVA-CG1 cell line was used 

to validate the anti-luciferase Ab as a tool to stain for luciferase expression as a marker for KP-

OVA tumor cells in situ, used in the multiphoton microscopy approach (see section: Multiphoton 

Microscopy). Accordingly, KP-OVA-CG1 cells derived from lung tissue of KP-OVA mice are 

positive not only for luciferase as expected but also for keratin 8/18 (i.e. of epithelial origin).  

Multiphoton Microscopy 

 Small lung pieces containing tumor-bearing and tumor-free tissue areas were carefully 

removed from KP lungs using scalpels. After fixation with methanol/DMSO (4:1) for 1 h at 4ºC, 

lung tissues were permeabilized/stained with 1% Triton-X100, 10% goat serum, FcBlock 

(TruStain fcX™ anti-mouse CD16/32, clone 93, BioLegend) and unconjugated anti-luciferase Ab 

(polyclonal, Abcam; for the specificity of this Ab to stain tumor cells in KP-OVA mice see section: 

Mouse Histology, Immunohistochemistry (IHC) and Immunofluorescence Microscopy) at 4ºC 

overnight in 500 µl of PBS, while rocking. Samples were washed twice (0.5% Triton-X100, 10% 

goat serum at 4ºC overnight/overday in 5 ml of PBS, rocking) and then incubated with 1% 

Triton-X100, 10% goat serum, FcBlock, goat anti-rabbit IgG-APC (Life Technologies) and 

directly conjugated Abs (CD8a-PE, clone 53-6.7, BioLegend) at 4ºC overnight in 500 µl of PBS 

while rocking. Before imaging, lung tissue pieces were washed twice (5 ml PBS containing 0.5% 

Triton-X100, 10% goat serum, at 4ºC overnight/overday, rocking). Stained lung pieces were 

whole mounted on a slide in a PBS filled chamber restricted by vacuum grease. A coverslip was 

gently pressed down on the lung tissue. Multiphoton excitation was obtained through DeepSee 

Ti:sapphire lasers (Newport/Spectra-Physics) tuned to 920 nm to excite PE and APC. Whole 

lung tissue sections were acquired by square optical sections with 15% overlap to provide 

image areas as large as the whole stained tissue. Emitted fluorescence was detected on an 

Ultima multiphoton microscope (Prairie Technologies) through 460/50 (second harmonic 

generation), 665/65 (APC), 595/50 (PE) band-pass filters and non-descanned detectors to 
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generate 3-color images. The processed data shows CD8+ cells (red, PE),  luciferase+ tumor 

cells (green, APC) and the collagen matrix (blue, second harmonic generation). Images were 

pre-processed in R statistical computing environment using RStudio and stitched/analyzed with 

Fiji software. 

HMGB1 and Calreticulin In Vitro Assays 

 The KP L1-3, KP L1-5 and KP L2-9 tumor lines were seeded in tissue culture plates (24 

well) one day before treatment with Docetaxel (Dtax, Sigma, 30 µM), Carboplatin (Carbo, 

Hospira, 500 µM), Oxaliplatin (Oxa, Teva, 300 µM), Mafosfamide (Maf, Sigma, 16.5, 33, 50 µg/

ml) and/or Mitoxantrone (Mtx, Sigma, 4 µM) for 24 h. The cell culture plates were then 

centrifuged and the supernatants collected and stored at -80°C until measuring HMGB1 levels 

(HMGB1 ELISA Kit, IBL International GmbH). For the calreticulin assay, the cells were 

harvested from cell culture plates, washed with PBS and fixed with 0.25% formaldehyde for 5 

min. Thereafter, the cells were washed twice with cold PBS, incubated with rabbit anti-

calreticulin Ab (polyclonal, Abcam), diluted in cold blocking buffer (PBS containing 2% FBS) and 

incubated for 30 min on ice. The samples were then washed and incubated with anti-rabbit 

AlexaFluor 488 conjugated Ab (Life Technologies) in blocking buffer for 30 min on ice, followed 

by a final washing step. The cells were resuspended in cold PBS and investigated by flow 

cytometry (CyAn ADP analyzer, Beckman Coulter). Dead cells were excluded using DAPI. 

  

In Vivo Drug Treatments 

 KP mice, KP-OVA mice and C57BL/6 mice bearing KP1.9 lung or flank tumors were either 

left untreated or received chemotherapeutic drugs once a week for three weeks. The following 

chemotherapy was given intraperitoneally (i.p.) diluted in 100 µl PBS (or in 200 µl PBS for 

Paclitaxel (Ptax)): Oxa (2.5 mg/kg of body weight), Cyclophosphamide (Cyc, Sigma, 50 mg/kg 

of body weight), Ptax (Hospira, 10 mg/kg of body weight) and Carbo (10 mg/kg of body weight). 
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BALB/c mice bearing CT26 flank tumors received one intratumoral injection of 50 µl PBS or 

chemotherapeutic drugs (Oxa (1.25 mg/kg of body weight) or Cisplatin (Sigma, 0.25 mg/kg of 

body weight)). MCA205 flank tumor-bearing C57BL/6 mice were treated with one intratumoral 

injection of 50 µl PBS or chemotherapy (Doxorubicin (Sigma, 2.9 mg/kg of body weight) or 

Cisplatin (0.25 mg/kg of body weight)).  

 Converting drug doses between species is complex and depends on a number of 

parameters (including species-defined drug metabolism). Nonetheless, according to FDA-

guidelines on how to calculate the ‘Human Equivalent Dose’ from drug doses used in mice (e.g., 

Guidance for Industry, Estimating the Maximum Safe Starting Dose in Initial Clinical Trials for 

Therapeutics in Adult Healthy Volunteers, U.S. Department of Health and Human Services, 

Food and Drug Administration, Center for Drug Evaluation and Research (CDER), 

Pharmacology and Toxicology, July 2005), the drug concentrations used to treat KP mice 

correspond to the following in humans: Ptax 0.8 mg/kg; Carbo 0.8 mg/kg; Cyc 4 mg/kg; Oxa 0.2 

mg/kg). These are within the range of the concentrations used in the clinic (Cyclophosphamide; 

Oxaliplatin; Carboplatin; Paclitaxel. In: UpToDate, UpToDate, Waltham, MA. (Accessed on 

October 27, 2015)) and are therefore unlikely to be unachievable due to toxicity. Thus the 

chemotherapeutic doses and schedules used in this study were not directly matched for human 

exposure but are within the range of the concentrations used in the clinic, after converting drug 

doses between species. 

 In indicated experiments, immune checkpoint blockade mAbs specific for PD-1 (clone 29F.

1A12, 200 µg/mouse, provided by Dr. G. J. Freeman) and CTLA-4 (clone 9D9, 100 µg/mouse, 

BioXcell) or isotype control Ab (clone MPC-11, 100 µg/mouse, BioXcell) were applied i.p. in 100 

µl PBS. MCA205-bearing C57BL/6 mice received anti-PD-1 mAbs of clone RMP1-14 (250 µg/

mouse, BioXcell). 
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In Vivo CD8+ Cell Depletion 

 For depletion of CD8+ T cells, KP mice received anti-CD8 mAb i.p. (clone 53-6.72, 200 µg/

mouse, BioXcell). The Ab was diluted in PBS and injections started 3 days before the first 

chemotherapeutic drug injection and were continued every 2-3 days until the end of the 

experiment. The efficacy of CD8+ T cell depletion was verified by flow cytometry. 

In Vivo experiments with In Vitro Drug Pre-Treated Tumor Cells 

 Where indicated, KP1.9 tumors cells were exposed to drugs before injection into mice. 

Specifically, KP1.9 tumor cells were incubated at 37°C for 20 h with either Oxa (300 µM) and 

Maf (50 µg/ml) or Ptax (100 µM) and Carbo (1000 µM) in cell culture medium (Iscove’s DMEM, 

10% FBS, 1% penicillin/streptomycin). Viable and dead in vitro drug-treated tumor cells (5x105 

cells in 100 µl medium, either treated with Oxa-Maf or Ptax-Carbo) were counted using the 

trypan blue exclusion method. These cells were administered s.c. to the right flank of C57BL/6 

mice on day -8, -4 and -2 before untreated KP1.9 tumor cells (7x105 cells in 50 µl PBS) were 

injected i.d. on day 0 to the ipsi- and contralateral flanks. For all of the vaccination time points, 

the proportion of dead in vitro drug-treated tumor cells was higher than 95%. In indicated 

experiments, mice received therapeutic in addition to prophylactic vaccinations with in vitro 

drug-treated KP1.9 cells on day 5 and 12 post KP1.9 tumor cell injection. Tumor burden of i.d. 

injected KP1.9 tumor cells was measured by a digital caliper and the volume was calculated ∏/6 

x length x width2. 

Recovery of Cells from Murine Tissues 

 Single cell suspensions were prepared from murine lung, spleen and bone marrow. Lungs 

were harvested, cut into small pieces using scissors, digested with collagenase type I (0.2 mg/

ml, Worthington Biochemical Corporation) in RPMI 1640 medium for 1 h at 37°C while shaking. 

Where indicated, equally sized pieces of tumor stroma and corresponding tumor-free adjacent 

tissue were isolated separately from lungs of Oxa-Cyc-treated or untreated tumor-bearing KP 
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mice using surgical fine scissors. These lung tissue biopsies were transferred into 2 ml reaction 

tubes, cut into small pieces and digested (0.2 mg/ml, collagenase type I) in RPMI 1640 medium 

for 30 min at 37°C while shaking. Femurs were harvested, cleaned and the bone marrow was 

flushed out using a syringe containing cold flow cytometry staining buffer (PBS with 0.5% BSA 

and 2 mM EDTA). Digested lung tissue as well as harvested spleen and bone marrow tissues 

were gently meshed through a 40 µM (or 70 µM) cell strainer using a plunger. Red blood cells 

were removed by Ack lysis (Lonza) according to the manufacturer’s instructions. The resulting 

single-cell suspensions were washed and resuspended in staining buffer until used for flow 

cytometry. 

Flow Cytometry 

 Single cell suspensions were incubated with FcBlock (TruStain fcX™ anti-mouse 

CD16/32, clone 93, BioLegend) for 15 min before staining with fluorescent conjugated Abs for 

45 min at 4ºC. The cells were washed with flow cytometry staining buffer (PBS, 0.5% BSA, 2 

mM EDTA) and 7-aminoactinomycin D (7AAD, Sigma) was used to exclude dead cells. Doublet 

cells were excluded based on their forward/side scatter properties. The number of lymphocytes 

and myeloid cells in a given tissue was calculated based on the percentage of each cell type 

identified by flow cytometry (LSRII, BD Biosciences) multiplied by the total number of cells in 

each organ (obtained by determining viable cell numbers based on the trypan blue exclusion 

method). Based on cell marker expression, the following cell types were identified by flow 

cytometry: CD8+ T cells (CD45+CD3+CD8+), Tregs (CD45+CD3+CD4+Foxp3+), B cells 

(CD45+CD19+), lymphocyte-like cells (CD45+Lin+CD11b–), monocytes (CD45+Lin–CD11b

+Ly-6Chi), granulocytes (CD45+Lin+CD11b+Ly-6Cint), CD11b– cells (CD45+Lin–CD11b–), CD11b+ 

cells (CD45+CD11b+), CD11b+CD11c+ cells (CD45+Lin–CD11b+Ly-6C–CD11c+), CD11b+CD11c– 

cells (CD45+Lin–CD11b+Ly-6C–CD11c–), DC-like cells (Lin–CD11b+Gr-1–CD11c+CD103+). In 

general, the lineage (Lin) Ab mix contained the following anti-mouse Abs, purchased from BD 

Biosciences: CD90.2 (clone 53-2.1), B220 (clone RA3-6B2), NK1.1 (clone PK136), CD49b 
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(clone DX5), Ter119 (cloneTER-119) and Ly-6G (clone 1A8). The following anti-mouse Abs were 

used from eBioscience: Foxp3 (clone FJK-16s); from BioLegend: CD45 (clone 30-F11), CD3 

(clone 145-2C11), CD8a (clone 53-6.7), CD8b (clone YTS156.7.7), CD11c (clone N418), TLR4 

(clone SA15-21), CD103 (clone 2E7) and from BD Biosciences: CD4 (clone RM4-5), CD19 

(clone 1D3), Ly-6C (clone AL-21), CD11b (clone M1/70), PD-1 (clone J43) and Gr-1 (clone 

RB6-8C5). Intracellular staining for Foxp3 was performed using the Cytofix/Cytoperm Fixation/

Permeabilization Kit (BD) according to manufactures procedures. Antigen-specific T cells in lung 

tissue of KP-OVA mice were stained with H-2Kb/Ova257-264 SIINFEKL tretramer (TCMetrix). Flow 

cytometry data were analyzed in FlowJo v.8.8.7 (Tree Star, Inc.). 

Statistics 

 Results were expressed as mean±SEM. Statistical tests included one-way ANOVA 

followed by Tukey’s or Dunnett’s multiple comparison test. When applicable, unpaired one-tailed 

and two-tailed Student's t tests using Welch's correction for unequal variances were used. 

Comparison of survival curves was performed with the Log-rank Mantel-Cox test. P values of 

0.05 or less were considered to denote significance (*p<0.05; **p<0.01; ***p<0.001; 

****p<0.0001; ns, not significant).  

�186



A3.3 References 

1. DuPage, M., Dooley, A. L. & Jacks, T. Conditional mouse lung cancer models using 
adenoviral or lentiviral delivery of Cre recombinase. Nat Protoc 4, 1064-1072 (2009). 

2. DuPage, M. et al. Endogenous T cell responses to antigens expressed in lung 
adenocarcinomas delay malignant tumor progression. Cancer Cell 19, 72-85 (2011). 

3. Köbel, M. et al. The biological and clinical value of p53 expression in pelvic high-grade 
serous carcinomas. J Pathol 222, 191-198 (2010).

�187


