
ABSTRACT 

Quantitative Cellular and Molecular Imaging of the Intact Tumor Microenvironment. 

Jan Martinek, Ph.D. 

Mentor: Karolina Palucka, M.D., Ph.D. 

The causes underlying the extent and character of tumor-associated immune 

responses in cancer are not well defined and are likely multifactorial including cancer cell 

heterogeneity, host genotype, and the immune status of individual patients. Tumors are 

complex and organized tissues that include multiple cell types, which together compose 

the tumor microenvironment (TME). The myeloid cells play a major role in TME and can 

be composed of heterogeneous cells with functions that can be grossly summarized as: 

(1) Antigen capture for presentation (dendritic cells, DCs) or for degradation

(macrophages); (2) Tissue repair (macrophages) and (3) effector function (mast cells,

monocytes, granulocytes).

However, the functional status of myeloid cells in human tumors and variation 

between tumors and patients is not completely understood. This is an important gap in 

knowledge that needs to be addressed because myeloid antigen presenting cells (mAPCs) 

control cancer antigen presentation to T cells thereby launching and regulating anti-

cancer immunity.  Our studies focused therefore on two key approaches necessary to 

improve our understanding of myeloid cells in TME: 1. Analysis of myeloid cells in situ 



	  
	  

in tumors. To this end, we developed and applied a microscopy-based approach for 

quantitative and qualitative mapping of non-dissociated tumors. Indeed, current methods 

are based on tissue dissociation into single cell suspension, which is associated with cell 

loss and activation, possibly impacting observed phenotypes. This was combined with 

laser capture microdissection to lift the cells and transcriptional profiling of APCs based 

on their tissue location and antigen content; and 2. Humanized mouse models 

recapitulating human TME. Indeed, while syngeneic and genetically modified mouse 

models enable in vivo studies of the TME, substantial differences exist between human 

and mouse immune systems, possibly impacting translation of pre-clinical studies to the 

clinic. Therefore, we studied human myeloid cells in novel humanized mouse models that 

support the tumor progression and metastatic spread of human melanoma. Our results 

show that location of myeloid cells within the tissue, as well as antigen cargo, have a 

significant impact on cell’s transcriptomic profile and potentially function. Thus, our 

approach developed in the course of studies discussed herein might bring a new 

resolution to unraveling the biology of APCs within the TME. This in turn could have an 

impact beyond melanoma. Furthermore, the new humanized mouse models that we have 

studied bring the in vivo proof that human myeloid cells and macrophages contribute to 

tumor development and metastatic colonization. 
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CHAPTER ONE 

Introduction 

Complexity of the Tumor Microenvironment 

Cancer cells are altered cells that have the capacity to divide indefinitely, have lost 

contact inhibition and can ignore intracellular or extracellular pro-apoptotic signals. Thus 

malignant cells can generate tissue-invading tumors that could be compared to fast-

growing "rogue" organs. As a result, this process can be associated with a series of events 

such as hypoxia, cell death, tissue structure disruption that will lead to the recruitment of 

other cell types such as fibroblasts, angiogenic cells, and immune cells. This dynamic 

association of malignant, stromal and immune cells creates the TME. The stromal and 

immune part of the TME, which can represent up to 50% of the tumor volume, has been 

shown to support tumor development at virtually all steps of the cancer hallmarks 

(Hanahan and Coussens, 2012). However, among the TME, the immune cells, present in 

almost all solid tumors (Tlsty and Coussens, 2006) might be the most dramatic player in 

shaping the tumor evolution and progression, since the early stages of neoplasia. Indeed it 

was shown that immune cells could recognize and eliminate cancer cells during early 

neoplasia, where highly immunogenic cancer cells were rapidly killed. These 

observations led to the principle of cancer immunoediting (Dunn et al., 2002) with the 

three different stages of elimination, equilibrium, and escape (Dunn et al., 2004). After 

the first phase of elimination, the TME can enter into the equilibrium phase where cancer 

cells persist but cannot thrive as they are under constant selective pressure from the 
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immune system. Once the cancer cells escape immune surveillance, tumors are 

allowed to grow and possibly spread to distant organs. 

The study of immune infiltrating cells poses by itself quite unique challenges, as the 

immune system is among the most complex, dynamic and plastic system in the human 

body. To illustrate this complexity; the tumor immune infiltrate can be composed of both 

the myeloid and lymphoid compartment. Further, these cells can be either tissue resident 

cells, later invaded by the tumor or immune cells that migrated out of the bloodstream 

into the neoplastic tissue. In addition, each immune cell type can present itself in the 

TME at different stages of activation (activated effector T-cells and exhausted CD8 T-

cells), maturation (immature and mature dendritic cells), or polarization (so-called M1 

and M2 macrophages or Th1, Th2, Th17 CD4 T-cells). Therefore, the density, nature, 

and status of the immune cells present within the TME can have a very diverse effect on 

tumor progression and can alter patient's response to treatments (Figure 1). Indeed TME 

qualified as inflammatory are rich in immature DCs, M2 macrophages and highly 

vascularized and are associated with poor prognosis. Immunogenic TME are highly 

infiltrated by mature DCs, M1 macrophages and cytotoxic T cells, which is associated 

with good prognosis. Finally immune neglected TME are poorly infiltrated by immune 

cells and present an intermediate prognosis. Each type of TME represents different 

therapeutic opportunities that could be tailored based on the nature of the immune 

infiltrate (Figure 1).  
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Figure 1 The Cancer Immune contexture Modified from(Becht et al., 2016). Inflammatory TME highly
vascularized, infiltrated with immature DCs and M2 macrophages has poor prognosis. Immunogenic TME, 
associated with good prognosis is highly infiltrated by mature DCs, M1 macrophages and cytotoxic T cells. 
Immune neglected TME have an intermediate prognosis. Each type of TME can be associated with its most 
relevant immunotherapeutic treatment strategy.  

We will discuss more in details each of the immune compartment that can be present 

in the TME and their impact on tumor progression, antitumor immune, treatment 

response. We will also review different approaches to modulate the TME in order to elicit 

a specific antitumor cytotoxic T cell mediated immune response.  
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Myeloid Cells in the Tumor Microenvironment 

Compared with other mAPCs, DCs are the most efficient in their ability to induce 

antigen-specific T-cell response justifying their name as “professional APCs” (Palucka 

and Banchereau, 2013).  Naïve CD8 T cells differentiate into cytotoxic T lymphocytes 

upon encounter with DCs presenting tumor-derived antigen in the context of co-

stimulation through CD80, CD70 and 4-1BB as well as through DCs derived cytokines 

such as IL-12, type-1 interferon and IL-15 (Steinman, 2012). However, if DCs do not 

receive proper maturation signals, such as when exposed to high level of IL-10 they 

remain immature, and antigen presentation instead leads to T cell suppression (Ruffell et 

al., 2014). These observations highlight the importance of DCs’ activation and the 

inflammatory context in which they find themselves for proper induction of antitumoral 

cytotoxic CD8 T cells immune response.  

Owing to their established role in wound healing, the ability of myeloid cells to foster 

malignancy was deeply investigated. In human cancer, it has been reported that 

macrophages can represent up to 30% of the tumor mass in melanoma tissue (Hussein, 

2006; Ruffell et al., 2012). Furthermore, numerous studies have shown that dense 

macrophage infiltrate was associated with poor outcome in melanoma (Makitie et al., 

2001), but also in other types of cancer (Leek et al., 1996; Ruffell and Coussens, 2015) 

finally multiple studies have reported that the presence of macrophages in the stroma 

correlates with aggressive disease and outcome (Komohara et al., 2014). Both 

Mantovani's and Gordon's work on macrophages were major contributors to the 

definition of the M1/M2 macrophages paradigm (Mantovani et al., 2013; Martinez and 

Gordon, 2014; Solinas et al., 2010), describing in details the different stimuli leading to 
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each phenotype and the role that they play. M1 macrophages are linked with type 1 

inflammation, intra-cellular pathogen killing, and tumor resistance while M2 

macrophages are contributing to tumor progression. More in details TME associated 

macrophages via the expression of IL-6 and TNF-a can promote survival and treatment 

resistance in neoplastic cells. Tumor-associated macrophages have also been shown to 

promote cancer cell spread to other organs either by direct release of epidermal growth 

factor (EGF) and CCL18 (Meng et al., 2015) or via protease-dependent extracellular 

matrix remodeling.  Macrophages can directly promote tumor neovascularization by 

secretion of VEGFA, or indirectly by secreting WNT7B which will increase VEGFA 

expression by endothelial cells from the tissue (Yeo et al., 2014). Finally, macrophages 

can impact T cells mediated anti-tumor response, directly by the expression of immune 

checkpoint ligands that inhibit cytotoxic T cells, or indirectly by recruiting T regulatory 

cells to the tumor via CCL22 secretion (Curiel et al., 2004). In addition, blood 

monocytes, once in the tissues, can differentiate into macrophages or DCs. In tumors, 

when CCR2 high classical inflammatory monocytes (Geissmann et al., 2003) are 

recruited via CCL2, they can promote neoplastic cell survival and extravasation through 

VEGF and CSF1 production (Qian et al., 2011). Thus, due to their unique sensing 

abilities, their functional plasticity and their capacity to shape their environment and due 

to their central role in the modulation of the tumor immune environment, myeloid cells 

are an excellent target to attempt to modulate the antitumoral immune response either via 

cellular targeting, reprogramming, and depletion. 
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Lymphoid Cells in the Tumor Microenvironment 

The lymphoid lineage present in the TME can be composed of natural killer (NK) 

cells, NK T cells, B cells, CD4+ and CD8+ T cells. Similarly to myeloid cells, each of 

the lymphoid subpopulations can have a different activation or polarization when present 

in the TME. 

Based on their name, innate cytotoxic NK and NKT cells seems to be the ideal cell 

type to eliminate cancer cells, as they have the ability to kill foreign or transformed host 

cells spontaneously. Both NK and NKT cells can be observed within the TME, but 

usually not directly in contact with cancer cells (Balkwill et al., 2012). Even though 

presence of NK cells in different types of cancer seems to be associated with a better 

prognostic, recent studies suggest that NK cells present in the TME might not be able to 

live up to their name as they have been shown to become anergic in the presence of 

neoplastic cell-derived transforming growth factor beta (TGF-b) (Fridman et al., 2012). 

Although B-cells are mostly reported to be present in tumor-draining lymph nodes, they 

can also be found within tumor's invasive margin. While their impact on patient survival 

is not well defined yet, recent studies have shown a subpopulation of IL-10 secreting B-

cells that have immune regulatory properties. These B-10 or B regulatory cells have been 

shown to increase tumor burden and metastatic spread, in the mouse. Further, this effect 

seems to be mediated by a systemic effect on other effector immune cells rather than a 

local impact within the TME (Mauri and Bosma, 2012; Schioppa et al., 2011). 

Different population of T cells can be found within the TME. The role of CD4+ 

helper T cells is mainly to enhance or to skew the immune response accordingly to their 

polarization. Indeed Th1 polarized T cells by secreting IL-2, TNFa and IFNy will support 
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CD8 cytotoxic T cells but also promote cytotoxic macrophages. High Th1 infiltrate was 

associated with good prognosis (Fridman et al., 2012). On the other hand, Th2 polarized 

cells will produce IL-4, -5, -6, -10 and -13, which will skew the immune infiltrate 

towards a type 2 response associated with down regulated CD8 cytotoxic activity and 

enhanced activity of pro-tumoral macrophages (Coussens et al., 2013). 

FOXP3+ CD25+ regulatory T (T regs) cells are specialized immunosuppressive 

lymphoid cells. T regs, by secreting IL-10 and TGF-b will create an immunosuppressive 

tumor environment. 

CD8+ T cells, probably the most efficient anti-tumor effector cells, upon antigen 

presentation, co-stimulation, and cytokines signaling can undergo a massive expansion to 

give rise to a clonal population of antigen-specific cytotoxic effector cells.   

As antigen-specific CD8+ T cells migrate into the tumors, they can encounter 

numerous roadblocks preventing them from killing cancer cells. These roadblocks can 

include well-known checkpoint regulators such as CD28-CTLA-4 or PD-1-PD-L1 

interactions, but also immunoregulatory receptors from the immunoglobulin-like 

transcript receptors (ILTs) family (Pardoll, 2012). Finally, cancer cells can avoid CD8+ T 

cells cytotoxic mediated killing by losing the expression of target antigen or even more 

radically by abolishing classical antigen presentation with the loss of MHC class I 

molecule. 

 In summary, the TME is composed of multiple stromal cell types as well as immune 

cells from both the myeloid and lymphoid origins. The TME is a complex intertwined 

network of heterogeneous cell types and subtypes that continuously interact at a systemic, 

local or cellular level, which most of the time creates an immune-suppressive 
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environment riddled with cell to cell interactions that will prevent the onset of a long-

lasting specific anti-tumoral cytotoxic response. Important efforts are constantly being 

made in order to better understand the different mechanisms at play in the TME and find 

new ways to block, modify or reprogram them to promote an anti-tumor response. This 

was recently described with the concept of the cancer-immune cycle by Chen and 

Mellman (Figure 2). 

 

Strategies For Immune Modulation Of The TME 

Following the stepwise cancer-immunity cycle, we will review the main strategies 

currently in place or being actively investigated to modulate the TME in order to promote 

an anti-tumor immune response. 

 Cancer antigen is the initiating element of a specific cytotoxic immune response. The 

context in which the cancer antigen is released and captured will greatly impact the type 

of immune response towards this specific antigen. Indeed if a cancer antigen is released 

due to apoptotic cell death, the antigen will most likely be phagocytized, degraded and 

cleared by tumor-associated macrophages, that have high apoptotic body clearing 

properties, which is an immunologically silent event. One way to ensure that cancer 

antigen is released in the right context is to induce an immunogenic or necrotic cancer 

cell death. This can be achieved by chemotherapies, radiotherapies or other cancer cells 

targeting agents. It has been speculated that in some cases such therapies can promote 

immune responses (Vetizou et al., 2015). However, it is still unknown how harsh 

systemic chemotherapies impact the general immune system, especially in combination 

with other immunotherapeutic treatment. 
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Figure 2 Cancer Immunity cycle. (Chen and Mellman, 2013) Depicts the cancer-immunity cycle where 
each step represents an opportunity for immuno-therapeutic intervention to initiate or promote antitumoral 
immune response. Step 1 represent cancer cells death inducing therapies that will lead to  cancer cell 
antigen release. Step 2 Includes examples of therapeutic stragies such as vaccines that promote cancer 
antigen presentation. Step 3 Shows different immunoregulatory targets to enhance cancer antigen specific T 
cells priming and activation while step 7 shows immunoregulatory targets to promote cancer cell killing. 
Step 5 depicts interventions on the vasculature to promote T cells infiltrate into tumors and Step 6 shows 
cancer cells recognition by ex-vivo engineered T cells. 

DCs that captured cancer antigen will migrate to draining lymph nodes where they 

will present it to lymphocytes in order to activate them. However, as described earlier, 

DCs can be skewed by the TME, and when presenting cancer antigen, might give rise to 

pro-tumor lymphocyte activation and immunity. To assure that DCs initiate a proper anti-

tumor response, cancer vaccines can be supplemented with DC activators such as Toll-

like receptors (TLR) ligands or maturation signals such as CD40 agonists. Another 
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strategy to overcome skewed cancer antigen presentation is to provide autologous, ex-

vivo generated DCs that have been activated and loaded with cancer antigen in-vitro prior 

to injection back into patient as DCs vaccines (Palucka and Banchereau, 2013). 

 Activated T cells can express T-lymphocyte-associated protein (CTLA)-4 on their 

surface, which will outcompete the co-stimulatory CD28-CD80/CD86 interaction during 

antigen presentation resulting in lack of T cells proliferation (Qureshi et al., 2011). The 

use of anti CTLA4 antibodies will therefore allow proper co-stimulatory signaling and 

release the clonal expansion of T cells upon antigen presentation.  It is the presumed 

mechanism of action of ipilimumab (humanized anti CTLA4 antibody), but could also 

explain the observed treatment's toxicity as anti-CTLA4 might also allow the expansion 

of auto reactive T cells (Hodi et al., 2010). 

 A way of bypassing antigen presentation and T cells activation/expansion was 

developed by Karl June’s team by generating in vitro genetically modified patient 

autologous T cells. These Chimeric antigen receptor (CAR) T cells have been transfected 

with a construct coding for target-specific antibody coupled to T cell signaling domains 

that will act as a functional TCR. Expanded CAR T cells are injected back into patient 

where will recognize and kill target expressing cells. CAR T cells have shown great 

efficacy, in liquid tumors such as lymphomas (Fesnak et al., 2016). However their impact 

on solid tumors might be limited as cancer cells can present a heterogeneous expression 

of the targeted antigen, or might undergo an antigen drift, over time to evade clonal CAR 

T cells. Another issue associated with CAR T cells therapies, is unpredicted off-target 

cytotoxicity due to cancer associated antigen expression by normal tissues that could lead 

to fatal adverse reactions.  
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 Finally, upon arrival into the TME, activated CD8 T cells express multiple intrinsic 

immune regulators such as PD-1 checkpoint. Checkpoint inhibitors are currently among 

the most actively researched and invested into areas of immunotherapy by 

pharmaceutical companies. Among different checkpoint inhibitors anti-CTLA-4, anti PD-

1, and anti PD-L1 are currently the most advanced and used in the clinic. As previously 

described, anti-CTLA-4, has the capacity to release T cells activation and proliferation. 

Anti PD-1 and anti PD-L1 block the interaction between PD-L1, expressed on cancer and 

immune cells and its receptor PD-1 expressed on activated T cells. Interruption of the 

PD-1-PD-L1 signaling will restore effector functions of the cancer-specific CD8 T cells 

already present in the TME. Anti PD-1 and anti PD-L1 therapies have shown impressive 

results across multiple cancers with objective response rates ranging from 13 to 40% 

(Brahmer et al., 2010; Velcheti et al., 2014). In the case of melanoma and non-small cell 

lung carcinomas, Nivolumab has surpassed and replaced standard chemotherapy as the 

first line of treatment (Brahmer et al., 2015). Notably anti PD-1 / PD-L1 due to their 

impact on pre-existing tumor-specific CD8 T cells have shown low adverse effect 

compared to other immunotherapies such as anti-CTLA-4. 

 To conclude, immunotherapies have completely revolutionized the way cancer 

patients are treated. Bringing clinicians to take the tumor's immune component and its 

activation status into account when deciding for the best treatment for their patients. Also 

as our knowledge of different immunoregulatory mechanisms grows, so does the number 

of immunotherapeutic targets, with examples such as anti DLL4 and Lag3 that are being 

tested in the clinic. Furthermore, hundreds of different combinatory treatments are 

currently being tested in order find the best synergistic treatment effect. 
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 Finally, we can envision new immunotherapeutic strategies that not only act on 

several targets but do so in precise sequential order. For example, we could imagine a 

treatment based on a DC vaccine administrated (quasi) simultaneously with anti CTLA-4, 

followed by a delayed anti PD-1/anti PD-L1 treatment to allow newly generated anti-

tumoral CD8 T cells to infiltrate the tumors before unleashing their effector functions. 

 

In Vivo Models of Human TME 

 As we just described, the human TME is a complex and multifactorial environment 

with its three dimensional structure, which is currently, impossible to model in vitro, and 

therefore requires a suitable in vivo model. Historically mouse models have been 

successfully used for in-vivo studies of human cancer-intrinsic biology. However, it is 

also known that the human immune system differs significantly from that of a mouse. For 

example, Dendritic Cell Immunoreceptor, the only classical C-type lectin that contains an 

intracellular immunoreceptor tyrosine-based inhibitory motif, exists in four isoforms in 

the mouse while only one has been identified in the human (Kanazawa, 2007). Similarly, 

Nod-like innate immune sensors differ significantly with mice having around 10 more 

genes than the approximately 20 found in humans (Williams et al., 2010). Major 

differences also exist between human and mouse NK cells (Mestas and Hughes, 2004). In 

particular, human and mouse NK cells rely on different families of inhibitory receptors 

(KIR and Ly49, respectively) and although these families of receptors have a similar 

function, they are not structurally or evolutionary related. These differences could 

profoundly impact the recognition and response of mouse immune cells to human cancer 

cells. Humanized mouse models, built on immunodefiecient mice transplanted with 
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human hematopoietic progenitor cells, represent an opportunity to study human 

immunology in vivo. Our laboratory has successfully used such models to decipher the 

mechanisms leading to mucosal CD8 T cells immunity upon vaccination, as well as to 

investigate the distinct responses to viral infection by different subsets of DCs (Silvin et 

al., 2017; Yu et al., 2014; Yu et al., 2008). Furthermore in the context of human TME, we 

have shown that humanized mouse models allowed the study and the reprogramming of 

human DCs associated with tumor resident CD8 T cells, in-vivo (Wu et al., 2014). That 

being said, due to a lack of homology between human and mouse for key growth factor 

such as SCF, IL-3 and GM-CSF (Rongvaux et al., 2013), currently available mouse 

model have a significantly reduced myeloid compartment upon humanization. Therefore 

humanized mouse models are limited in their ability to faithfully study the interactions 

between human mAPCs, specially monocytes and macrophages, and the TME. To answer 

this limitation, new generation of humanized mouse models expressing human transgenes 

or genes are emerging. These models which have been shown to support better human 

myeloid reconstitution (Coughlan et al., 2016; Rongvaux et al., 2014) can now be used to 

model the myeloid cells interaction with the human TME. 
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CHAPTER TWO 

Overall Rationale 

 
 As discussed in the Introduction chapter, the clinical success of checkpoint inhibitors 

and adoptively transferred, genetically engineered T cells (Fesnak et al., 2016; Sharma 

and Allison, 2015) brought cancer immunotherapy into mainstream oncology. Improved 

survival has been documented for patients with metastatic melanoma treated with a 

blocking antibody targeting CTLA-4 (Sharma and Allison, 2015). Objective clinical 

responses have also been observed in other tumor types with therapies targeting another 

T cell checkpoint, programmed death (PD)-1 or programmed death ligand (PDL)-1 

(Sharma and Allison, 2015). In adjuvant, post-operative setting, more than 50% of 

patients with cutaneous melanoma can achieve long-term survival in combination 

immunotherapy. This however is linked with substantial toxicity, nearly 50% of patients 

do not have clinical benefit and in mucosal melanoma there are no clinical responses to 

checkpoint inhibitors. While it has been suggested that tumor mutational load might be 

linked with response to immunotherapy, Hugo et al have shown in melanoma that 

mutational load can predict better survival but not response rate to anti-PD-1. Thus, other 

immune-suppressive mechanisms might prevent efficient T cells mediated anti-tumor 

immune response. 

 APCs and dendritic cells in particular, upon proper antigen presentation and co-

stimulation, can initiate specific cytotoxic T cells response.  Considering that the outcome 

of antigen presentation is linked with DCs activation, the tumor immunosuppressive 

environment is likely to impact APCs’ capacities to induce a long-lasting specific anti-
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tumoral cytotoxic response.  Thus, an in depth molecular profiling of TME associated 

APCs could help to better understand their biology, their role within the TME and their 

impact on the anti-tumor T cells mediated response.  

  Majority of current studies of the human TME rely on tissue dissociation for their 

analysis, which is associated with three major artifacts: (1) cell loss during tissue 

processing, that preferentially affect myeloid cells (Gerner et al., 2012); (2) cell 

activation  changing their phenotype; (3) loss of spatial location in the tissue, which in the 

case of immune cells was linked with patient survival (Galon et al., 2006). 

 To study the intact TME, recently Merad and Coussens Labs developed a multiplexed 

immunohistochemistry approach based on antibody staining/stripping cycles on the same 

tissue sections (Remark et al., 2016; Tsujikawa et al., 2017). However, being based on 

formalin fixed paraffin embedded (FFPE) samples, this methodology is limited by: (1) 

the restricted number of antibodies validated for FFPE (Gorris et al., 2018); and (2) the 

tissue’s cross-linked RNA and DNA, due to paraffin fixation, which will negatively 

impact the quality of DNA/RNA as substrate for next generation sequencing. 

 To address the above-mentioned issues we have developed and applied a microscopy-

based approach for cellular quantitative and qualitative mapping of the intact TME. This 

will be combined with transcriptomic profiling of APCs based on their tissue location and 

antigen load. Finally we analyzed two new humanized mouse models that support the 

development of human myeloid cells, in order to credential them for in vivo mechanistic 

studies of candidate genes that we would have identified by analyses of patient tumors.  
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Overall Goal/Hypothesis 

 Our overarching goal is to better understand the molecular basis of variation in the 

immune response to melanoma in tissue. We proposed a systematic exploration of the 

functional status of antigen presenting cells in tumors from patients as well as from 

experimental models. Our hypothesis was that the variation in transcriptome and function 

of APCs contributes to disease progression.  

 
Aims 

The studies were organized in three aims: 

Aim 1: To establish advanced microscopy tools to study non-dissociated tumors 

Aim 2: To establish transcriptional profiles of myeloid cells in non-dissociated melanoma 

tumors. 

Aim 3: To credential novel humanized mice models for in vivo studies of human myeloid 

cells in melanoma TME 

 
Significance 

 Our novel approach to the profiling of tumor associated APCs, based on their 

interaction with the TME might yield new knowledge of their impact on CD8 T cells 

mediated anti-tumor immune response.  This study could help improve our understanding 

of some of the key steps in the “cancer-immunity cycle” (Chen and Mellman, 2013) such 

as the fate of cancer derived antigen released upon cancer cell death. Our results could 

also help to adjust existing treatments targeting APCs in the TME. Finally we might 

discover new targets for the reprogramming of tumor infiltrating APCs leading to new 

treatment option for patients. 
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The results described below are summarized in the following publications and 

manuscripts in press, submitted or in preparation listed in chronological order: 

A: Development and function of human innate immune cells in a humanized mouse 
model. Nat Biotechnol 32, 364-372 (2014) 

B: Reprogramming tumor-infiltrating dendritic cells for CD103+ CD8+ mucosal T-cell 
differentiation and breast cancer rejection. Cancer Immunol Res 2, 487-500.(2014) 

C: Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer 
immunotherapy. FASEB J 32, 1537-1549. (2018) 

D: IL-1 receptor antagonist controls transcriptional signature of inflammation in patients 
with metastatic breast cancer. In press Cancer Research.(2018). 

E: Humanized mouse model of myeloid cell-dependent dissemination of human 
melanoma. Submitted to Nature Communication. 

F : Transcriptional profiling of myeloid cells in non-dissociated melanoma tumors. In 
preparation. 

G: Immunotherapy response in MISTRG-6 autologous melanoma humanized mice 
model. In preparation. 
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CHAPTER THREE 

Material and Methods 

 
Cancer Cell Line 

Melanoma cancer cell lines, Me275, established from surgically excised melanoma 

metastases from patients LAU50, were provided by Pedro Romero at the Ludwig 

Institute for Cancer Research at University of Lausanne (Lausanne, Switzerland); Breast 

cancer cell line MDA-231 was obtained from Xenogen. All cell lines were cultured in 

complete RPMI (RPMI 1640, 25 mM HEPES, 1 mM Sodium Pyruvate, 1% non-essential 

amino acid, 1% penicillin-streptomycin and 2 mM L-Glutamine) supplemented with 10% 

FBS at 37°C with 5% CO2 atmosphere. All cell lines were authenticated using Short 

Tandem Repeat profiling analysis by ATCC. The mycoplasma test was performed 

regularly, and all the cell lines were mycoplasma-free for each in vivo experiment. 

 
Immunofluorescence Staining Protocol 

Cryosections (6um) were consecutively treated with Hyaluronidase 0.03% for 15 min, 

Fc Receptor Block (Innovex bioscience) for 40 min + Background Buster (Innovex 

bioscience) for an additional 30 min. The sections were then stained with primary 

antibodies, diluted in PBS + 5% BSA 0.1% Saponin for 1 hour at room temperature, 

washed and stained with the secondary antibodies at room temperature for 30 minutes. If 

staining panel included staining with directly conjugated antibodies, tissues were washed 

and secondary antibodies were saturated using mouse normal serum diluted at 1/20 in 

PBS for 15 minutes at room temperature. Tissues were stained with directly conjugated 
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antibodies for 1 hour at room temperature and washed.   Nuclei were counterstained with 

4',6-diamidino-2-phenylindole (1ug/mL) or SytoxBlue 1/1000 for two minutes. Tissues 

were mounted in Fluoromount-G mounting media. Images were acquired using either 

Nikon Ti-e eclipse microscope or Leica SP8 confocal microscope.  

Table 1: List of antibodies 

Target Clone Dilution Format 

CD11c 3.9 1 to 50 BV650 

CD11c S-HCL-3 1 to 100 APC 

CD138 MI15 1 to 50 AF700 

CD14 UCHM1 1 to 200 Purified 

CD14 HCD14 1 to 100 AF594 

CD163 EDHU-1 1 to 200 / 1 to 50 Purified / AF488 

CD19 HIB19 1 to 100 AF700 

CD20 2H7 1 to 100 AF700 

CD206 15-2 1 to 100 / 1 to 60 Purified / AF568 

CD3 UCHT1 1 to 40 / 1 to 40 BV421 / BV570 

CD31 JC70A 1 to 100 Purified 

CD45 HI30 1 to 80 BV711 

CD8 RPA-T8 1 to 400 AF647 

Pan-Cytokeratin CK3-6H5 1 to 60 FITC 

Cytokeratin 19  A53-B/A2 1 to 400 Purified 

HLA-DR LN3 1 to 100 Purified 

IL-1B Rabbit polyclonal 1 to 100 Purified 

Ki-67 MKI67 1 to 100 AF555 

Mart-1/ 

Tyrosinase/gp100 

M2-7C10 + M2-9E3

+T311 +HMB45

1 to 400 / 1 to 200 AF488 / AF700 

Whole Section Scan 

Whole tissue sections were stained following our immunofluorescence staining 

protocol. Whole tissue scans were acquired on the Leica SP8 confocal microscope 
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equipped with an automated motorized stage. Sequential acquisition was performed with 

20 or 40X objective. For each tile, focal plan was defined by autofocus function based on 

nuclear staining. Tiles were max projected and stitched using Leica LAS software.  

 

Super Resolution Microscopy 

Tissue sections were stained following a modified immunofluorescence staining 

protocol with four-fold increase in antibody concentration and additional wash at each 

washing step. Mounting media was left to cure for at least 72 hours. Super resolution 

acquisition was performed on an inverted Leica SP8 confocal microscope equipped with 

STED modules, with three depletions lasers and an HC PL APO 93X/1.30 GLYC 

motCORR objective. Z-stacks were acquired with the 3D STED function using 660 and 

775nm depletion laser. Images analysis and surface rendering was performed with Imaris 

software. 

Histo-Cytometry 

Tissue sections were stained following immunofluorescence staining protocol. Whole 

tissue scans were acquired as previously described. Each scan was then analyzed using  

Imaris software. Using the “spot” function in Imaris, the images were subdivided into 

individual cells, based on nuclear staining, with a nucleus diameter equal or larger than 6 

µm. The accuracy of the segmentation was manually verified for each sample and 

adjusted if needed. Finally, for each generated spot, its x and y coordinates and the mean 

intensity values for all channels were exported into a fcs file to be visualized and 

quantified using Flowjo software. 
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RNA In Situ Hybridization 

 RNA transcripts were visualized in OCT-embedded tissue sections using the 

QuantiGene ViewRNA ISH tissue assay kit (Affymetrix, Santa Clara, CA). Human MX-

1 ViewRNA probe was obtained from Affymetrix. The assay was performed according to 

the tissue-based ViewRNA assay protocol with formaldehyde fixation and a 20-min 

protease treatment. ViewRNA probes were detected at 650 nm using a Leica TSC SP8 

confocal microscope at 40× magnification. 

Digital Light Sheet Microscopy 

Fresh samples for light sheet microscopy were fixed overnight in 4% PFA at 4C. 

Tissue clearing was performed using the CUBIC protocol. Briefly samples were 

incubated in CUBIC-1 solution (25wt% Urea, 25wt% Quadrol, 15wt% Triton X-100 in 

water) at 37C for three to five days on shaker with clearing solution changed daily . 

Samples were washed and incubated at least 8 hours in blockig solution (1% mouse 

normal serum 1% BSA and 0.3% Triton X-100). Tissues were stained with conjugated 

antibodies diluted in blocking solution for 72 hours at 37C on shaker. Stained samples 

were washed for 24 hours at 37C on shaker and counter stained with DAPI or DRAQ5. 

Stained samples were cleared with CUBIC-2 solution (25%wt Urea, 50wt% Sucrose, 

thiethanolamine 10wt% in water) for three days at 37C on shaker with clearing solution 

changed daily. Cleared samples are then embedded in 70% glycerol 1% agar in a glass 

bottom petri dish. Imaging was performed on a confocal inverted Leica SP8 microscope 

equipped with DLS module. Samples were imaged with 5 or 10X objective. Image 

analysis and 3D rendering was performed with Imaris software. 
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Laser Capture Microdissection 

Tissues for LCM were assessed for their structure and integrity by Hematoxylin and 

Eosin (H&E) staining. Total RNA of whole tissue section was purified using mirVana 

miRNA Isolation Kit (Invitrogen). RNA integrity was assessed using the Bioanalyzer 

2000 (Agilent). LCM staining protocol : cryosection were fixed in cold acetone and 

briefly air dried, immunofluorescence staining was performed on a HistoGene cold bloc 

(ThermoFisher) using modified immunofluorescence staining protocol with higher 

concentration of conjugated antibodies, all reagents included SUPERase inhibitor 

(ThermoFisher). After staining, samples were dehydrated in 75%, 95% and 100% 

Ethanol successively, and incubated five min in Xylene and air dried. Laser capture 

microdissection was performed on a Arcturus XT LCM with CapSure Macro LCM caps 

(ThermoFisher). After harvest, RNA was isolated with PicoPure RNA isolation kit 

following manufacturer protocol. Libraries were generated by SMART-Seq V4 Ultra 

Low Input RNA kit and 75bp single reads were sequenced using Illumina NextSeq 500 

sequencer (Illumina). 

 

Tumor Bearing Humanized Mice Experiments 

For NSG and NSG-SGM3 models humanized mice were generated on parental NSG 

mice or NSG carrying SCF, GM-CSF, and IL3 (NSG-SGM3 or SGM3) obtained from 

the Jackson Laboratory (Bar Harbor, ME). Mice were sub-lethally irradiated (10 cGy per 

gram of body weight) using a 137Cs gamma irradiator at the age of four weeks. 100,000 

CD34+ HPCs from fetal liver or full-term cord blood (Advanced Bioscience Resources, 

Alameda CA) were given in 200 µL of PBS into the tail-vein.  Mice were bled for the 
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engraftment at 8-12 weeks post HPCs transplant. All protocols were reviewed and 

approved by the Animal Care and Use Committee (14005) at The Jackson Laboratory 

(Bar Harbor, ME).   

For experiments with MISTRG and MISTRG-6 models  newborn pups (within first 2 

days of life) were sublethally irradiated (X-ray irradiation; RG, 2 x 180 cGy 4 h apart; 

NSG, 1 x 100 cGy; MISTRG and MISTRG-6, 1 x 150 cGy). For allogeneic experiments 

100,000 Fetal liver-CD34+ cells in 20 μL of PBS were injected into the liver with a 22-

gauge needle (Hamilton Company). For autologous experiments patient blood mobilized 

CD34+ cells in 20 ul of PBS were injected ino liver with a 22-gauge needle. The mice 

were bled 7-9 weeks later and the percentage of human CD45+ cells was measured by 

flow cytometry. The mice were used for experiments 9-12 weeks after transplantation. 

All experiments were performed in compliance with Yale University Human 

Investigation Committee and Yale Institutional Animal Care and Use Committee 

protocols. 

All tumor bearing mice were injected, under anesthesia, subcutaneously into flanks 

with 1 or 10 million cancer cells (breast cancer cell line MDA-231 or Me275 melanoma 

cancer cell line or autologous patient derived cancer cells). Tumor size was monitored 

with caliper measurement. Tumor volume (ellipsoid) was calculated as follows: (short 

diameter)2 × long diameter/2. For anti-VEGF (bevacizumab) and anti PD-1 

(pembrolizumab) treatment, mice were given IP either anti-VEGF (Genentech, South San 

Francisco, CA) or anti-PD-1 (Mercks, Whitehouse station, NJ) at 10 mg/kg at day 14 

after sc melanoma cell implantation and 5 mg/kg every five days thereafter. PBS was 

given ip as a vehicle control. At the end of experiments, mice were sacrificed, tumors and 
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other organs were ombedded in OCT (Sakura Finetek U.S.A., Torrance, CA) and flash 

frozen on liquid nitrogen and stored at -80C. 

 
RNA Sequencing Analysis 

Single end RNA sequences (48 samples, each for three locations, two sections, eight 

patients) were aligned by Bowtie 2 and quantified by RSEM using Ensembl GRCh37.70 

annotation  and the corresponding human genome. For quality controls of the processed 

RNAseq samples, regionwise (coding/intergenic/intronic/ribosomal/UTR) transcriptomic 

mapping rates per sample were summarized by"CollectRnaSeqMetrics" of Picard tools 

(v.1.95) and 3' mapping biases were assessed by RSeQC (v.2.6.4). Venn diagrams (R 

limma 3.32.10) were used to compare the number of expressed genes between CD14+ 

cells (intratumoral/peritumoral), and between CD14+ cells and melanoma cells. Here 

gene expression was defined as being > TPM (Transcript Per Million) 0.5 across at least 

25% of samples within each cell location. Heatmaps (R pheatmap 1.0.8) were generated 

for LAMP gens family using log2 transformed TPM values (i.e. log2(TPM + 1)) for 

CD14+ cells. For the uniquely expressed CD14+ cells (278 intratumoral, 611 

peritumoral, see Venn diagram), dot plots were generated and compared using 

independent t-test based on log2 transformed TPM values.  
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CHAPTER FOUR 

 Aim 1: To Establish Advanced Microscopy Tools to Study Non-Dissociated Tumors 

Rationale 

 Most of the studies on the TME and particularly on its immune component are 

conducted with methodologies that require mechanical/enzymatic tissue dissociation into 

single cell suspension. This process is associated with several caveats including 1) 

enzymatic treatment that is associated with stress signals and cell death, which might 

impact cell transcriptomic profiles; and 2) cell loss and enrichment of certain cell subsets, 

especially lymphocytes at the expense of tissue resident myeloid cells. Indeed, Germain's 

group showed, by flow cytometry analysis of dissociated organs, that mouse lymph node 

dissociation is associated a preferential loss of myeloid cells during the process (Gerner 

et al., 2012), leading to a bias toward lymphocyte (Figure 3). Similarly, Masopust's group 

showed that tissue dissociation leads to underestimation of tissue resident memory CD8+ 

T cells within non-lymphoid tissue (Steinert et al., 2015). Importantly, the magnitude of 

CD8+ T cells loss during tissue dissociation was dependent on the organ that was being 

processed, making it difficult to estimate and account for the bias (Steinert et al., 2015). 

Finally, once tissues are dissociated into single cell suspension all information on the 

spatial organization is permanently lost.  

 Tissue location of specific immune cells within the TME has been shown to correlate 

with patient survival (Figure 4). There, patients with a high density of granzyme B+ 

CD8+ T cells at the tumor center survived twice as long as patients with a high density of 

T cells displaying the same phenotype but located at the tumor’s invasive margin 
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(Galon et al., 2006). This pioneering work led to the concept of immunoscore, which is 

being validated for clinical application across the world (Galon et al., 2016). 

Figure 3: Tissue dissociation underestimates the myeloid compartment. Adapted from Gerner et al. 2012. 
Comparison of different immune cell types from a mouse lymph node either by flow-cytometry after tissue 
processing into single cell suspension or by quantitative microscopy performed on intact tissue. Tissue 
dissociation is associated with preferential loss of the myeloid compartment, leading to its underestimation 
by flow-cytometry compared to quantitative microscopy. 

These observations underscore the need for an approach that allows a quantitative 

multiplex analysis of non dissociated TME that can be combined with the transcriptional 

profiling of specific cells selected based on their location within the tissue. 
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Figure 4: Location of immune infiltrate impacts patient survival. Adapted from Galon et al. Science 2006. 
Showing the correlation between the location of different T cells subpopulation within colorectal cancer 
samples and patient survival. The highlighted area shows how granzyme B+ cells can have a very different 
impact on patient survival depending on their location. High density granzyme B+ infiltrate at the center of 
tumors is associated with double survival time compared to high density granzyme B+ infiltrate at the 
tumor’s invasive margin 

Approach 

We undertook a comprehensive approach for the study of non-dissociated TME

involving an array of microscopy-based techniques that allow a qualitative and 

quantitative mapping of the tumor immune infiltrate based on multiplex confocal scans of 

whole tumor section. Additionally our approach was developed in order to enable surface 

and intracellular protein staining as well as detection of good quality RNA in situ. Based 

on this quantitative analysis we can locate a certain cell type of interest due to its 

phenotype, interaction with other cells and/or location within the tissue. Using laser 

capture microdissection followed by next-generation RNA-sequencing, we can then 

establish the transcriptional profile of our specific population of interest. Particular gene 

expression can be validated by RNA or protein staining and at a subcellular resolution 

using stimulated excitation depletion super resolution (STED) microscopy (Klar and 

Hell, 1999) if needed. Finally, we can recapitulate our findings in the context of 3D tissue 
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architecture using digital light sheet (DLS) microscopy. These different technics were 

developed and applied in projects on human and mouse tissues and across different 

cancer types, demonstrating the broad versatility of our approach (Figure 5). 

Figure 5: Approach to study intact tumor microenvironment. Fresh tissue are either OCT embedded and 
frozen or PFA fixed.  Using up to 10 colors IF panels we will map the TME immune composition, which 
will then be quantified by histo-cytometry. The quantification and localization will serve to define specific
targets for LCM. Harvested samples are analyzed by RNA sequencing. RNA seq data will be validated in-
situ by RNA and protein expression. Specific targets will be further studied in vitro and in vivo to evaluate 
their role within the TME. Finally using PFA fixed samples we will visualize our validated targets in the 
tissue 3D architecture by using light sheet microscopy 
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Results 

Tissue Scanning Reveals TME Heterogeneity 

When we first started to study the TME in intact tissue, it became clear that multiple 

individual fields of view images would not suffice to represent the heterogeneous 

structure of the TME and the organization of the tumor infiltrate throughout the whole 

tissue. Therefore we optimized our staining protocol and technique to preserve the entire 

tissue integrity, as well as our confocal acquisition procedure in order to generate high-

resolution tissue scans. This allowed us to have a global overview of tissue organization, 

cancer cell and stromal cells localization as well as immune infiltrates present in the 

tissue and their organization. To this end, we could appreciate that in some melanoma 

samples, CD14+ and CD3+ T cells are in very close interaction (Figure 6), 

Figure 6: Tissue scanning reveals TME heterogeneity. Melanoma and Breast cancer samples were stained 
for cancer cells in blue (gp100/Mart-1 for melanoma and pan-Cytokeratin for Breast cancer), Myeloid cells 
represented in red and T cells in green, scale bar represents 200um. Both images show great heterogeneity 
in the organization of the immune infiltrate within each tissue but also the heterogeneity between different 
cancer type. In melanoma part of the T cells and myeloid cells are in close contact aggregated at tumor 
edges while a portion of myeloid cells is within the cancer nests without interaction with T cells. In breast 
cancer some areas are composed of dense cluster of T cells while myeloid cells seems to be spread out 
throughout the tissue. 
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while in some breast cancer CD3+ T cells form dense clusters separated from myeloid 

cells. While the biological implications of such cellular organization remains to be 

established, the whole tissue scanning is clearly superior to evaluation of small selected 

tumor areas to assess the type of immune infiltrate.  

Histo-Cytometry 

To move beyond description to quantitative approaches, we have applied and 

improved the method of Garner et al. (Figure 7).  

 
Figure 7: Histo-cytometry A) Original Histo-cytometry pipeline of computational step by step analysis for 
cell subsets quantification and visualization. B) Left panel illustrate dendritic cells overestimation, right 
panel shows cellular segmentation using “spot” function 
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 Indeed, our quantitative approach had to meet specific needs such as: (1) analyze 

large data set of whole tissue scans with up to 10 colors IF panels; (2) enable cellular 

resolution within dense tissues, with surface or intra-cellular protein staining as well as 

RNA staining, and (3) distinguish single, double or triple positive cells.  

 Our initial approach was based on Histo-cytometry methodology (Figure 7A) 

(Gerener et al. 2012), which is a stepwise computational analysis platform that allows a 

flowcytometry-like quantification. In our hands, the initial Histo-cytometry approach had 

a similar overestimation of cells with ramifications such as dendritic cells or 

macrophages as reported in the original paper, as their dendrites were counted as 

additional cells (Figure 7B). Thus, instead of extracting cells surface based on their 

staining, using image analysis software Imaris and based on nuclear stain, we generated 

spots for each individual cell in the tissue, solving dendrites overestimation (Figure 7B). 

Also as each generated spot is associated with (X; Y) coordinates, plus all intensity 

values for all channels, we then converted all spots data into an fcs. files (using an R 

package) that we then visualized and quantified using flowjo. Below, we describe few 

examples that illustrate how we apply this pipeline to uncover tissue biology. 

Example #1: In-Situ Identification of IL-1b Origin in Breast Cancer Tissue 

 In a study based on human breast cancer samples, we identified the production of IL-

1b in primary tumors to be linked with advanced disease (Appendix C). Our goal was to 

identify the main cellular source of IL-1b in the tissue. Applying the approach described 

above, we were able to gate cancer cells and CD11c+ myeloid cells separately to evaluate 

the IL-1b production for each population. We could conclude that CD11c+ myeloid cells 

represented the main source of IL-1b within the breast cancer TME. (Figure 8A and C).  
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Example #2: Identification of Rare Cells in Tissue. 

 We identified and localized a subset of CD11c+ cells that co-stained for Cytokeratin 

19. By gating on this unexpected population and using the spots coordinates we were able 

to locate this specific rare population within the scan and could show that 

CD11c+/CK19+ cells were actually CD11c+ cells in direct interaction with cancer cells, 

or that contained cancer derived proteins (Figure 8B). Importantly, without the histo-

cytometry quantification we might have missed this rare population of CD11c+ cells. 

 
Example #3: In-Situ Quantification of Dynamic Immune Response to Anti-PD-1 

 Our Histo-cytometry study was used in a collaborative project on the study of anti-

PD1 impact on CD8+ T cells in a humanized breast cancer model (Appendix B). There, 

using humanized NSG mice, implanted with MDA-231 breast cancer cell lines, we were 

able to visualize and to quantitate the dynamic response of tumor-infiltrating CD8+ T 

cells upon anti-PD-1 treatment. While whole tumor scans revealed the presence of CD8+ 

T cells in both treated and non-treated tissues, only by using histo-cytometry 

quantification we could show translocation of the CD8+ T cells from the tumor edge 

towards the center on the tumor, after anti-PD-1 treatment. This was achieved by 

calculating the ratios of CD8+ T cells infiltrating the tumor center over the CD8+ T cells 

present in the vicinity of the tumor. It is interesting to mention that if this study was done 

on single cells suspension, we might no have detected any changes in the CD8+ T cells 

infiltrate upon anti PD-1 treatment as CD8+ T cells were present in both conditions and 

the main factor was the T cell location within the tissue (Figure 9). 
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Figure 8: In-situ identification of IL1b origin in breast cancer.A) Breast cancer whole section stained for 
cytokeratin 19 in blue, CD11c in green and IL1b in red. Histo-cytometry  based quantification was 
conducted using FlowJo software to gate CD11c +, cytokeratin 19+ and double-positive cells and to 
quantify the IL-1b expression within each of the gated populations. FlowJo plots illustrate the gating and 
quantification process in representative BC tumor sample. B) Shows rare events corresponding to CD11c 
and Cytokeratin19 double positive cells, representing cancer derived phagocytic bodies within CD11c+ 
cells or very close interaction between cancer and CD11c + cells. C) Summary the percentages of IL-1b co-
localization with cytokeratin 19 and/or with CD11c from three different BC tumors with gating strategy to 
identify source 
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Figure 9: In-situ quantification of the dynamic immune response to anti-PD-1. Whole tissue scan of MDA-
231 subcutaneous tumors from humanized  NSG mice untreated or treated with anti-PD1, DAPI in blue and 
CD8 in red. Histo-cytometry based quantification of ratio of CD8+ cells at the tumor vicinity and at the 
center of the tumor. Control tumor ratio 0.776.Anti-PD-1 treated sample ratio = 1.652

Polychromatic Immunofluorescence Imaging 

Having established confocal whole tissue scanning combined with cellular qualitative 

and quantitative mapping using improved histo-cytometry approach, we then sought to 

expand the analytical power for each staining panel by increasing the number of antigens 
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that can be analyzed simultaneously. This was possible by exploiting the cutting-edge 

confocal microscope equipped with multiple photon hybrid detector (HyD). These 

detectors are fully tunable in their range of wavelength detection, bypassing the need for 

complex filter set combination, which are associated with signal loss. In addition, the 

supercontinuum white light laser (WLL) (Juskaitis et al., 1996) can generate laser lines at 

any given wavelength between 430 and 670nm, when coupled with an acousto-beam 

splitter.  

Figure 10: Polychromatic immunofluorescnce imaging A) Excitation/Emission spectra for classical 
polychromatic IF with 4 color panel compared to highly multiplex IF with up to 10 colors panel achieved 
by combining white light laser, tunable HyD detectors and new fluorophores. B) Comparison images of 
after/before bleaching of BV570 fluorophore after image acquisition, yellow square showing bleached area. 

Therefore, it can emit up to eight simultaneous laser lines each one independently 

tunable to the exact required wavelength for optimal fluorophore excitation, while 

minimizing possible cross excitation. This technological combination allowed us to 

develop staining panels with up to 10 antibodies/colors simultaneously in the same tissue 

section (Figure 10). We tested four different nuclear stains and 20 commercially available 
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fluorophores, to select the best colors combinations with optimal spectral separation. A 

critical step in the multiplex panel design was achieved by replacing the widely used 

nuclear stain DAPI, which has a notoriously long emission tail overlapping with several 

potential fluorophores, SYTOX blue which has a much narrower emission profile, which 

in turn allowed the use of several fluorophores from the brilliant violet family 

(Chattopadhyay et al., 2012). Except for BV421, the other members of the BV family 

have the particularity of being photo-bleachable (Figure 10B), which we turned into our 

advantage by first doing the acquisition of all BV colors simultaneously. By doing so, 

after BV fluorophores bleaching, we are left with only six out of ten colors present on the 

tissue, making it more manageable to acquire the remaining signals with minimal 

spillover between channels. Each multiplex panel was designed to create a balance 

between the abundance of each marker’s expression in the tissue, the binding affinity for 

each antibody and the brightness associated with each fluorophore. Therefore we were 

able to construct immunofluorescence panel focused on different immune cell types and 

subtypes to study the TME in different cancer types (Figure 11). In this example, the nine 

color panel allowed us to visualize simultaneously: cancer cells, total immune infiltrate, 

CD3+CD8+T cells, CD3-CD8+ NK cells, different myeloid cells with a range of CD14 

and CD11c expression, B-cells and also KI67+ dividing cells. Combining our multiplex 

panels and high resolution whole tissue scanning we can now characterize in depth non-

dissociated TME with Histo-cytometry. 
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Figure 11: Whole tissue scan of a breast cancer sample stained with 9 colors IF panel. Showing each single 
channel for Nucleus, Cytokeratin cancer cells, CD45 immune infiltrate, that can be further subdivided into 
subtypes with CD3, CD11c, CD14 CD19/CD20, CD8 staining and Ki67 staining will provide information 
on cell proliferation. Bottom panel shows overlay image of all 9 channels 
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Quantification of Immune Infiltrate in Melanoma 

We applied seven colors IF panel on a cohort of ten metastatic melanoma cohort, for 

each sample the whole tissue scan was acquired with high-resolution confocal 

microscopy, and each scan was then analyzed by quantitative and spatial histo-cytometry 

(Figure 12A).

Figure 12: Quantification of melanoma immune infiltrate.  A) Histocytometry approach to transform whole 
tissue scan images into cells segmented files analyzed in Flowjo. Histocytometry was applied on 10 
metastatic melanoma samples stained for nucleus, CD45, CD3, CD14, CD19/CD138, gp100/Mart-1, Ki67. 
B) Immune cell types quantification in percentage of total CD45+ cells present in the tissue, CD14+ cells 
represents the main infiltrate in metastatic melanoma, CD3+ T cells is the second most abundant 
population, while B cells/plasma cells are 3rd  , finally CD45+ cells CD3- CD14_ and CD19-/CD138-
represent on average 9% of the total infiltrate. C) Quantification of CD3+ T cells and CD14+ cells 
interactions. Where a large portion of T cells is engaged in direct contact with CD414+ cells, while only a 
1/3 of CD14+ cells present in the tissue are involved. 

On average the immune infiltrate represented 46% of all nucleated cells present in the 

tissues that we processed. Across all samples, histo-cytometry based quantification 

showed that CD14+ cells were the major component of the immune infiltrate over the 

CD3+ compartment which was second, B cells/plasma cells were third and lastly cells 
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that were neither CD14, CD3 nor CD19/CD138, represented 9% of the total CD45+ 

infiltrate  (Figure 12B).  Further analysis indicates that the majority of CD3+ cells are in 

close contact with CD14+ cells, while only a third of CD14+ cells present in the tissue 

were in contact with T cells (Figure 12C). This suggests a dynamic interaction between 

antigen presenting cells that engage a majority of CD3+ T cells present in the melanoma 

TME while only a fraction of CD14+ cells participates in this crosstalk. 

In Situ Quantitative RNA Staining with Subcellular Resolution 

 Considering that one of the objectives in this study is to conduct transcriptional 

profiling on non-dissociated tissues, we will encounter specific gene expression pattern, 

which we will want to confirm in situ. Furthermore, several of our studies have brought 

us to investigate the cellular origin of secreted factors such as IL-1b. While protein based 

staining can confirm the protein expression and localization in a certain cell type in situ, 

the most accurate validation of cellular source is to determine the RNA expression 

profile, in this case IL1B gene. Therefore we had a need to implement fluorescent in-situ 

RNA hybridization technic in our pipeline.  The proprietary ViewRNA approach, which 

has the particularity to use sequential branched-DNA signal amplification, can achieve 

single RNA copy resolution in-situ. High magnification confocal microscopy allows us to 

distinguish and quantitate isolated fluorescent dots, representing each a single RNA reads 

(Figure 13A). But when individual cells were expressing higher reads number, the 

viewRNA signals formed clusters that were impossible to quantify using traditional 

confocal microscopy (Red arrows Figure 13A). Only STED super-resolution microscopy 

allowed us to distinguish and quantitate individual reads from clusters of RNA staining 

(Figure 13B). Furthermore using 3D STED and surface rendering for the nuclear staining, 



40

which generates a 3D opaque structure masking any structures within its volume, we can 

precisely determine which RNA reads are located within the nucleus, from the reads that 

have already been translocated into the cytosol (Figure 13C). This could allow us to 

distinguish between recent, late and continuous transcription of our gene of interest 

(Schmolke et al., 2014). 

Figure 13: In-situ quantitative RNA staining with subcellular resolution. Imaging of target RNA expression 
in-situ in human lungs with DAPI represented  in blue and MX-1 RNA in red. A) Classic confocal imaging 
of MX-1 RNA expression with red arrows indicating dense clusters of RNA expression impossible to 
quantitate. B) Super resolution STED imaging of same area now allows precise quantification number of 
RNA copies per cells. C) Using DAPI surface rendering it is possible to estimate proportion of nuclear 
RNA vs. cytosolic RNA. 

Visualization of the Tissue 3D Architecture 

Having established a palette of microscopy tools to study tissues sections at the 

cellular and transcriptomic level, we now wish to transfer this knowledge to the global 

tissue architecture by 3D imaging using digital light sheet microscopy (DLS). This would 

allow us to study the TME in its intact 3D conformation and visualize specific cell 

population identified by histo-cytometry. The main challenge for light sheet imaging, or 

for any type of large-scale 3D microscopy (several millimeters to centimeters of intact 
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tissue), is the tissue’s intrinsic opacity. Different clearing technics have been recently 

published. All are based on different chemical cocktails to remove highly refractive tissue 

lipid content. As most of these protocols were developed to clear mouse brain, we 

hypothesized that they might not all be suitable for the study of dense, bloodied or 

pigmented tumor samples or mouse organs. Therefore we tested Scale (Hama et al., 

2011), passive Clarity (Tomer et al., 2014), active Clarity (Chung et al., 2013), and 

CUBIC (Susaki et al., 2014; Tainaka et al., 2014) clearing protocol for their ability to 

efficiently clear mouse liver. The rationale was that if a particular clearing protocol can 

efficiently remove strong liver pigmentation and high lipid content, it would most likely 

work well on the type of tissues that we want to study.  While Scale was not able to 

remove tissue pigmentation, both passive and active Clarity protocols were associated 

with significant tissue swelling and damage. Only CUBIC clearing protocol had 

satisfactory tissue clearing properties on mouse liver samples, in our hands. Using this 

protocol we could successfully clear mouse liver, lungs, kidney, spleen and bone (not 

shown). Importantly we could also clear human primary and metastatic tumor samples 

(Figure 14A). A primary ovarian cancer sample and its metastasis to the omentum, from 

the same patient, were received fresh, fixed in PFA, cleared by CUBIC protocol and 

stained by IF for cancer cells and CD31+ vasculature. The 3D architecture was acquired 

by DLS imaging a 7x2x2mm volume. This revealed a heterogeneous vascularization for 

both samples, with areas highly vascularized by large vessels away from cancer nests and 

areas with smaller ramified blood vessels within cancer areas. 
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Figure 14: Study of tissue 3D architecture. A) Illustrates the CUBIC clearing protocol, where the tissues are 
de-pigmented stained and refraction index corrected by lipids removal.B) 3D scan 7x2x2 mm of primary 
ovarian cancer with blood vessels stained by CD31 in red and cytokeratin cancer cells in green. C) 3D scan 
of ovarian cancer metastasis to the omentum from the same patient as in B). Same staining panel 
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As CD31 can also be expressed on activated immune cells, we could also identify 

areas were cancer nests are infiltrated by immune cells which appeared as double positive 

for cytokeratin and CD31 on the 3D scans (Figure 14 B and C). One of the limitations we 

encountered during DLS imaging, was the very poor signal from the nuclear stain DAPI 

used in our panel, not allowing us to conclude on the cellularity of unstained areas of the 

tissue that remained "dark". In relation to our observations, it was shown that the light 

transmittance in cleared tissue is directly related to its wavelength, the longer the 

wavelength is, the better it can travel through the thickness of the tissue (Susaki and 

Ueda, 2016). In this study, DAPI displayed only 10-15% transmittance, in agreement 

with our observation (Figure 15A).  

Figure 15 :Improvement of nuclear staining for DLS imaging. A) From Sasaki and Ueda 2016, Shows the 
signal transmittance through a mouse cleared brain with red/far red light penetrating the tissue with better 
efficiency than blue light. B) Comparison between two nuclear stains for DLS microscopy. Mouse lungs 
were cleared using CUBIC protocol and counterstained simultaneously with DAPI (blue light) and DRAQ-
5 (far red light). Both stains were acquired simultaneously, images shows the resolution with DAPI and 
DRAQ-5 signal from the same plan within the 3D stack.

Therefore we compared DAPI to another nuclear stain, DRAQ-5 that emits near the 

infrared wavelengths, which is predicted to achieve around 70-80% transmittance. Using 
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a mouse cleared lung that was co-stained for DAPI and DRAQ-5 we were able to 

compare the signals obtained from each nuclear stain simultaneously. As expected, the 

comparison showed a much better signal resolution for DRAQ-5 as nuclear stain 

compared to DAPI (Figure 15B). Using DRAQ-5 as a nuclear stain, we can now image 

tissues in 3D, with a much-improved cellular resolution.  

 

Conclusions 

 Combining multiplex IF with our optimized computational quantification enables 

precise cellular and subcellular profiling of non-dissociated TME. Further, we are now 

expanding our approach towards the profiling of whole 3D tissue architecture with DLS 

microscopy. 
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CHAPTER FIVE 

Aim 2: To Establish Transcriptional Profiles of Myeloid Cells in non-Dissociated 
Melanoma Tumors 

Rationale 

 Immunotherapy has drastically changed the way cancer patients are being treated. 

This is especially true in metastatic melanoma, where anti-PD-1 immunotherapy in 

previously untreated patients reached 40% objective response in comparison to 13.9% for 

standard care chemotherapy (Robert et al., 2015). While this represents a major 

improvement, around 60% of patients treated with anti-PD-1 will not respond. It has been 

suggested that the cancer mutational load is correlated with response to PD1, while a 

study (Yarchoan et al., 2017) showed a high correlation between somatic mutation and 

objective response rate to immunotherapies, when looking across 27 cancer types 

together, this correlation was not always strong when comparing individual cancers. 

While endometrial, head and neck and NSCLC show a very high correlation between 

somatic mutations and treatment response rate, other cancers such as pancreatic, 

colorectal (MMRp), breast and melanoma show lower correlation level. Furthermore a 

study has shown that a loss of function mutation for Janus Kinase 1 (JAK1) or Janus 

Kinase 2 (JAK2) was associated with acquired resistance to anti-PD-1 therapy and 

relapse of patients with initial objective response (Zaretsky et al., 2016). The same group 

has also demonstrated that high mutational load was associated with better survival but 

could not predict response rates to PD-1 blockade (Hugo et al., 2016). Therefore, we
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hypothesized that additional, non-genomic factors, are regulating the responses to  

checkpoint inhibitors within the TME. 

Approach 

 To study in depth intact metastatic melanoma microenvironment, we combined our 

highly polychromatic IF panels with our optimized histo-cytometry method based on 

Gerner et al. (Immunity 2012), in a cohort of metastatic melanoma samples. Doing so, 

we identified two distinct population of CD14+ cells, one population surrounding cancer 

nests was deprived of melanoma antigen while the second population was within the 

cancer nest and loaded with melanoma antigen. We further characterized and compared 

the transcriptome of these two populations by LCM of CD14+ cells based on their 

phenotype and location within the TME (manuscript E in preparation).  This molecular 

profiling provides us with clues on the different phenotypes and functions of similar cells 

differentiated based on their locations and finally gives us clues on their possible impact 

on patient survival. 

Results 

Melanoma Antigen Is Present Within a Subset of CD14+ Cells 

 Based on previously described histo-cytometry quantification of immune infiltrate in 

melanoma, a deeper analysis showed that the CD14+ population could be divided into 

two subtypes, CD14+ cells bearing melanoma antigen and CD14+ cells free of melanoma 

antigen (Figure 16A). Furthermore, by comparing the localization of these two subtypes 

in relation to cancer cells, we show that CD14+ cells with melanoma antigen were 

preferentially localized within cancer nests while melanoma antigen free CD14+ cells 

were located in the periphery of cancer nests (Figure 16B).  
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Figure 16: . Melanoma antigen present within a subset of CD14+ cells. A) Flowcytometry-like analysis of 
intact tissue. Gating strategy identifying melanoma antigen +/- CD14+ cells.  B) Localization of melanoma 
phagocytizing and non-phagocytizing CD14+ in the tissue vis-avis cancer cells. In green is the density of 
gated cancer cells, in red the density of gated CD14 cells either containing melanoma antigen (left panel) or 
deprived of melanoma antigen (right panel). C) Quantification of CD14+ cells with or without melanoma 
antigen uptake across 10 different metastatic melanoma samples. Both populations are present across all 
analyzed samples with some degree of variability. 
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Quantification across all ten samples indicates that CD14+ cells containing melanoma 

antigen are present in all melanoma tissues and represent around half of all CD14+ cells 

present in the TME (Figure 16C). This observation was then verified by IF in-situ on 

three different melanoma samples. Where we could clearly identify CD14+ cells inside 

cancer nests containing melanoma antigen (Figure 17 white squares) while CD14+ cells 

that were away from the cancer nests showed no staining for melanoma antigen (Figure 

17 green squares).  

Figure 17: Cellular localization of melanoma antigen. Representative IF staining on 2 human metastatic 
melanoma, DAPI blue, CD14 red, gp100/Mart-1 in green. CD14+ cells infiltrating melanoma cancer nests 
contains melanoma protein staining. 

3D STED super-resolution microscopy confirmed, with a subcellular resolution that 

the melanoma antigen were indeed phagocytic bodies located within the CD14+ cells 

(Figure 18). Taken together these observations seem to indicate a mismatch between the 

localization of tumor-infiltrating CD3+ T cells and antigen-bearing APCs. 
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Figure 18: Intracellular localization of melanoma antigen in CD14+ cells. 3D STED super resolution 
microscopy of intact melanoma tissue shows DAPI blue, CD14 red and gp100/Mart1 green. Surface 
rendering shows that bodies of melanoma protein (yellow arrows) are contained within CD14 surface 
boundaries. Right top and bottom panels represent single colors with DAPI staining 

Laser Capture Microdissection 

Having identified and located a population of interest using histo-cytometry, we then 

sought to characterize in depth our cells of interest by RNA sequencing. To do so, we 

first fitted the laser capture microdissection (LCM) microscope with a customized laser 

source in order to harvest cells based on simultaneous multi-fluorescence visualization. 

We also adapted our IF staining protocol, from four to five hours at room temperature to

only 17 minutes (between cryo-sectioning to tissue dehydration) under constant 

temperature monitoring at 1°C and under the best RNA preserving conditions possible to 

our knowledge. Additionally, our LCM approach uses the ArcturusXT system which has 

the unique advantage of being equipped with a gentle IR laser. (Espina et al., 2006) This 

allows the capture of single cells or small numbers of individual cells with minimal 

damage to their RNA and DNA integrity compared to UV based technics (Figure 19). 
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Indeed due to its high power, the UV laser was shown to destroy the tissue’s RNA within 

30um of the laser’s cutting line, thus preventing the harvest of individual cells without 

destroying their RNA content (Espina et al., 2006).

Figure 19: Immunofluorescence based laser capture microdissection. Illustration of IR laser based LCM 
harvesting, using thermolabile polymer which absorbs the IR laser power, melts and binds to target cells, 
which are then “pulled” from the tissue with the cap. Right: Key points that were optimized for our study. 

To achieve high quality results, all samples undergo a rigorous selection process 

before being considered for LCM. Tissues were selected based on their RNA integrity, 

and overall structure defined by H&E staining (Figure 20 A and C). Only tissues with 

RNA integrity number (RIN) above eight and without major sign of necrosis or tissue 

damage were selected. The presence and localization of our population of interest was 

established by whole tissue scanning, generating a "GPS" slide (Figure 20B), which 

served as a guide during the harvest. The LCM harvest by itself was conducted on 

samples stained by an optimized IF protocol under RNA preserving conditions (Figure 

20C). The quality of the harvest was assessed visually by comparing “before/after” 

images of all individual cells selected for harvest (Figure 20 D). This allowed the exact 

quantification of all harvested cells but also to control for possible contamination from 

unwanted cells from the tissue.  
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Figure 20:  Laser capture microdissection pipeline. A) Tissue integrity assessment by H&E staining. B) 
“GPS” slide, mapping the location of cell types to be harvested which will be used as a guide during LCM 
for orientation. C) RNA integrity is mostly preserve during optimized IF staining protocol. D) LCM harvest 
QC by comparison of “before/after” images where only selected cells (red arrows) have been pulled from 
tissue without apparent contamination from adjacent cells. 

We successfully applied our LCM technology on diverse cancers types such as 

melanoma and breast cancer (Figure 20 and 21) but also on non-involved tissues such as 

lung (Figure 22), spleen and tonsil (not shown). 
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Figure 21: . LCM harvest of cancer cells and CD14 from triple negative breast cancer. LCM pipeline 
applied to triple negative breast cancer tissue. A) Tissue’s RNA integrity. B) Overall tissue structure and 
integrity. C) “GPS slide” with localization of cells to be harvested. D) Different populations (red, green, 
blue) of breast cancer cells harvested from different areas in the tissue. C) Different populations ( red, 
green, blue) of CD14+ cells harvested from different areas in the tissue. 

Figure 22: LCM harvest of CD14+ cells from different locations in human lung tissue. Top row shows cells 
selected for harvest. Red arrows indicate cells within blood vessels while green arrows indicate cells from 
alveolar areas. Bottom row shows same areas after LCM, illustrating the precision of harvest.  
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LCM Samples Yield Good Quality RNA Sequencing Data 

The LCM samples were then processed into RNA libraries following a protocol 

developed for single cells RNA sequencing. After sequencing, samples were filtered 

based on their genomic mapping rate, their transcriptomic mapping rate to coding regions 

and their reads' 3' bias.  

Figure 23: Quality control of RNA sequencing of LCM harvested samples. A) Graphic represents the 
proportion of reads mapped to different genomic regions for each sample. Except for two samples, majority 
of the reads are mapping to protein coding regions (coding + UTR). B) Representative example of limited 
3’ bias for libraries generated from LCM samples. C) Example of strong 3’ bias from a sample that did not 
pass quality requirements and was discarded from down stream analysis. 

Except for samples from one patient, that showed high mapping rate to intergenic 

region of the transcriptome possibly due to RNA degradation, the sequencing quality for 

all other sample was satisfactory, with 60 to 70% of reads mapping to the transcriptomic 

region, of which majority of reads was mapping to the coding (coding+ UTR) region and 

had a minimal 3’ bias (Figure 23A and B). Only samples with satisfactory quality were 

used for further analysis.  
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Laser-Capture Microdissection of CD14+ Cells in Melanoma 

Using our LCM approach on nine metastatic melanoma patient samples (Table2) we 

harvested pools of 40-70 individual cells either from intratumoral areas where CD14+

cells contain melanoma antigen (called intra CD14+ cells) or from marginal areas where 

CD14+ cells are melanoma antigen free (margin CD14+ cells). In addition we also 

harvested melanoma cells for each sample. This process was done in duplicate on two 

consecutive sections for each sample. The exact number of collected cells per sample and 

location was confirmed during LCM quality control and is summarized in Table 3.  

Table 2: Melanoma samples information 
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Table 3: LCM harvest summary 

Except for one patient, which was discarded from downstream analysis, all samples 

yielded good RNA sequencing data, with good mapping to the human genome, but also 

to the human transcriptome while presenting limited 3’ bias (Figure 24A). Importantly 

when comparing the number of genes detected for each sample, by cell type and by 

harvest location we did not observe any significant bias towards cancer cells, intra or 

margin CD14+ cells harvested by LCM (Figure 24B) 

The expression profile of control genes such as PTPGR (CD45), CD14, CD33, CD68, 

CD163 and MerTK (Figure 25) confirmed that cells harvested based on their CD14 

protein expression from different areas in the tissue were indeed immune myeloid cells. 
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Figure 24: RNA sequencing quality control of LCM harvested samples A) Summary table of average 
mapping rate to the human genome and transcriptome and percentage of gene center coverage (indication 
of 3’ bias) across all LCM samples by cell type and location in tissue.  B) Number of genes detected above 
5 count threshold for all harvested samples, without genes detection bias towards certain cell type.  
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Figure 25: Expression of control immune myeloid markers. Plots of expression level for all intra and 
margin CD14 samples harvested by LCM. Expression of PTPRC, CD14, CD33, CD68, CD163 and MerTK 
strongly indicates that harvested cells were indeed immune myeloid cells 

During our RNA sequencing data analysis, we realized that our samples, due to the 

low number of cells per samples, had an expression profile closer to what is usually 

observed in single cell sequencing compared to bulk RNA sequencing. Therefore we 

used similar threshold applied to single cells sequencing analysis to account for the 

expression sparsity of some genes and qualified a gene as expressed only if it is present in 

at least 25% of a given cell type. When isolating the specific signature of intra and 

margin CD14+ cells, one concern was that the melanoma-derived phagocytic bodies 

within the intra CD14 population might contain melanoma-specific RNA which would 

artificially drive differential gene expression towards melanoma expressed genes. To 

overcome this possible issue we used LCM harvested cancer cells to identify genes 

shared between cancer cells and CD14+ cells. This allowed us to identify gene signatures 
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specific to CD14+ cells based on their location within the tissue, as well as genes 

common between different populations harvested by LCM (Figure 26). 

Figure 26: Identification  of CD14 specific genes signature. Venn diagram representing number of specific 
genes expressed within each group that passed 75 percentile cutoff threshold 

Transcriptome Organizes Samples Accordingly to Tissue Location 

When comparing the transcriptomic profile for all samples by t-SNE clustering, not 

surprisingly CD14+ cells clustered from cancer cells, but interestingly the CD14+ 

samples did not cluster by tissue, instead CD14+ intra clustered away from CD14+

margin, meaning that their distinct phenotype has a greater impact on their transcriptome 

than patient to patient variation. Even more interestingly, clustering across all harvested 

samples was reflecting tissue location. Indeed samples clustering followed the same 

pattern that we observed by IF in the tissue, with intra CD14+ in between margin CD14+ 

cells and cancer cells (Figure 27). 

This suggests a direct imprint from the tissue location on cell’s transcriptional status. 

Importantly we confirmed that intra CD14+ cells and margin CD14+ cells clustering, was 

not driven by lymphatic vs non-lymphatic samples origin. 
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Figure 27: T-SNE clustering of all LCM  samples reflect in-situ organization. t-SNE clustering of margin, 
intra CD14+ and cancer cells where intra CD14 cells clusters in between margin CD14 and cancer cells. t-
SNE clustering reproduces the same pattern to what we observe in-situ 

Indeed, even if lymph node metastatic samples were selected for being completely 

invaded by cancer and for not presenting lymph node structures anymore, marginCD14+ 

cells could represent lymph node associated CD14+ cells, irrelevant to the TME. This 

was not the case as their transcriptomic profile is similar to margin CD14+ cells from 

non-lymphatic metastasis.  

Examples of Differentially Expressed Genes Possibly Reflecting Cell Biology 

To further analyze differentially expressed transcripts, we used the fact that 

intratumoral and margin CD14+ cells show different antigen load. Thus, we assessed the 

expression of transcripts involved in phagosome maturation and eventually antigen 

processing. To this end, we compared the expression profile of the members of the 

lysosomal-associated membrane protein (LAMP) gene family (Figure 28A). The 

expression level of Lamp-1 and Lamp-4 (CD68) were similar between intra and margin 

CD14+ cells. However, the expression of Lamp-2, which is associated with late 

endosome-lysosome fusion (Saftig and Klumperman, 2009), was significantly higher (t-

test p=0.0007) in intra CD14+ cells compared to margin (Figure 28B).  Interestingly, 
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surface expressed Lamp2 was recently shown to act as an endocytic receptor that routes 

cargo into a non-classical antigen processing pathway which results in lower presentation 

of antigen peptide on DCs surface and increased antigen concentration within exosomes 

(Leone et al., 2017). This could be an indication of non-classical antigen processing 

pathway by highly phagocytic intra CD14+ cells. 

 

Figure 28: Examples of differentially expressed genes A) Expression of Lamp family genes that passed 
cutoff threshold across all intra and margin CD14 samples. B) Expression level of Lamp2 with significantly 
higher expression level in intra CD14 cells compared to margin CD14 cells. C) Significantly higher 
expression of ZBP1 in margin CD14+ cells compared to intra CD14+ cells. While of interest due to its 
active role in antigen processing and presentation, the expression levels of Lamp-3 (DC-Lamp) did not pass 
the 25% cutoff for any of the harvested population, indicating sparse expression in a minority of samples.  

In addition to hypothesis driven analysis as described above, we are also studying the 

unique genes for each group based on their statistical differences in expression pattern 

between intra and margin CD14+ cells. This approach allowed us to identify several 
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genes of interest. One example is ZBP1, with a significantly (t-test p=0.002) higher 

expression in margin CD14+ cells compared to intra CD14+ cells (Figure 28C). ZBP1 is 

an innate immune receptor for the detection of cytosolic double stranded DNA, inducing 

type-I interferon production (Kuriakose and Kanneganti, 2018). Recent study showed its 

ability to sense cytosolic self DNA in macrophages, which was then associated with 

increased inflammation with high production of IL-6, IL-10, TNFa and CCL2, and linked 

with lupus nephritis in an in vivo mouse model (Zhang et al., 2013). This suggests the 

possibility for margin CD14+ cells to respond to cancer derived self-DNA and drive a 

pro inflammatory response. Interestingly phagocytic intra CD14+ cell, most likely to 

content cancer derived DNA, do not express ZBP1. 

Comparison With Other Methods to Establish Transcriptional Profiles 

 One of the most common approach for tumor transcriptomic profiling is whole tissue 

sequencing. This approach is unbiased as there is no cell pre-selection process and it does 

not have the artifact associated with tissue dissociation. However, it is difficult to assess 

the cellular composition and the spatial organization of the sequenced sample. 

Furthermore, specific cell type signature might be “diluted” among the dominant cancer 

cells transcriptome. To test whether our LCM-based approach increases the resolution of 

myeloid cells transcritomic profiling, we sequenced whole tissue sections adjacent to the 

sections from which the cells were harvested by LCM. We then analyzed the overlap 

between LCM and melanoma whole section (MWS) transcripts (Figure 29), and 506 

transcripts specific to CD14+ cells present in the LCM dataset that were not detected in 
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whole section data set. Thus, LCM-based approach enables a more in depth profiling of 

specific cell types. 

Figure 29: Transcripts detection by LCM vs whole section sequencing. LCM-based approaches allows
more in depth profiling of CD14+ cells with the detection of 506 transcipt not seen in melanoma whole 
section sequencing. Transcript detection threshold was defined as present in at least 75 percentile of 
samples with mean expression above 0.5 TPM. 

Another approach to profiling TME is based on single cell transcriptomics (SCT). A 

study by Tirosh et al. characterized “the multicellular ecosystem” in metastatic melanoma

(Tirosh et al., 2016). In this study 19 melanoma samples were dissociated into cell 

suspension, CD45 + and CD45- cells were sorted as single cells and sequenced. Within 

the CD45+ compartment, t-SNE clustering could capture individual T cells, B cells, NK 

cells and macrophages. Strikingly, out of all 2761 immune cells captured across all 19 

samples, only 126 were defined as macrophages, which would translate to 4.5% of total 

immune infiltrate in melanoma. While this low percentage contradicts our quantification 

of non-dissociated melanoma, where CD14+ cells dominate the immune infiltrate, it goes 

along with the observations made by Gerner et al. showing that tissue dissociation 
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preferentially depletes myeloid cells. Next, we compared the number of transcripts 

detected from macrophages by single cell RNA-seq and by our LCM approach.  

Figure 30: Transcripts detection by LCM vs Single Cell Transcriptomic. LCM-based approach allows the 
detection of 734 CD14+ cells specific transcripts not detected by SCT. Further intra CD14+ cells seems 
underrepresented in datasets from single cell suspension as only 22 intra specific transcripts were detected. 
Transcript detection threshold was define as present in at least 75 percentile of samples with mean 
expression above 0.5 TPM  

Overall, LCM-based approach allows the detection of several thousands of additional 

transcripts compared to SCT (Figure 30). This can possibly be explained by a deeper 

sequencing of our samples and by the fact that in LCM each sample represents a pool of 

individual cells and might therefore contain more material. Furthermore, LCM allows the 

detection of 734 transcripts specific to CD14+ cells (regardless of their localization), 

which are not at all detected by SCT. Finally, 381 transcripts detected by LCM in CD14+ 

cells were also detected in SCT analysis and assigned as macrophage specific (Tirosh et 

al., 2016). Of these 381 transcripts, 22 matched the intratumoral CD14+ cells and 130 

matched the margin CD14+ cells. These results suggest that intratumoral CD14+ cells 
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might be underrepresented in SCT study. Thus, LCM-based approach might be 

complementary to SCT and enable the analysis of cells that are otherwise lost during 

tissue processing. 

 
Conclusions 

 Using our microscopy based approach, we could identify in melanoma, CD14+ cells 

loaded with melanoma protein that are located within cancer nests, while the CD14+ cells 

that do not present melanoma antigen were located in the cancer surroundings. Further, 

by using LCM we established and compared the transcriptomic profile for both 

populations of CD14+ cells. We found that their transcriptomic profile seems to be 

directly impacted by the CD14+ cells’ localization within the tissue. Finally, we 

identified several differentially expressed genes that could reflect CD14+ cells biology in 

function with tissue location within the TME.  
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CHAPTER SIX 

Aim 3: To Credential Novel Humanized Mice Models For In Vivo Studies Of Human 
Myeloid Cells In Melanoma TME 

Rationale 

 Current models of humanized mice are hampered by the incomplete development of 

human innate myeloid cells, mainly monocytes and macrophages, which can have either 

tumor-promoting or tumor-rejecting functions. Thus, there is a critical need for validated 

humanized mice models that allow the reconstitution of a more faithful human immune 

system to enable in vivo studies of the interplay between human cancer and the human 

immune system.  

 The defect in the development of human immune cells in current immunodeficient 

mouse models can be explained by a limited cross-reactivity between some mouse 

cytokines and their corresponding human receptor. Several strategies to overcome these 

limitations have been described; some rely on administration of exogenous human 

cytokines (Mazurier et al., 1999) or cytokine-encoding plasmids (Chen et al., 2009), 

while others introduced transgenes encoding human cytokines (Bock et al., 1995), and 

more recently human genes were knocked into (KI) the genome replacing their mouse 

counterpart (Willinger et al., 2011b). Here we studied two of these new humanized 

mouse models, the triple transgenic NSG-SGM3 (SGM3) mouse model (Billerbeck et al., 

2011) and the MISTRG mouse, designed by our collaborators in Richard Flavell 

laboratory, using the KI approach.  
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 The NSG-SGM3 strain was designed, based on NSG strain, to expresses transgenes 

for human SCF and GM-CSF/IL-3. SGM3 showed improved myeloid reconstitution and 

increased frequency of CD4+ T cells and T cells with regulatory phenotype (Billerbeck et 

al., Blood 2011; Coughlan et al., Stem Cells Dev 2016). The MISTRG mouse model, in 

which the genes encoding M-CSF (Rathinam et al., 2011), IL-3/GM-CSF (Willinger et 

al., 2011b) and TPO(Rongvaux et al., 2011) are replaced by their human counterparts 

(Willinger et al., 2011a) in the hSIRPAtg RAG2-/- IL-2Rγ-/- to improve long-term 

maintenance of human HPCs but also to better support the development of the human 

innate myeloid compartment. 

 
Approach 

 To credential these two models for the in-vivo study of the human TME, we 

conducted with our collaborators a series of experiments comparing non-obese diabetic 

severe combined immunodeficient IL2rg -/- (NSG) and MISTRG mice for their 

reconstitution of the human immune comportment in the blood. We then followed 

allogeneic melanoma tumor growth kinetic in humanized and non-humanized NSG and 

MISTRG mice and compared their human macrophage infiltrate to human melanoma 

samples (Appendix A). Similarly, we conducted experiments comparing humanized NSG 

and humanized NSG-SGM3 mice in their capacity to foster allogeneic melanoma tumor 

development and their capacity to model interactions between cancer and myeloid cells 

(Appendix D). Finally, we showed the feasibility of an autologous melanoma humanized 

mouse model in MISTRG-6 mouse model, an updated version of the MISTRG mouse 

model (manuscript F in preparation).  
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Results 

MISTRG and NSG-SGM3 Mice Support Development of Human Myeloid Cells 

Newborn MISTRG mice were sub-lethally irradiated and transplanted with 100,000 

human fetal liver-derived CD34+ cells, Rag2-/-Il2rg-/- mice with the same genetic 

background (129 x Balb/c N2) and commercially available NSG mice were used as 

control mice. Seven to nine weeks post-engraftment the mice were bled to analyze their 

human engraftment, compared to Rag2-/-Il2rg-/- and NSG mice, MISTRG mice had a 

much more developed myeloid compartment. Overall, MISTRG mice blood was, in 

proportion, closer to the human blood with predominant myeloid phenotype, compared to 

the NSG mice, which has a predominant lymphoid phenotype (Figure 31A). 

Figure 31: MISTRG and SGM3 mouse models present improved myeloid compartment. A) MISTRG mice, 
which bear the human KI genes coding for M-CSF, IL-3, GM-CSF, TPO and the transgene for SIRPa 
shows an improved reconstitution of the human myeloid compartment compared to NSG mouse model, 
post engraftment with human CD34+ HPCs. In proportion humanized MISTRG mouse blood is closer to 
the human compared to NSG mice. B) Similarly SGM3 mouse model, which bears the transgenes coding 
for human SCF, GM-CSF and IL-3 displays an improved human myeloid reconstitution compared to NSG 
mice, post engraftment with human CD34+ HPCs. 
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 Similarly, four weeks old NSG and SGM3 mice were sub-lethally irradiated and 

transplanted with 100,000 human fetal liver-derived CD34+ cells. Eight to ten weeks 

post-engraftment the mice were bled and analyzed for their human engraftment. 

Compared to NSG mice, SGM3 mice had an enhanced myeloid compartment, increased 

T cells proportion and a reduced B-cells presence in the blood (Figure 31B).  

 

 Tumor-Infiltrating Macrophages in Humanized MISTRG Mice Are Associated With 
Accelerated Tumor Progression 
 
 Having established that the MISTRG mouse model supports the development of 

circulating and tissue-resident myeloid cells (not shown) lacking in other available mouse 

models, we hypothesized that this would translate into the TME and allow us to detect 

and study human tumor-infiltrating macrophages in vivo. To do so, 10 x10(6) Me275 

melanoma cells were injected subcutaneously into humanized and non-humanized NSG 

and MISTRG mice. After two weeks mice were sacrificed and the tumors were 

harvested. During the harvest, we observed that tumors from humanized MISTRG mice 

where significantly larger but also bloodier than the ones harvested from humanized NSG 

mice (Figure 32A and C). We hypothesized that tumors infiltrating macrophages in 

MISTRG mice were promoting faster tumor progression by promoting 

neovascularization by secretion of VEGF. We first confirmed that MISTRG generated 

tumors had increased vascularization compared to NSG generated tumors (Figure 32B).  
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Figure 32: Tumor infiltrating macrophages in MISTRG mice promote tumor growth by supporting 
vascularization. A) 1x107 Me275 melanoma cell line was injected subcutaneously  in humanized NSG and 
MISTRG mice. Tumor were measured and harvested 2 weeks later. During tumor harvest we observed that 
tissues from humanized MISTRG mice appeared larger and bloodier that those from humanized NSG mice. 
B) IF staining for blood vessels (CD31+) showed increased vasculature in tumors from in humanized
MISTRG animals compared to humanized NSG mice. C) Me275 tumor volume across multiple
experiments shows that mouse humanization significantly promoted tumor growth only in MISTRG mice.
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 We then interrogated the tumors for their macrophage infiltrate and compared it to 

human melanoma samples Human melanoma samples and tumors from humanized 

MISTRG mice both presented abundant macrophage infiltrate (defined as CD163+/HLA-

DR+/low) while tumors from humanized NSG mice presented limited HLA-DR+ 

infiltrate cells while almost no detectable CD163 expression (Figure 33A). Furthermore, 

quantitation of the density of CD163+ cells infiltrate over three NSG, three MISTRG and 

three Patients originating tumors showed that the infiltrate in MISTRG mice was 

significantly higher in density of macrophage infiltration compared to tumors from NSG 

mice. (Figure 33B) Finally, we could show that tumor-infiltrating macrophages in 

MISTRG and human tumors both displayed a so-called pro-tumoral "M2" phenotype 

(defined as CD163+/CD206+ cells) (Figure 33C). Thus, humanized MISTRG mice can 

be used to study the biology of human macrophages in melanoma TME. 

Humanized NSG-SGM3 Mice Support Metastatic Colonization by Melanoma Cells 

 To establish if the enhanced reconstitution of circulating myeloid cell in humanized 

NSG-SGM3 mice would have an impact on tumor development, we injected humanized 

NSG and humanized NSG-SGM3 mice with 10 x 10(6) Me275 melanoma cells 

subcutaneously, the animals were sacrificed eight weeks post tumor injection (Figure 

34A). When comparing the tumor progression at implantation site there was no 

significant difference in the tumor volume between hNSG and hSGM3 mice (Figure 

34B). 
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Figure 33: Human tumor infiltrating macrophages in MISTRG mice. Me275 tumors from humanized NSG 
and MISTRG mice were studied by IF for their immune infiltrate which was then compared to human 
melanoma samples. A) Shows abundant macrophage (CD163+HLA-DR+/low) in both MISTRG generated 
experimental tumors and in human samples while they were absent in NSG generated tumors. B) 
Quantification of the macrophage infiltrate in experimental tumor from humanized NSG and MISTRG 
mice compared to human samples. The density of macrophage infiltrate in MISTRG tumor is closer to what 
is observed in human samples compared to NSG samples. C) Macrophages present in experimental tumors 
from humanized MISTRG mice have similar “M2” (CD163+CD206+) phenotype to the macrophages 
present in human tumors.  
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 However upon harvest, humanized NSG-SGM3 mice presented multiple macroscopic 

metastases in the liver (Figure 34C) and other organs, while humanized NSG did not 

have macroscopic metastasis. This was then verified by confocal microscopy, which 

revealed in humanized NSG-SGM3 mice, a massive liver invasion by macro and 

microscopic metastasis while none could be found in humanized NSG liver (Figure 34D). 

 Additionally non-humanized NSG-SGM3 injected with Me275 cells did not develop 

any liver metastasis, suggesting a link between the reconstituted human immune system 

and metastasis. In an effort to determine if human myeloid cells played a role in the 

metastatic spread, we conducted an adoptive transfer experiment, where human CD33+ 

and CD33- cells were purified from liver and spleen harvested from cancer naïve 

humanized NSG-SGM3 mice. The different isolated populations were then injected 

intravenously into non-humanized NSG-SGM3 mice along with subcutaneous injection 

of Me275 cancer cells (Figure 35A and B). 

 Recipient NSG-SGM3 mice that received human CD33+ cells, but not NSG-SGM3 

mice that received human CD33 negative fraction, developed macroscopic metastasis 

(Figure 35C). These results suggest that human CD33+ myeloid cells reconstituted in 

NSG-SGM3 mice support melanoma metastatic spread. Thus, humanized NSG-SGM3 

mice can be used to study the biology of human myeloid cells in melanoma TME. 
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Figure 34: Humanized SGM3 model support melanoma metastatic spread. A) NSG and SGM3 mice were 
engrafted with 1x105 human CD34+ HPCs, 8-12 weeks post-engraftment mice were injected 
subcutaneously with 1x107 Me275 melanoma cells. 8 weeks post implantation mice were harvested. B) 
Tumors from humanized NSG and humanized SGM3 mice had similar progression pattern and comparable 
volume at the end of the experiment. C) Humanized SGM3 mice implanted with Me275 cells developed 
significantly more macroscopic liver metastasis compared to humanized NSG mice. D) Whole mouse 
organ section scan with localization of MART-1/gp100 (green), and DAPI (blue) in the liver and of 
humanized NSG or humanized SGM3. Scale bar=1,000 µm for the whole section and 20 µm for the 
selected zoom-in. Where we observed very important number of macroscopic and microscopic metastasis 
in liver section from SGM3 mice, while non was visible in liver sections from humanized NSG mice 
implanted with Me275 cells simultaneously to SGM3 mice.  
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Figure 35:Metastatic spread in SGM3 mice is depended on human CD33+ myeloid A) Adoptive transfert 
experiment where human CD33+ cells were purified from humanized SGM3 liver and spleens. Purified 
hCD45+ and human hCD33+/- were injected iv. in SGM3 mice along with 1x107 Me275 cells sc. B) FACS 
plots illustrate the expression of human CD33 in enriched cells. C) Macroscopic tumor in SGM3 mice after 
adoptive transfer of hCD45, hCD33+ or CD33- cells. Where metastatic spread is significantly higher when 
mice are adoptively transferred with hCD33+ compared to hCD33- cells. 

MISTRG/MISTRG-6 Autologous Melanoma Humanized Mouse Model 

Despite the high reproducibility of the results observed with Me275 cell lines across 

multiple fetal liver CD34+ cells obtained from different donors, it could still be argued 

that the immune interaction and response to cancer cells might be impacted by the 

allogeneic mismatch. Therefore we are actively working on developing autologous 

melanoma humanized mouse model. The idea of generating cancer autologous 

humanized mouse by combining patient's HPCs and cancer cells in the same animal is 

not new, but even state of the art humanized mouse models commercially available do 

not allow large scale experimentation on autologous cohort, being it with bone marrow or 

mobilized blood originating CD34+ patient cells. We envision the usage of autologous 

cohort as the “ultimate” experiment that could validate extensive research conducted in 

an allogeneic setting. After conducting a clinical trial based on CD34+ derived dendritic 
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cells vaccines in metastatic melanoma (Banchereau et al., 2001), our laboratory gained 

access to CD34+ HPCs isolated from patient’s mobilized G-CSF blood along with 

matching viably frozen cancer cells. For some patients, we were able to generate patient-

derived xenograft (PDX) tumors and expand them in immunodeficient mice of the same 

background as MISTRG mice (Figure 36A). We then injected sublethally irradiated 

newborn MISTRG mice with CD34+ cells from three different patients. Unfortunately, 

we quickly realized that even higher number of patient CD34+ cells injected in the highly 

permissive MISTRG mice were not engrafting the mice to a satisfactory level (Figure 

36B) and using such a high number of CD34+ HPCs was not a viable solution to generate 

patient autologous mice cohorts. Meanwhile, our colleagues in the Flavell laboratory 

have developed a new version of the MISTRG mouse, the MISTRG-6 (Das et al., 2016) 

mouse that is KI for the human IL-6 coding gene in addition to all previous human genes 

present in MISTRG mice. The MISTRG-6 mouse has been shown to be even more 

permissive to humanization, reaching satisfactory engraftment level with only a fraction 

of human HPCs compared to its previous version (Das et al., 2016). Based on these 

observations, MISTRG-6 mice were engrafted with only a third of CD34+ cells per 

mouse compared to MISTRG mice and achieved better engraftment while using less 

precious patient HPCs  (Figure 36B). Autologous patient cancer cells were then injected 

subcutaneously into MISTRG-6 engrafted mice, non-engrafted mice served as control for 

tumor growth kinetics. Similarly to what we observed with Me275 in the allogeneic 

context, the autologous immune system did promote tumor growth for all three patients, 

with some degree of variability between patients. 
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Figure 36: MISTRG/MISTRG6 autologous melanoma humanized mice. A) Melanoma patients PDX 
expansion strategy. B) Comparison of patient engraftment in MISTRG and MISTRG6 mice, where the 
MISTRG6 model achieved to almost double engraftment levels and using less patient’s HPCs per mouse. 
C) PDX tumor growth was enhanced for all 3 patients in presence of the autologous immune engraftment, 
reaching significance for 2 patients. For one patient, autologous cohort size allowed to replicate response to 
treatments observed in the clinic. 



77 

 While the difference in tumor volume was not significant for Mel A (p= 0.054), it did 

reach significance for Mel B and Mel C (p= 0.025 and p=0.0386 respectively) (Figure 

36C). Finally, for one patient, the CD34+ cells recovery allowed us to generate a cohort 

large enough to treat part of engrafted mice with either anti-PD-1 immunotherapy 

(Pembrolizumab) or anti-VEGFa (Bevacizumab). Very interestingly both treatments 

significantly abrogated tumor progression, recreating a melanoma patient treatment 

response in an autologous setting (Figure 36C). Thus, patient autologous humanized mice 

with human myeloid compartment might be feasible and we will be able to use them for 

validation of identified genes and pathways. 
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CHAPTER SEVEN 

Conclusions  

1. Combining multiplex IF confocal microscopy with computational quantification

enables precision immune profiling of TME at cellular and RNA level.

2. LCM-based approach to transcriptional profiling enables functional genomics in non-

dissociated tissue.

3. Metastatic melanoma tumors, but not breast cancers, display two distinct populations

of CD14+ cells with distinct location, differential antigen load and distinct transcriptional

profiles.

4. Next generation humanized mice models harbor human myeloid compartment that

resembles patient TME.
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CHAPTER EIGHT 

Discussion  

 To study the cellular composition and functional status of antigen presenting cells in 

the tumor microenvironment, we have developed an approach combining multiplex IF 

confocal microscopy with computational quantification by histocytometry. This is 

followed by harvest of specific cells (down to single cell level) based on protein 

expression as well as spatial localization for the analysis of their transcriptional programs 

by RNAseq to determine their functional status. Thus, this strategy enables precision 

immune profiling of TME at the protein and RNA level.  

 To assess cellular composition and cell function based on protein expression and 

antibody labeling, we applied confocal multicolor imaging with up to 10 simultaneous 

color panels. Compared to the increasingly common multiplex IHC, our approach 

requires frozen tissue sections, complex acquisition and is limited by the number of 

antigens stained per tissue sections. Yet, multicolor confocal whole tissue scanning 

presents some key advantages over multiplex IHC. Among these, an important factor is 

tissue preparation. Indeed, to withstand the multiple cycles of chemical antibody 

stripping (Remark et al., 2016; Tsujikawa et al., 2017) or fluorophore hydroxyl-peroxide 

based bleaching (Lin et al., 2015) the studied tissue has to be formalin fixed and paraffin 

embedded. This is prohibitive for downstream analyses such as RNAseq and studies of 

the chromatin status by ATACseq (Buenrostro et al., 2013) as both the RNA and DNA 
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will be cross-linked (Kaufman et al., 2000). Another multiplex "imaging" technology 

based on mass spectrometry, called image mass cytometry (IMC) (Giesen et al., 2014), 

has the potential for acquisition of 50+ simultaneous color panels using metal isotopes 

labeled antibody instead of conventional fluorophores. While IMC has the capacity to 

image the most complex panels yet, on both frozen as well as paraffin embedded tissue, 

its current major drawback is the acquisition time (up to seven days as opposed to 24 

hours for whole section imaging). Furthermore, IMC destroys the tissue thereby 

prohibiting down-stream analyses.  Additionally, both multiplex IHC and IMC (which is 

limited to 1um2 resolution) have yet to show sufficient resolution level enabling 

detection and quantification of discrete intra-cellular events such as the presence of 

cancer-derived phagocytic bodies within myeloid cells. In order to improve our 

throughput and number of proteins that we can stain simultaneously, we envision in our 

future studies upgrading our confocal microscopy abilities with fluorescence lifetime 

imaging microscopy module (FLIM) (Becker, 2012; van Munster and Gadella, 2005) 

which, when available, will allow much faster acquisition and better spectral separation 

of fluorochromes. This will increase both our scanning speed and our staining panel 

complexity. Finally using digital light sheet microscopy, we will actively seek to apply 

our tissue section based discoveries to the study of the 3D architecture of human tumors, 

which is still a fairly unchartered territory. 

 To assess cellular composition and cell function based on RNA expression and 

transcriptional programs that the cells carry in specific locations, we optimized and 

applied LCM-based approach. Being based on microscopy-guided harvest of specific 

cells for downstream analyses, this approach enables studies of non-dissociated tissue.  
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Indeed, as discussed in Chapter FIVE, one of the most common approach for tumor 

transcriptomic profiling is whole tissue sequencing. This approach is unbiased as there is 

no cell pre-selection process and it does not have the artifact associated with tissue 

dissociation. Furthermore, it enables high throughput analysis of numerous tumors. 

However, the drawback is that it is difficult to assess the cellular composition and the 

spatial organization of the sequenced sample. Furthermore, specific cell type signature 

might be “diluted” among the dominant cancer cells transcriptome. Another approach to 

tissue analysis, SCT, offers unbiased typing of thousands of cells in TME. It is however 

linked with loss of certain cell subsets, especially tissue resident myeloid cells as our 

results have shown (Chapter 6). Thus, SCT and LCM-based approaches are 

complementary at this time. Future studies will likely bring about in situ sequencing 

methods that will overcome the current limitations of both SCT and LCM. 

 Using our strategy, we found that metastatic melanomas, but not breast cancers, 

display two distinct populations of CD14+ cells with distinct location, differential antigen 

load and distinct transcriptional profiles. These results therefore suggest that cells in 

different locations in the tissue carry distinct transcriptional programs possibly dictated 

by their function in the tissue as well as by the surrounding cells. To this end, 

intratumoral CD14+ cells display a high content of melanoma phagocytic bodies as 

opposed to CD14+ cells that are located just outside the cancer nests. This in itself was 

surprising as the current thinking is that macrophages rapidly degrade phagocytic 

material while DCs can do it gradually thereby providing a continuous flux of peptides 

for the loading of MHC machinery and antigen presentation (Lelouard et al., 2004).  The 

presence of high number of CD14+ cells displaying melanoma antigens could thus 
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suggest that the cells are trapped in the tumor and/or that their differentiation programs 

are halted and they cannot commit to either macrophage or DC function. Indeed, a unique 

transcriptional program including among others a high expression of LAMP2 might 

indicate that the cells have potentially higher protein degradation abilities. However, high 

LAMP2 expression could be associated with alternative antigen processing pathway, 

leading to decreased antigen surface presentation and antigen accumulation in exosomes. 

This will be further analyzed in future studies. It is also possible that the phagocytic 

function and transcriptomes that we found reflects a tissue monocyte that is not 

committed to macrophage or DCs. This could potentially offer a large pool of precursor 

cells that could be turned in vivo into DCs by triggering surface receptors thereby 

generating an endogenous vaccine. Among unique transcripts in the margin of cancer 

nests, CD14+ cells express ZBP1. This suggests that these cells might be able to sense 

cytosolic cancer derived self-DNA and initiate type I interferon response. These 

preliminary data will be further analyzed and gene expression will be validated by ISH 

with ViewRNA methodology. Importantly STED microscopy might help us to 

understand the role of Lamp2 up-regulation by co-staining with melanoma protein. 

Indeed co-localization of melanoma antigens within Lamp2+ vesicles might suggest 

increased melanoma antigen degradation, while Lamp2 surface localization would align 

with recently described implication in antigen accumulation in exosomes as discussed 

above. Consequently, the release of melanoma antigen loaded exosomes from the TME 

into the circulation will likely have a systemic impact on patient immune status with 

unknown consequences, that will need to be investigated. We will also carry out 

mechanistic studies to evaluate if the intratumoral CD14+ cells phenotype can be shifted 
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towards antigen presentation. To do so, we can use an in-vitro model of 3D cancer 

spheroid, which allows inexpensive and rapid reads out while maintaining some degree 

of spatial 3D organization.  

 To address the potential functional impact of antigen presenting cell transcriptional 

programs in vivo in experimental models, we credentialed next generation humanized 

mice models, which harbor human myeloid compartment that resembles patient TME. 

Indeed, when constructing the autologous mouse model, we have shown that using the 

MISTRG-6 mouse model over MISTRG partially rescued the very low engraftment 

levels obtained with G-CSF mobilized patient's HPCs. This drop in engraftment levels 

when using patients mobilized HPCs was predicted to some level as it was previously 

shown that adult HPCs are less potent than fetal liver or cord blood HPCs to repopulate 

immuno-deficient mice (Copley and Eaves, 2013; Lepus et al., 2009). Considering how 

precious and difficult to obtain cancer patients HPCs is, we are limited in the number of 

HPCs that can be used for mouse engraftment in order to generate cohorts of 

experimentally relevant size. Therefore we are relying on the continuing improvements of 

new humanized mouse model with the addition of new human genes or transgenes that 

will further improve reconstitution of the human immune infiltrate when engrafted with 

patients mobilized or bone marrow-derived HPCs. That being said, even with lower 

engraftment levels compared to fetal liver HPCs we have shown that for three out of 

three patients, the autologous engraftment did support tumor progression recapitulating 

what we have seen previously in an allogeneic setting with high engraftment levels from 

fetal liver HPCs (Rongvaux et al. 2014). Furthermore, for one patient we were able to 

model in-vivo treatment response to Keytruda and Avastin in an autologous setting. A 
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large validation experiment is currently underway and will allow us, to understand how 

the TME changes in response to immunotherapies in an autologous model. 

 Overall, we have described here a global and innovative approach to study non-

dissociated TME with an unprecedented resolution for its transcriptional profiling. This 

approach can now be extended to other cell types, such as DCs, T cells or plasma cells, 

but also to additional cancer types and non-involved “normal” tissues.  We also begun 

applying this approach to study cancer cells themselves and potentially establish links 

between genomic profiles of cancer cells and specific transcriptional programs of 

immune infiltrates. Furthermore, using newly credentialed humanized mouse models, we 

can now test and modulate specific myeloid transcripts for their implication in tumor 

progression and metastatic spread. Finally, using the intra and margin specific gene sets 

to design customized targeted assays, we will be able expand our study to a larger 

number of annotated frozen and FFPE clinical samples. This might allow us to establish 

links and between LCM generated transcriptomic profiles and patient’s disease 

progression, stage, treatment response and survival.  

 

 

  



85 

APPENDIX 



	  

	  
	  

86 

 

 

 

 

 

 

 

 

APPENDIX A 

Development and function of human innate immune cells in a humanized mouse model 
(Nat Biotechnol 32, 364-372. 2014) 

 

 

 

 

 

 

 

 

 

 

 

  



87



88

 



89



90



91



92



93



94



95



96



97



	  

	  
	  

98 

 

 

 

 

 

 

 

APPENDIX B  

Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer 
immunotherapy FASEB J 32, 1537-1549. (2018) 
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IL-1 receptor antagonist controls transcriptional signature of inflammation in patients 
with metastatic breast cancer. Accepted in Cancer Research (2018). 
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ABSTRACT 
Inflammation affects tumor immune surveillance and resistance to therapy.  Here we 
show that production of interleukin (IL)-1b in primary breast cancer (BC) tumors is 
linked with advanced disease and originates from tumor-infiltrating CD11c+ myeloid 
cells. IL-1b production is triggered by cancer cell membrane-derived TGF-b. 
Neutralizing TGF-β or IL-1 receptor prevents BC progression in humanized mouse 
model. Patients with metastatic HER2-negative BC display a transcriptional signature of 
inflammation in the blood, which is attenuated after IL-1 blockade. When present in 
primary BC tumors, this signature discriminates patients with poor clinical outcomes in 
two independent public datasets (TCGA and METABRIC).  
 
STATEMENT OF SIGNIFICANCE 
Chronic inflammation increases the risk of BC progression and recurrence. However, no 
approved treatments aimed at decreasing chronic tumor-associated inflammation are 
available, largely due to incomplete understanding of pathogenesis. We report that IL-1b 
orchestrates tumor-promoting inflammation in BC, and that it can be targeted in patients 
with IL-1 receptor antagonist.  
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INTRODUCTION 
The clinical success of checkpoint inhibitors and adoptively transferred, genetically 
engineered T cells [1, 2] brought cancer immunotherapy into mainstream oncology. 
Improved survival has been documented for patients with metastatic melanoma treated 
with a blocking antibody targeting the cytotoxic T-lymphocyte-associated protein 
(CTLA)-4 [1]. Objective clinical responses have also been observed in other tumor types 
with therapies targeting another T cell checkpoint, programmed death (PD)-1 or 
programmed death ligand (PDL)-1 [1]. However, only a minority of patients responds to 
currently available immunotherapies, as is the case for treatment-resistant breast cancer 
(BC) where less than 20% of patients experience durable responses to checkpoint 
inhibitors [3].  
Chronic inflammation, a hallmark of many cancers, is maintained by interplay of intrinsic 
(oncogenes and tumor suppressor genes) and extrinsic (immune and stromal components) 
factors [4, 5]. Different types of inflammation might have distinct effects on cancer and 
ultimately treatment outcomes [4]. Clinical studies indicate that chronic inflammation 
increases the risk of both treatment resistance and BC metastasis [6]. Yet, there are no 
clinically proven approaches to decrease cancer-promoting inflammation in BC largely 
due to an incomplete understanding of associated pathways. Tumor infiltrating CD4+ T 
cells producing type 2 cytokines, such as IL-4, IL-5, IL-9 and IL-13 [7], have a 
substantial impact on BC progression in experimental models of metastatic BC [8, 9]. 
Recent study showed a correlation between high levels of IL-5 in BC tumor interstitial 
fluid and shortened patient overall survival [10]. In genetically-engineered mouse models 
of metastatic mammary carcinoma, CD4+ T cells accelerated the development of 
pulmonary metastasis via IL-4-dependent mechanisms [8], and blocked the function of 
anti-cancer CD8+ T cells [11]. Yet, in some scenarios type 2 cytokines appear to protect 
against mammary carcinoma development in MMTV-polyoma middle T (PyMttg) mice 
[12]. Furthermore, in BC patients, CD4+ T cells with follicular helper phenotype and 
function predict survival [13]; possibly by signifying the presence of organized tertiary 
lymphoid structures supporting T cell activation rather than disorganized lymphocyte 
infiltrates [14]. Thus, the local context and tissue microenvironment likely dictate the 
final impact of T cell immunity measured by tumor progression. 
The mechanisms that promote induction and maintenance of the type 2 cytokine 
microenvironment upon injury to the epithelial barrier include IL-25 [15], thymic stromal 
lymphopoietin (TSLP) [16], as well as members of the IL-1 family, including IL-1b and 
IL-33 [17]. Here we report that IL-1b orchestrates tumor-promoting inflammation in BC, 
and that it can be targeted in metastatic BC patients with a soluble IL-1 receptor 
antagonist. Our experimental and clinical findings provide a rationale for investigating 
IL-1b as an immune-modulatory target in treatment-resistant BC.  
 
MATERIALS AND METHODS 
Cell lines and Reagents (Table S4) 
Breast cancer cell lines, Hs587T and Hs578Bst, were purchased from ATCC; MDA-MB-
231 purchased from Xenogen was cultured in nonselecting media. All lines are banked as 
low-passage stock from which working banks are periodically renewed. All lines were 
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verified by gene microarrays and verified by STR analysis from ATCC. The cell lines 
were tested mycoplasma-free for each experiment.  
Cell lines were cultured in complete RPMI [plus glutamine, 2 mmol/L; penicillin, 50 
U/mL; streptomycin, 50 mg/mL; minimum essential medium (MEM) nonessential amino 
acids, 0.1 mmol/L; HEPES buffer, 10 mmol/L; and sodium pyruvate, 0.1 mmol/L] and 
10% fetal calf serum in T150 flasks at a seed density of 2*106 cells/25 mL. At 90% 
confluence, fresh medium was added, and cells were cultured for an additional 48 hours. 
Supernatant was centrifuged and stored at -80C.  
IL-1β, IL-1α IL-18, IL-6 and TNF-α cytokines were purchased from R&D. Anti-human 
CD14 antibody (RM052) was obtained from Immunex.  Anakinra (Kineret®, Amgen 
Inc.) was purchased through Baylor University Medical Center pharmacy.  PMA, 
ionomycin and TAK1 inhibitor (5z-7-oxozeaenol) were obtained from Sigma-Aldrich (St. 
Louis, MO). TGF-βR kinase inhibitor was obtained from EMD Millipore (Billerica, 
MA).  Caspase-1 activity detection kit was obtained from OncoImmunin Inc 
(Gaithersburg, MD).  Secondary antibody purchased from Invitrogen (Grand Island, NY): 
Alexa Fluor 568 anti-rabbit IgG, Alexa Fluor 647 anti-mouse IgG2b, Alexa Fluor 568 
goat anti-mouse IgG2a. Anti-human IL-1β (Ab9722) and cytokeratin-19 (A53-B/A2) 
antibodies were obtained from Abcam (Cambridge, MA). Caspase-1 inhibitor (Z-WEHD-
FMK), anti-TGF-β1 antibody (chicken IgY) and Anti-TGF-β neutralizing antibody 
(1D11) were purchased from R&D (Minneapolis, MN). 
 
Cytokine Production and Analysis of Tumor Samples from Patients   
Exempt primary tissues from patients were obtained from the Baylor University Medical 
Center (BUMC) Tissue Bank (Institutional Review Board no. 005-145; otherwise 
discarded tissues). Consecutive post-surgical tumor samples (from patients with in situ, 
invasive ductal, lobular and/or mucinous carcinoma of the breast) were collected between 
years 2006-2013. The combined histological grading data, including nuclear grade, 
tubule formation and mitotic rate, and staging system, were provided as per pathologists’ 
report post-surgery. Fresh whole-tissue fragments (4 × 4 × 4 mm, 0.02 g, approximately) 
were placed in culture medium with 50 ng/ml PMA and 1 µg/ml Ionomycin for 16 hours. 
IL-1β, IL-1α, IL-33, GM-CSF, TSLP, IL-4, IL-5 and IL-13 levels were analyzed in the 
culture supernatant by Luminex (EMD Millipore, Billerica, MA). Concentrations of IL-
18 and IL-1RA from tissue culture supernatants were determined by enzyme-linked 
immunosorbent assays (R&D system, Minneapolis, MN) 
 
Tumor-bearing mice and in vivo experiment 
Mouse  
4 week-old NOD.Cg-Prkdc(scid)b2m(tm1Unc)/J (abbreviated NOD/ scid/b2 null) female 
mice (Jackson Laboratories) were used. Mouse work and protocols were performed 
accordingly to relevant institutional and national guidelines and regulations. Animal 
experiments were carried out with permission from the Institutional Animal Care and Use 
Committee.  
Cell line  
Breast cancer cell line, Hs578T, as described in Cell lines and Reagents section. 
Primary Cell Culture 
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Peripheral blood mononuclear cells (PBMC) were obtained by leukapheresis from 
healthy donors (Institutional Review Board approved). Monocyte-derived DCs (MDDCs) 
were generated from the adherent fraction of PBMCs by culturing with 100 ng/ml GM-
CSF and 10 ng/ml IL-4 (R&D Systems). 
Procedure 
Mice were sublethally irradiated (12 cGy/g body weight of 137Cs γ irradiation) the day 
before tumor implantation. 10*106 Hs-578t cells were injected subcutaneously into the 
flanks. Mice were then reconstituted with 1 million monocyte-derived DCs (MDDCs) 
and autologous T cells. CD4+ and CD8+ T cells were positively selected from thawed 
PBMCs using magnetic selection following manufacturer’s instructions (Miltenyi 
Biotec). The purity was routinely >90%. 10*106 CD4+ T cells and 10*106 CD8+ T cells 
were transferred at days 3, 6, and 9 after tumor implantation. Anakinra (2mg/kg body 
weight) or PBS were injected daily in peritumor area since day 3 after tumor engraftment. 
TGF-β blocking antibody was given on day 3,6,9.  Tumor size was monitored every 2-3 
d. Tumor volume (ellipsoid) was calculated as follows: ([short diameter]2 × long 
diameter)/2.  On day 16, the tumors were harvested. Tissue fragments were cultured in 
medium with 50 ng/ml of PMA and 1 µg/ml of Ionomycin for 16 hours. IL-13, IL-4, 
TNF-a, IFN-g, IL-17 and IL-1β levels were analyzed in the culture supernatant by 
Luminex (EMD Millipore, Billerica, MA). 
 
Pilot clinical trial 
Eleven female patients (supplementary Table S5) with HER2-negative metastatic BC 
received nab paclitaxel (n=3), eribulin (n=5) or capecitabine (n=2) along with anakinra 
100mg/day (FDA-approved dose for adults with rheumatoid arthritis) (Kineret®, Amgen 
Inc.) following 2-week treatment with anakinra only (IRB 012-099). Blood was collected 
prior to anakinra treatment, then at 2 weeks, then monthly for 6 months (mos). 11 healthy 
controls were included (IRB 012-200). Whole blood mRNA was measured using the 
Nanostring nCounter Human Immunology V2 panel.  
 
Isolation of monocytes and culture of monocyte-derived DCs and macrophages 
 CD14+ cells were positively selected from PBMCs of healthy donors using magnetic 
selection following manufacturer’s instructions (Miltenyi Biotec).  The purity was 
routinely >95%.  Macrophages were generated from CD14+ monocytes by culturing with 
100 ng/ml M-CSF. MDDCs were generated from the adherent fraction of PBMCs by 
culturing with 100 ng/ml GM-CSF and 10 ng/ml IL-4 (R&D Systems). 
 
Isolation and Culture of Myeloid Dendritic Cells 
DCs were enriched from PBMCs obtained after Ficoll-Paque Plus density gradient 
centrifugation by negative selection using human pan-DC pre-enrichment kit (EasySep). 
Cells from the negative fraction were immuno-labeled with anti-human FITC-labeled 
lineage cocktail (CD3, CD14, CD16, CD19, CD20 and CD56, BD biosciences); PE-
labeled CD123 (mIgG1, clone 9F5, BD biosciences), APC-eflour780-labeled HLA-DR 
(mIgG2b, clone LN3, Sigma-Aldrich) and APC-labeled CD11c (mIgG2b, clone S-HCL-
3, BD biosciences). DCs (lin-, CD123-, HLA-DR+, CD11c+) were sorted in a FACS Aria 
cytometer (BD Bioscience). DCs were seeded at 100 x 10^3 cells/well in 200 μl of 
complete RPMI  medium supplemented with10 % human AB serum. DCs were cultured 
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with medium alone or in the presence of 40% of cancer conditioned supernatant, or 
different reagents.  

Co-culture and Transwell experiment 
For tumor cell and blood DC coculture experiments, 10x103 tumor cells were seeded in 
24 well plate to grow overnight, then media was refreshed and 10x103 DCs were added 
for another 48 hours. For the transwell experiments, 24-well-plates with inserts were used 
(Corning). 20x103 tumor cells were seeded in the plate to grow at least overnight, then 
20x103 DCs were added into inserts. After 48 hours of co-culture, supernatants were 
harvested to determine IL-1β level by ELISA (Duoset, R&D System). 

Tissue Immunofluorescence Staining 
Cryosections (6um) were consecutively treated with Hyaluronidase 0.03% for 15 min, Fc 
Receptor Block (Innovex bioscience) for 40 min + Background Buster (Innovex 
bioscience) for an additional 30 min. The sections were then stained with primary 
antibodies, diluted in PBS + 5% BSA 0.1% Saponin for 1 hour at room temperature, 
washed and stained with the secondary antibodies at room temperature for 30 minutes. 
Nuclei were stained with 4',6-diamidino-2-phenylindole (1ug/mL) for 2 minutes. 
Primary anti human antibodies: CD1a (HI149, Biolegend); CD11c (S-HCL-3 APC 
conjugated, BD or  3.9, eBioscience); CD14 (UCHM1, AbD Serotec); CD15 (HI98, 
Biolegend); panCK (CK3-6H5 FITC conjugated, Miltenyi); Cytokeratin 19 (A53-B/A2, 
Abcam);  HLA-DR (LN3, Biolegend); IL1a (A15032A, Biolegend); IL1b (rabbit 
polyclonal, Abcam); pro-IL1b (615417 , R&D Systems). Secondary antibodies: 
depending on primary antibody combinations, species and isotype specific secondary 
antibody conjugated with either Alexa Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 
(Molecular Probes) were used in appropriated mixtures. Tissue scan were acquired on a 
Leica SP8 confocal microscope using a 20X / 0.75 NA dry HC PL APO objective lense 
with a magnification factor of 1.5. Signal was acquired using HyD detectors at room 
temperature . Stained tissues were mounted in Fluoromount G. Using Leica acquisition 
software LAS X individual tiles were stitched and a maximum intensity projected image 
was then exported as lif. files and processed using imaris software. 

Histo-cytometry: 
 In-situ quantitative analysis of BC tissue was based on published methodology [ref]. 
Briefly, a cryo-section was stained by immunofluorescence for each BC tissue to label 
nuclei, cytokeratin, CD11c and IL-1b. Whole tissue scans were acquired using a Leica 
SP8 confocal microscope (Leica Microsystems, Germany). Each scan was then analyzed 
using image analysis software Imaris (Bitplane). Using the “spot” function in Imaris, the 
images were subdivided into individual cells, defined as having a nucleus diameter equal 
or larger than 6um. The accuracy of the segmentation was manually verified and adjusted 
if needed for each sample. Finally, for each generated spot, x;y coordinates and the sum 
intensity values for all channels were exported into an fcs file to be visualized and 
quantified using Flowjo software (version 10 , Flowjo LLC) 

Real-Time Polymerase Chain Reaction 
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Samples were treated and lysed with Buffer RLT, and stored at -80°C until RNA 
extraction.  Total RNA was isolated and purified from each sample by using RNeasy kit 
and RNase-free DNase (Qiagen) following manufacturer's instructions.  cDNA was 
generated from total RNA with iScript™ cDNA Synthesis Kit.  The resulting cDNA was 
then used for quantitative gene expression analysis on a Sequence Detection System 
7,500 (Applied Biosystems).  The primers used were as follows: human (h)TSLP, 5'-
TAGCAATCGGCCACATTGCC-3' and 5'-CTGAGTTTCCGAATAGCCTG-3, (h)IL-
1β, 5'- TACCTGTCCTGCGTGTTGAA-3' and 5'-TCTTTGGGTAATTTTGGGATCT-
3', human (h) GAPDH, 5'-AGCCACATCGCTCAGACAC-3' and 5'-
GCCCAATACGACCAAATCC-3', human (h) ABL1, 5’- 
TGACAGGGGACACCTACACA-3’ and 5’ ATACTCCAAATGCCCAGACG-3’, 
human (h) PGK1, 5’-CTTCCTCCTTAAAACTCCTCTCC-3’ and 5’- 
CTAAGGTCTCCAACGCTCTTCT-3’, human (h) PES1, 5'-
CATCACCCATCAGATTGTCG-3’ and 5’-A GCTGCACCCCAGAGAAGTA-3’.   
Equal amounts of cDNA were used with the iTaq SYBR Green Supermix with ROX 
(Bio-Rad) and primer mix according to the real-time PCR manufacturer’s protocols 
Amplification efficiencies were validated against the housekeeping gene, GAPDH, PES1, 
and ABL1. Data were normalized to GAPDH mRNA level.  The relative quantification 
of target gene expression was done by the comparative cycle threshold (CT) method.  
The formula 2−ΔΔCT was used for each run according to manufacturer's instructions and 
published methods for this system. 
 
Chromatin immunoprecipitation 
Chromatin for ChIP was prepared from MDA-MB231 cell lines, treated or not with 
10ng/ml IL-1b for 1hr, by fixing the cells in 1% formaldehyde for 10 min, followed by 
quenching with glycine for 2 min on ice. ChIP was performed using anti-RNA 
polymerase II (8W16; Biolegend) antibody. Reactions were performed using 100 ul of 
Protein G Dynabeads (Invitrogen) and 10 ug of antibody in each ChIP reaction. The 
resulting DNA was purified using phenol/chloroform/isoamyl alcohol. ChIP qPCR was 
performed with TSLP (Forward primer AGTCAGCGGTGAATCAGAGG Reverse 
primer GGAATGTCGAGGGATTCGGG) and cytokeratin19 (Forward primer 
GACACTCACTTGGTTCGGAAG Reverse primer 
TGTGTTGAACTGGTACCAACCT)  promoter region. 
 
Flow Cytometry Analysis 
The anti-humanTGF-β1 (chicken IgY, R&D) was used. For surface staining, cells were 
incubated with the antibodies for 30 minutes at 4 ˚C in the dark, then washed three times 
and fixed with 1% paraformaldehyde to be acquired in a FACS Canto (Becton 
Dickinson) and analyzed with Flowjo.  
 
RNA in situ hybridization 
RNA transcripts were visualized in OCT-embedded breast tumor sections using the 
QuantiGene ViewRNA ISH tissue assay kit (Affymetrix). Human PTPRC ViewRNA 
type 6 probe and human IL1B ViewRNA type 1 probe were obtained from Affymetrix 
(Santa Clara). The assay was performed according to the tissue-based ViewRNA assay 
protocol with a 15-min formaldehyde fixation and a 20-min protease treatment (dilution 
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factor 1:100). Probes were detected at 550 nm and 650 nm with Leica SP8 confocal 
microscope  using a 40X / 1.30 NA Oil  HC PL APO  objective lense. Signal was 
acquired using HyD detectors at room temperature. Stained tissues were mounted in 
Fluoromount G. Acquisition software LAS X from which lif. image files were exported 
and processed using Imaris software. 

Statistical and bioinformatics analysis  
All statistics and graphs were either done with Prism software (GraphPad, La Jolla, CA) 
or with custom R-scripts . Differences in variables between two groups of samples 
obtained from the same patient were analyzed using paired Wilcoxon test. Differences 
between two experimental conditions were analyzed using unpaired t test. Differences 
between any 3 or more groups were analyzed by analysis of variance (ANOVA) or with 
Kruskal-Wallis test. 
Normalized gene expression data from the TCGA project was downloaded from the 
TCGA data portal. The selected genes identified from clinical trial were used to 
hierarchically cluster patients in order to test the association between expression profile 
of the selected genes and samples.  Euclidean distance was used as the distance metric 
and Ward.D2 agglomeration method was used to cluster the samples.  

RESULTS 
IL-1b secretion in primary BCs correlates with disease stage.  
To better understand the cytokine environment in BC, we measured the secretion of 
several IL-1 family cytokines upon short-term ex vivo activation of primary BC tissue 
samples and surrounding tissue, that appeared macroscopically uninvolved during 
surgery (non-malignant tissue), with phorbol 12-myristate 13-acetate (PMA) and 
ionomycin (Table S1). IL-1a, IL-1b, IL-1RA, IL-18 and IL-33 were detected in 
supernatants of BC samples (Table S1 and Fig. S1A). The secretion of IL-1b, IL-1RA, 
IL-18, and IL-1a was significantly higher in BC tissues than in surrounding non-
malignant tissue (Fig. 1A and Fig. S1B). Furthermore, in 149 analyzed primary BC 
tissues, larger stage II or stage III-IV tumors produced significantly higher levels of IL-
1β than did stage 0-I BCs (Table S1 and Fig. 1B). We found no link between disease 
stage and differential production of IL-1a (Fig. S1D). 
To identify the cellular source of IL-1b in BC tumors, we next analyzed protein and 
transcript expression in intact BC tissues. An antibody recognizing cleaved/mature IL-1b  
in frozen tissue sections revealed IL-1β reactivity predominantly in tumor-infiltrating 
CD11c+ cells, as compared to cytokeratin-19 (CK19)-expressing BC cells (Fig. 1C). 
Quantitative histocytometry revealed that the IL-1β-expressing cells were also CD11c+ 

(Fig. 1D), and ~60% of CD11c+ cells infiltrating BC tissue expressed IL-1b (n=3, Fig. 
1D). Approximately 3-16% of analyzed cells were double positive CD11c+/CK19+ and 
included clusters of myeloid and BC cells as well as CD11c+ cells that exhibited 
cytoplasmic inclusion of CK19. The CD11c+/CK19+ clusters displayed high IL-1b 
expression in CD11c+ myeloid cells indicating ongoing real-time interactions between 
cancer and immune cells (Fig. 1D).  In situ hybridization (ISH) using ViewRNA 
methodology confirmed the presence of IL1B transcripts predominantly in CD45+ 
leukocyte infiltrates, and rarely in CD45-negative stromal and BC cells (Fig. 1E).  
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We next analyzed a set of 870 primary BC samples that had associated clinical 
annotations from the Cancer Genome Atlas (TCGA) database [18] (Table S2). Among 
genes that significantly correlated with IL1B transcripts (P<0.0001) (Table S2), we found 
transcripts of myeloid cells ITGAX (CD11c, P<0.001, Spearman r=0.49) and CD14 
(P<0.001, Spearman r=0.52), and the dendritic cell (DC)-expressed CD1c (P<0.001, 
Spearman r=0.29) and CD1a (P<0.001, Spearman r=0.38) genes. Thus, expression 
patterns of IL1B transcripts were similar to those observed at the protein level in primary 
BC samples, leading us to conclude that CD11c+ myeloid cells, including monocytes and 
DCs, were the main sources of IL-1b in human primary BC. 
 
IL-1b secretion in primary BCs correlates with that of T cell cytokines and TSLP.  
IL-1b positively correlated with T cell cytokines IL-13 and IFN-g (Fig. 2A), but not with 
IL-4 and only marginally with IL-5 levels (Table S1). Neither IL-18 nor IL-33 secretion 
was linked to production of any type 2 cytokines (Table S1). We reported earlier that 
TSLP might contribute to the inflammatory Th2 microenvironment conducive to breast 
tumor development [9]. Herein, we confirmed in a larger patient cohort that a fraction of 
primary BCs retains the capacity to secrete TSLP on activation, albeit at lower levels than 
surrounding tissue (in a manner similar to that of GM-CSF) (Fig. S1B). Furthermore, we 
confirmed in 145 patient samples a positive correlation between the secretion of TSLP 
and T cell cytokines IL-13 and IFN-g in primary BCs (Fig. 2A). The capacity to secrete 
TSLP on activation significantly correlated to that of IL-1b in a fraction of primary BCs 
(Fig. 2A). To assess the correlation between the four cytokines secretion, we applied 
cluster analysis (Fig. 2B). The algorithm clustered the 145 patient samples in four groups 
(Fig. 2B): group 1: secretion of IL-1b, IFN-g, and IL-13 but no TSLP (red, n=47); group 
2: low or absent secretion of all cytokines (blue; n=17); group 3. secretion of IL-1b, IFN-
g, IL-13 and TSLP (green, n=43); and group 4. secretion of IL-1b, and IFN-g, but no IL-
13 or TSLP (violet, n=38) (Table S1). This clustering was unrelated to disease stage, 
grade or BC subset defined by hormone and growth factor receptor expression. These 
results suggest that elevated IL-1b secretion in BC could offer explanation for IL-13 
production and Th2 signature in BCs. To explore potential links between IL-1b and TSLP, 
we first confirmed the expression of TSLP in the intact primary BCs by in situ 
hybridization using ViewRNA methodology in conjunction with KRT8 to identify cancer 
cells (Fig. 2C and Fig. S2A). Next, we determined whether IL-1b could trigger TSLP 
production from BC cells. Short-term exposure of MDA-MB231 BC cells to IL-1b 
resulted in dose-dependent secretion of TSLP at levels similar to that induced by 
PMA/Ionomycin (Fig. S1B). Exposure to other inflammatory cytokines had only minor 
impact (Fig. 2D and Fig. S2B). Secreted TSLP was biologically active as determined 
using reporter cell line (Fig. S2C). Induction of protein production was linked with 
increased TSLP transcription in two different BC cell lines analyzed (Fig. 2D and Fig. 
S2B and S2D). Finally, the initiation of active TSLP transcription in BCs cells mediated 
by IL-1b was confirmed with ChIP-qPCR where both the long and short isoforms of 
TSLP were transcribed upon exposure to IL-1b and their transcription was blocked in the 
presence of IL-1b neutralizing antibody or IL-1RA (Fig. 2E). These results suggest that 
BC cells retain their capacity to produce TSLP in ~30% of patients and that one of the 
pathways to Th2 inflammation in BC is dependent on IL-1b via TSLP induction. 
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IL-1β production by myeloid cells involves inflammasome activation by BC cell-
derived factors  
IL-1b is produced as a precursor protein that requires proteolytic cleavage to liberate its 
active form [19]. Proteolytic cleavage and secretion of active IL-1β can occur through 
either canonical caspase-1 (CASP-1)-dependent [20] or non-canonical CASP-8- [21] and 
CASP-11-dependent [22] pathways. Gene level analysis from the TCGA dataset revealed 
a high correlation between CASP1 and IL1B transcripts (Spearman r=0.50, Fig. 3A) 
whereas caspase-8 (CASP8) and caspase-11 (SFRS2IP) transcripts were poorly correlated 
(Spearman r=0.16 and 0.11, respectively) (Fig. 3A). Furthermore, IL1B transcripts 
correlated with those of the inflammasome complex NLRP3 (Spearman r=0.56, Fig. 3A) 
and NLRC4 (Spearman r=0.51, Fig 3A).  
Based on this, we examined whether IL-1β production by myeloid cells in vitro required 
the activation of CASP-1, and how BC cell-derived factors influenced this type of 
activation. To this end, MDA-MB231 BC cells and CD11c+ blood circulating DCs 
(cDCs) were co-cultured in chamber wells in the presence of 1.0 μM of the CASP-1 
inhibitor (Z-WEHD-FMK) [23] or DMSO as a vehicle control. 18 hours later, cells were 
fixed and stained with antibodies specific to either the IL-1β pro-peptide or 
cleaved/mature IL-1β and HLA-DR (Fig. S3). Treatment with the CASP-1 inhibitor led 
to the accumulation of IL-1b pro-peptide within HLA-DR+ DCs, while DMSO-treated 
cells had significantly less pro-peptide staining (Fig. S3).  Microscopy examination 
revealed that ~95% of CASP-1-inhibitor-treated HLA-DR+DCs displayed intracellular 
accumulation of IL-1β pro-peptide (n=4 representative fields of view for each condition, 
P=0.03, Fig. 3B).  Conversely, the fraction of cells expressing cleaved/mature IL-1b 
dropped significantly (P=0.02, Fig. 3C). These results indicate involvement of canonical 
CASP-1-mediated cleavage in mature IL-1b production in myeloid cells exposed to BC 
cells. 
 
To determine whether membrane and/or soluble factors triggered IL-1β production, cDCs, 
monocytes, monocyte-derived DCs (MDDCs; generated with GM-CSF and IL-4), and 
monocyte-derived macrophages (generated with M-CSF) were co-cultured with MDA-
MB231 or Hs578T BC cells, separated or not by a transwell membrane with a 0.3 μm 
pore diameter (Fig. 3D). BC or myeloid cells cultured alone for 48 hours did not produce 
detectable IL-1β (Fig. 3D). Co-culture of myeloid and BC cells led to significant 
increases in IL-1β production in co-cultures with monocytes, MDDCs, and cDCs, but not 
in monocyte-derived macrophages (Fig. 3D). Separation of myeloid and BC cell 
populations by the transwell barrier significantly reduced IL-1β production in co-cultures 
with monocytes, MDDCs and cDCs relative to conditions allowing physical contact 
between cell populations (Fig. 3D). Thus, production of IL-1β is highest when direct 
physical contact between myeloid cells and BC cells takes place. 
 
BC cell membrane-associated TGF-β is required for IL-1β production by DCs  
TGF-β1 can induce IL1B mRNA expression, and in some instances protein production, in 
human monocytes [24]. PLAUR encodes the plasminogen activator, a 
multidomain glycoprotein tethered to the cell membrane that is involved in proteolytic 
degradation of the extracellular matrix possibly resulting in activation of latent TGF-β 
[25]. TGFB1 and PLAUR transcripts correlated with IL1B in the TCGA dataset (r=0.26, 
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P<0.001 and r=0.48, P<0.001, respectively) (Table S2). To investigate whether BC-cell-
derived TGF-β1 contributed to IL-1β production by myeloid cells, cDCs were cultured 
with MDA-MB231 and/or Hs578T BC cells, versus Hs578Bst control non-malignant 
cells (derived from macroscopically uninvolved breast tissue from the same patient as 
Hs578T cells). cDCs exposed to BC cells produced IL-1β as determined by flow 
cytometry (Fig. 4A and B); however, no IL-1β was detected when cDCs were exposed to 
control non-malignant Hs578Bst cells (Fig. 4B).  We next examined the cancer cell 
surface for expression of TGF-β1 [26].  Both MDA-MB231 cells and Hs578T cells 
expressed cell surface TGF-β1, whereas Hs578Bst cells did not (Fig. 4C).  
Accordingly, blocking TGF-β1 activity by adding either TGF-b1-neutralizing antibody or 
receptor I kinase inhibitor (which inhibits signaling downstream of TGF-b1) in co-
cultures with BC cells nearly abolished IL-1β secretion by MDDC, and significantly 
reduced IL-1β production by monocytes (Fig. 4D and Fig. S4).  This was further 
confirmed by a decrease in frequency of IL-1b-expressing MDDCs and monocytes by 
flow cytometry analysis (Fig. 4E and Fig. S4).  Finally, inhibition of TGF-b1 or its 
downstream signaling decreased IL1B transcript expression, albeit with slightly different 
kinetics, in MDDCs and monocytes (Fig. 4F and Fig. S4).  To determine whether TGF-
b1-mediated induction of IL-1b transcription and protein secretion involves 
inflammasome activation, we used TAK-1 inhibitor [27].  Whether used in cultures of 
DCs or monocytes with BC supernatants, the presence of TAK-1 inhibitor (5Z-7-
Oxozeaenol) resulted in the inhibition of caspase-1 activation and IL-1b production by 
DCs as well as by monocytes (Fig. 4G and Fig. S4E). Accordingly, the addition of TGF-
b1 neutralizing antibody to cultures of cDCs with BC supernatants prevented the 
phosphorylation of TAK-1 (Fig. 4H). These findings confirm a role for TGF-β1/TGF-
β1R signaling in priming IL-1β production in BC-associated myeloid cells.  
 
Neutralizing TGF-b and IL-1β prevents BC progression and IL-13 production in 
humanized mouse model  
To determine the in vivo contribution of TGF-β and IL-1β to BC progression, we utilized 
a model of IL-13-driven BC progression in humanized mouse [9]. There, Hs578T BC 
cells were injected subcutaneously into the flank of irradiated NOD/SCID/β2m-/- mice; 
MDDCs plus autologous total T cells were injected intratumorally on day 3, 6, and 9 after 
BC implantation. We analyzed whether local TGF-β or IL-1β blockade could impact BC 
progression. To this end, we utilized an anti-TGF-β neutralizing antibody, isotype 
antibody as control, and the IL-1R antagonist anakinra, a recombinant soluble non-
glycosylated homolog of the human IL-1RA protein that competitively inhibits binding 
of IL-1a and IL-1b to IL-1R [28]. 
 
Anakinra, TGF-β neutralizing antibody and/or controls were each injected intratumorally 
together with MDDC and T cells (Fig. 5A).  Humanized mice that received MDDC+ T 
cells and isotype control/saline injection exhibited accelerated progression of Hs578T BC 
tumors, as compared to non-humanized mice implanted only with Hs578T BC cells and 
injected with PBS (Fig. 5B). However, treatment with IL-1 and/or TGF-β inhibitors 
resulted in inhibition of BC growth. Thus, at the end of experiment on day 16 the mean 
tumor volume was 128mm3 in the PBS group, as compared to 13mm3 in the anakinra 
group, and 42.7mm3 in the TGF-β neutralizing antibody group (p<0.0001, Fig. 5B).  
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Small pieces of tumor tissue from mice were subsequently cultured for 16 hours in the 
presence of PMA and ionomycin, as we did for patient samples (Fig. 1), and cytokines 
measured in culture supernatants. Treatment with anakinra or TGF-β neutralizing 
antibody resulted in significant decreases in IL-13 (p<0.0001, p<0.005 respectively), IL-4 
(p<0.0001, p<0.005 respectively), and IL-17 production (p<0.0001, p<0.0001 
respectively) in BC tumors (Fig. 5C). Anakinra but not TGF-β neutralizing antibody 
resulted in significant increase of TNF or IFN-g production (Fig. 5C). Cytokine secretion 
patterns were confirmed by intracytoplasmic staining and flow cytometry analysis of 
tumor infiltrating lymphocytes which revealed a substantial decrease in the percentage of 
tumor-infiltrating CD4+ T cells producing IL-13 and increase of IFN-g producing CD4+ 
T cells after anakinra treatment (Fig. 5D and Fig. S5). Tumors from humanized mice 
showed the capacity to produce TSLP, which was blocked by treatment with anakinra 
(p<0.0001, Fig. 5C). Furthermore, TGF-β neutralizing antibody treatment resulted in 
decreased IL-1β production by BC tumors established in humanized mice (p=0.07, n=9, 
Fig. 5D). Thus, IL-1b controls IL-13 production and CD4+ T cell differentiation in vivo 
in BC bearing humanized mice. Furthermore, TGF-b acts upstream of IL-1b, further 
supporting the conclusions from our in vitro studies. 
 
Patients with metastatic BC display IL-1-dependent transcriptional signature in the 
blood. 
Anakinra is highly effective and FDA-approved for the treatment of children with 
systemic onset juvenile arthritis [29] and other diseases driven by auto-inflammation [30]. 
We conducted a pilot clinical trial (NCT01802970) in which eleven HER2-negative 
metastatic BC patients received treatment with daily subcutaneous anakinra (100 
mg/daily, the FDA-approved dose for adults with rheumatoid arthritis) (Table S5, Fig. 
S6 and Table S3) alone for a two-week run-in treatment period, followed by continuous 
daily anakinra along with physician’s choice of chemotherapy: weekly nab paclitaxel 
(n=3), eribulin (n=5) or capecitabine (n=2) until the development of treatment-limiting 
toxicity or progressive disease. The median age of the patients was 44 years. The median 
number of prior cytotoxic regimens for metastatic BC the patients had received was 1, 
and the organ sites of metastases were: bone 91%; liver 27%; and lung 46%. Patients 
received anakinra therapy for a median of 4 months (range: 11-179 days). One patient 
had disease progression prior to beginning chemotherapy and received anakinra for only 
14 days. Eight of 11 patients developed grade 1-2 anakinra-related injection site reactions; 
no other anakinra-related toxicities were observed. Two patients had considerable 
reduction in tumor volume with chemo/anakinra, 4 has stable disease, 2 stopped anakinra 
for injection site reactions and the other 3 had progressive disease.  Of the five patients 
who had cancer-associated pain at study entry, three reported improvement in their pain 
and overall well-being with anakinra plus chemotherapy. All patients were accrued 
between February 2013 and December 2014, and as of December 2017, 3 of the 11 
patients are alive and continuing anti-BC therapy (Table 1). 
 
To examine the impact of anakinra on markers of inflammation, the blood transcriptome 
of patients was profiled longitudinally prior to anakinra treatment, after treatment with 
anakinra alone at 2 weeks (run-in), and then longitudinally [monthly for 6 months (mos)] 
after combined treatment with anakinra and chemotherapy. We also profiled the blood 
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transcriptome of ten healthy age- and gender-matched volunteers. Whole blood mRNA 
transcripts were captured and hybridized to 579 immune-related probes and 15 
housekeeping genes using the NanoString nCounter Human Immunology V2 panel. To 
identify differentially expressed genes (DEGs), we used a linear mixed model [31], which 
accounted for repeated measures over time and missing observations. First, DEGs 
between the healthy controls and the patients at any time point in the course of the study 
were defined. 288 DEGs were detected and hierarchical clustering of these DEGs enabled 
identification of transcripts that did or did not change according to anakinra treatment 
overtime (Fig. 6A and B). Several transcripts were abundant at baseline and sustained 
after treatment with anakinra combined or not with chemotherapy, including cytokines 
(IL6, IFNA, IL10), defensins (DEFB1 and DEFB103B), NOS2 and CXCL2 (Gene set 
(GS)1; Fig. 6A). Transcripts for IL13 and IL17A were only transiently decreased after 
anakinra treatment alone and were abundant again after addition of chemotherapy, while 
several transcripts related to antigen presentation and functions of DCs were not altered 
(IFNA, XCR1, XCL1 and CD70) (GS 1; Fig. 6A). Conversely, several genes that were 
abundant at baseline were decreased following the two weeks of anakinra alone, 
including the IL-1-related genes IL1B, IL1R1, IL1R2 and IL1RAP (GS3); the myeloid 
cell-related genes ICAM1, ICAM3, ITGAX, FCGR2A, IL6R, CSF2RB (common subunit 
of GM-CSF, IL-3 and IL-5 receptor) and PLAUR; and transcripts encoding innate sensing 
and downstream signaling molecules such as TLR1, TLR8, CLEC4A, CLEC7A, SYK and 
MYD88 (GS 2-4; Fig. 6A and B). Decrease in these genes was sustained over time in the 
course of treatment with anakinra and chemotherapy (Fig. 6A). The observed changes 
were not related to obvious fluctuations in blood cell composition, as revealed by 
longitudinal blood flow cytometry (Fig. S6A and B).  
Next, to further evaluate the effects of anakinra on the blood transcriptome of patients 
over time, we selected the genes differentially expressed between any time point post 
treatment and the patient baseline (without the inclusion of HC in the analysis; p<0.05) 
(Fig. 6C and Table S3).  Of the 223 DEGs identified, genes related to IL-1 signaling 
(IL1B, IL1R1, IL1R2, IL1RAP, IL1RN, IL6, IL6R), NFKB signaling (NFKB2, NFKBIZ) 
and innate immunity (TLR1, TLR2, TLR4, TLR5, TLR8, NOD2) were rapidly 
downregulated following anakinra treatment. Conversely, genes related to NK and T cell-
mediated cytotoxicity (KLRs, KIRs, GZMB, LTA, CD96, CD244, CD247) were 
upregulated, especially after one-month treatment. These results indicate that anakinra 
effectively down-regulated specific components of the systemic inflammatory signature 
observed in metastatic BC patients and rescued cytotoxic programs thought to be critical 
for anti-tumor activity.  
We also compared the blood inflammation-related transcriptome of metastatic BC 
patients with those of patients with IL-1-driven systemic juvenile idiopathic arthritis 
(sJIA) [29]. From the 288 DEGs identified in the BC patients compared to healthy 
controls (Fig. S6), we selected the 178 genes that were over-expressed at baseline (prior 
to anakinra treatment), mapped them to 117 Illumina V2 probes, and analyzed their 
expression in blood leukocytes from acute, untreated sJIA patients. Hierarchical 
clustering revealed over-expression of most of the BC DEGs in sJIA patients (Fig. S6). 
Thus, patients with metastatic BC display a blood transcriptional signature that overlaps 
in part with that of sJIA, a disease whose pathogenesis involves systemic IL-1-driven 
inflammation. 
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IL-1-dependent signature in BC tumors discriminates patients with poor prognosis.  
We then leveraged the TCGA (RNAseq data Table S2) [18] and METABRIC datasets 
(DNA microarrays data (Table S2)) [32] to examine IL1B expression in BC subsets and 
to determine whether the blood transcripts modulated by anakinra over time (in 
comparison to healthy controls) and expressed in primary BCs could discriminate 
patients with poor prognosis. First, in both datasets, IL1B transcripts were significantly 
higher in samples define as basal BC a disease with relatively poor prognosis comparing 
to other BC subtypes (METABRIC n=1986 Fig. 7A and TCGA n=788 Fig. S7). We then 
defined samples with extreme outcomes: among 870 invasive breast cancer patients in the 
TCGA dataset, 30 patients survived more than 10 years after primary surgery (good 
prognosis), and 70 patients died with BC within 5 years of primary treatment (poor 
prognosis).  Among 1992 BC patients in METABRIC dataset, 710 patients had good, and 
156 patients had poor survival outcomes, respectively. In both cohorts, the samples were 
hierarchically clustered using the IL1B signature genes using Euclidean distance and 
ward.D2 agglomeration method. Samples were stratified into two groups based only on 
the basis of anakinra-modulated signature to test their prognostic significance.  
In both datasets, the algorithm clustered tumor samples based on the expression level of 
transcripts that were decreased in the blood following anakinra treatment into those that 
did not display anakinra-dependent transcriptional signature (cluster 1, black), versus 
those that did display this signature (cluster 2, red) (Fig. 7B and Fig. S7). Accordingly, 
these clusters showed differential IL1B transcription (p<0.001 and p<0.001 in 
METABRIC and TCGA cohorts, respectively; Fig. 7C and Fig. S7). Further analysis of 
METABRIC cohort, where the number of patients was high enough to analyze the 
distribution of anakinra-modulated signature in BC subtypes, revealed that patients 
whose primary BCs had clustered based on higher expression of anakinra-modulated 
transcripts had predominantly basal BC (Fig. 7D).  
Thus, our results point towards an inflammatory signature in primary BCs that is 
associated with a subtype of poor prognosis. Moreover, they identify a subset of patients 
that could potentially benefit from IL-1b-targeted therapies. 

DISCUSSION 
Based on in vitro and in vivo studies, our present results highlight the role of IL-1b in 
tumor-associated inflammation in human primary and metastatic BC.  
First, we demonstrate that primary BC tumors contain high levels of IL-1b and that IL1B 
transcription is elevated in the biologically aggressive basal subtype. Other studies have 
indicated that IL-1b might play a deleterious role in modulating tumor-associated 
immunity [33-35]. For example, in syngeneic mouse models IL-1b can counter anti-
tumor effects, triggered by doxorubicin treatment, by recruiting myeloid regulatory cells 
that promote immunosuppression as well as promote cancer invasiveness and metastasis 
[36]; and by conferring a proliferative advantage to the cancer cells (reviewed in [37]). 
Indeed, pre-clinical studies revealed that blockade of IL-1 with anakinra enhanced the 
anti-tumor efficacy of 5-FU, leading to tumor regression in about 50% of treated animals 
[38]. In our present study, IL-1b production was linked with more advanced disease as 
defined by pathologic disease stage reflecting tumor size, metastases to regional lymph 
nodes and extension to chest wall and/or the skin, and was a measure of tumor 
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invasiveness and virulence, thereby corroborating previous observations [39]. It is 
possible that levels of IL-1b reflect enhanced myeloid cell infiltration which itself is a 
consequence of larger tumors. Interestingly, levels of secreted IL-1a were only 
marginally affected upon ex vivo BC activation, and did not correlate with disease stage. 
IL-1b production by myeloid cells triggered in vitro by BC-cell-derived factors is 
dependent on CASP-1-activation, and IL1B transcription correlates with that of NLRP3. 
Thus, in addition to the recently described role of NLRC4 in triggering IL1B transcription 
and protein production in mammary carcinoma mouse models [40], other inflammasome 
components, such as NLRP3 may also be involved in triggering IL1B transcription and 
protein production in humans. Several pre-clinical models revealed that inflammasome 
activation resulting in IL-1 release promotes different cancer types, while inflammasome-
mediated IL-18 release was reported to be protective in colitis-associated 
colorectal cancer [35]. Thus, molecular mechanisms and outcomes of inflammasome 
activation specific to each cancer type must be understood before instating personalized 
regimens modulating inflammation.  
 
Second, treatment of metastatic BC patients with the IL-1 receptor antagonist anakinra 
eliminates a systemic transcriptional signature of IL-1-associated inflammation in blood 
cells. Blood transcriptional profiles indicated that in vivo anakinra treatment effectively 
rescued immune cells cytotoxic programs that could contribute to enhanced anti-tumor 
activity. In this context, the observed link between TGF-b and IL-1b is of interest based 
on earlier studies reporting a suppressive role for TGF-b in immunosurveillance against 
transplantable as well as spontaneous tumors in mice via NKT-cell-derived IL-13 [41]. In 
clinical samples, recent meta-analysis of BC tumor expression profiles further 
underscores the linkage between activation of the TGF-β pathway, and poor overall 
prognosis in BC [42]. Interestingly, the interplay between TGF-β and IL-1b might be bi-
directional as recent studies suggested expression of IL-1b  in BC cell lines that is linked 
with TGF-β activity in myeloid cells [43]. It will be important, in future studies, to 
determine how this cross-talk behaves during chemotherapy and radiotherapy and 
whether the capacity to trigger either direction is patient or BC subtype specific. 
A correlative analysis indicates that IL-1b might be involved in amplification of type 2 
cytokines in patients with BC, although a causative link cannot yet be formally 
established. This conclusion is also supported by our results revealing that IL-1b controls 
IL-13 production and CD4+ T cell differentiation in vivo in BC-bearing humanized mice. 
Furthermore, we identified a subset of BC patients in whom IL-1b is associated with IL-
13 and with TSLP, a Th2 inducing cytokine. Indeed, approximately 30% of patient 
samples produce TSLP on activation. We also demonstrate the presence of TSLP RNA in 
cancer cells. Thus, our data offer a more nuanced landscape of TSLP and Th2 cytokines 
in BC than the recently described study, which failed to identify TSLP transcription in 
BC [44]. Future studies will address the prognostic impact of the four different cytokine 
environments that we identified herein. It is also possible that the contribution of the 
overall type 2-cytokine inflammation in BC goes beyond CD4+ T cells. Indeed, group 2 
innate lymphoid cells (ILC2 cells) are important for type 2 immune responses and can be 
activated, among others, by IL-1 family cytokines including IL-1β [45]. IL-1β-driven 
activation of blood ILC2 has been linked with an atypical chromatin landscape 
characterized by simultaneous transcriptional accessibility of the locus encoding IFN-γ, 
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and the loci encoding IL-5 and IL-13 [45]. This pattern of activation of both type 1 (IFN-
g) and type 2 cytokines in the same lymphocyte population closely resembles our earlier 
observations in BC tumors of simultaneous expression of IFN-g and IL-13 by CD4+ T 
cells that promote BC progression in experimental tumors [9]. Future studies are needed 
to elucidate the impact of IL-1 on lymphocyte phenotype and functions in BC tissues, as 
well as potential links between activation of IL-1 family signaling and sensitivity to 
check-point inhibitor therapy.  

Finally, when applied across primary invasive BC tumors in TCGA and METABRIC 
databases, the anakinra-controlled blood transcriptional signature discriminated patients 
with basal BC, a subtype with relatively poor prognosis.  This further underscores the 
links between IL-1 signaling pathway and high-risk disease in BC patients. 
Anakinra inhibits binding of both the IL-1a and IL-1b cytokines to IL-1 receptors. To 
further dissect individual contributions of these two cytokines, future studies will need to 
test specific antibodies. To this end, IL-1b could be inhibited with canakinumab 
(approved for the treatment of sJIA) or the fusion protein Rilonacept, while IL-1a could 
be inhibited with MABp1, which has been recently found to be active in colorectal cancer 
[46]. In line with this concept, the specific blockade of IL-1b with canakinumab was 
recently shown to be associated with decreased incidence of lung cancer [47].  
In summary, the present study identifies an IL-1-associated inflammatory signature in 
primary BCs that, if validated in follow-up clinical studies, could be used to stratify 
patients at diagnosis and justify use of IL1-directed therapies.  Furthermore, blocking IL1 
effectively down-regulated specific components of the systemic inflammatory signature 
in BC patients, and rescued cytotoxic programs that may be critical for anti-tumor 
activity and thereby for enhancement of clinical efficacy of checkpoint inhibitors. 
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Figure 1.

Figure 1. In situ IL-1b expression in BC tumors. 
(A) Levels of IL-1b measured in supernatants of BC tumor fragments (T) and in macroscopically non-
involved surrounding tissue (ST) post PMA/ionomycin stimulation overnight; paired samples from the 
same patient were analyzed side-by-side; mean and median secretion of indicated cytokine is shown in 
pg/ml. Wilcoxon sign-rank test was used to determine significance of observed differences. (B) IL-1β 
concentrations plotted in relation to histopathological tumor stage. N=number of tissue samples from 
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different patients with indicated disease stage; mean and median secretion of indicated cytokines in pg/ml. 
Welch’s t-test was used to compare cytokine production between different pathological stages of BC. (C) 
Top panel: Whole-section scan of representative BC tumor (Tumor #283 ER+PR+HER2-). CD11c (green), 
IL-1β (red), cytokeratin (blue) expression. Lower panels: zoomed area illustrating co-expression of 
individual markers as indicated. (D) Quantitative histocytometry analysis (see methods) of 
immunofluorescence staining on BC tissue. Quantification was conducted using FlowJo software to gate 
CD11c +, cytokeratin 19+ and double-positive cells and to quantify the IL-1b expression within each of the 
gated populations. FlowJo plots illustrate the gating and quantification process in representative BC tumor 
sample. Far right panel summarizes the percentages of IL-1b co-localization with cytokeratin 19 and/or 
with CD11c from three different BC tumors. The non-parametric Wilcoxon test was used for the analysis of 
difference. (E) RNA transcripts were visualized in OCT-embedded BC tumor sections using the 
QuantiGene ViewRNA ISH tissue assay kit. Human PTPRC (CD45) and human IL1B were visualized in 
green and red, respectively. Tumor #283 ER+PR+HER2- 
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Figure 2. IL-1β induces TSLP production from breast cancer cells 
(A) Primary BC tissue samples were stimulated with phorbol 12-myristate 13-acetate (PMA) and
ionomycin. IL-1β, TSLP, IFN-g and IL-13 were detected in supernatants of BC samples. The logarithm of
four cytokine measurements (IL-1β, TSLP, IL-13, IFN-g: left to right at x-axis and top to bottom at y-axis)
was taken for total 145 patients and the dependency between any pair of cytokine measurements was tested
under the null hypothesis of independence among the four measurements. Log-likelihood and its Bartlett
correction were performed and p-values for both methods were significantly low (p<0.001). Histogram
plots indicated distribution of the cytokines expression among all patients. Pairwise correlations were tested
among 6 pairs of cytokine measurements. Scatter plots indicated the correlation pairwise. Using Pearson
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and Spearman correlation, all p-values were found significant (p < 0.025). (B) Heatmap was generated 
based on the log-transformed four cytokine measurements using R package “pheatmap” with “ward.D2” 
method. Patients were split into four groups based on the “ward.D2” clustering method. The levels of 
cytokines were color coded as indicated. (C) RNA transcripts were visualized in OCT-embedded BC tumor 
sections using the QuantiGene ViewRNA ISH tissue assay kit. Human KRT8 and human TSLP were 
visualized in green and red, respectively. (D) MDA-MB231 cells were treated with medium alone, 10 
ng/ml of IL-1β, IL-1α, TNF-α, or IL-6 for the indicated time course individually. Cells were harvested and 
measured for TSLP mRNA level by quantitative real-time PCR. Values were normalized to internal control 
GAPDH. Bars show the mean±SEM for triplicate wells from a representative experiment. ***p<0.0001, 
**p<0.01, *p<0.05. (E) Chromatin immunoprecipitation (ChIP) by using anti-RNA polymerase II (RNPII) 
was performed. ChIP-qPCR analysis on lfTSLP (black bars) and sfTSLP (white bars) genes from MDA-
MB231 cells with IL-1β, aIL-1β neutralizing antibody or IL1Ra treatment for 1hr. Percentage of input 
summarized from 3 experiments.  

Figure 3: IL-1b production in DCs is caspase-1 and contact dependent. 
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(A) Scatter plots with line of best fit and Spearman correlation (r) of IL1B with NLRP3, NLRC4, caspase-1
(CASP1), caspase-8 (CASP8) and caspase-11 (SFRS2IP) expression in TCGA dataset [870 patients]. (B-C)
MDA-MB231 BC cells and cDCs were co-cultured in chamber wells for 18 hours, in the presence of
caspase-1 inhibitor or DMSO. Cells were fixed in the well and stained for pro-IL-1β and HLA-DR. The
percentage of HLA-DR+ cells showing expression of pro-IL1b (B) or that of mature IL1b (C). (D) MDA-
MB231 (MDA) or Hs578T (HS) BC cells co-cultured with blood monocytes (Mono), MDDCs, cDCs or
monocyte-derived macrophages (macroph) in regular tissue culture wells (contact) or transwell (transwell)
to separate two types of cells in culture for 48 hours.  Supernatants were harvested to determine IL-1β level
by Luminex. Values are plotted as mean±SEM from triplicate experiments. Welch’s t-test was used to
analyze these data.
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Figure 4: IL-1b production in cDCs and monocytes is triggered by TGF-b. 
(A) cDCs were co-cultured with MDA-MB231 BC cells or Hs578T BC cells for 16 hours. Intracellular IL-
1β expression in gated viable cells was measured by FACS.
(B) cDCs were co-cultured with MDA-MB231 BC cells, Hs578T BC cells or Hs578Bst non-malignant

cells for 16 hours. Intracellular IL-1β expression in gated viable cells was measured by FACS. Each dot
represents one experiment. (C) Surface expression of activated TGF-b1 by flow cytometry in BrCa cell
lines and non-malignant cells. (D) MDA-MB231 cells were co-cultured with DCs for 48 hours, in presence
of different doses of TGF-βR kinase inhibitor or anti-TGF-β neutralizing antibody, DMSO, or isotype
control respectively. Histograms of IL1B transcription levels analyzed by quantitative RT-PCR. Values
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were normalized to GAPDH. Bars show the mean±SEM for triplicate wells from a representative 
experiment. Kruskall-Wallis test was used. *** p<0.0001, **p<0.01, *p<0.05. n.s., not significant. (D) IL-
1β level was measured in the supernatants by Luminex. Values are plotted as mean±SEM. [independent t-
test was used] (F) same conditions as in (E) but over a 16-hour culture period, and with the readout being 
fraction of total DCs being IL-1b+. Intracellular staining of culture performed with anti-IL-1β antibody and 
quantified by flow cytometry. Each dot represents one experiment. (G) MDA-MB231 cells were co-
cultured with cDCs for 48 hours in presence of different doses of TAK1 inhibitor or DMSO. IL-1β levels 
were detected by Luminex in the sups after 48 hours of co-culture. Each dot represents one experiment. (H) 
cDCs were co-cultured with MDA-MB231 cells in presence or absence of anti-TGF-β neutralizing 
antibody plus TGF-βR kinase inhibitor (TGF-β blocking) for 60 min, pTAK1 was detected by specific 
staining and analyzed on FACS.  
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Figure 5: IL-1 and TGF-b mediate tumor-promoting type 2 cytokines in humanized mouse model. 
Hs578T BC cells were injected subcutaneously in irradiated NOD/SCIDβ2

-/- mice. MDDCs, CD4+ T cells 
and CD8+ T cells from healthy donor were co-injected intratumorally. Mice were treated with either: i. anti-
TGFβ neutralizing antibody on Day 3,6,9; ii. anakinra daily starting on Day 3; or iii. Controls such as 
isotype and PBS.  (A) Scheme of experimental mouse model.  (B) Kinetics of tumor growth from multiple 
experiments. Number of mice in each group is indicated. (C) Breast tumor fragments were harvested at Day 
16 after tumor implantation and stimulated for 16 hours with PMA and ionomycin. Cytokines (IL-13, IL-4, 
TNF-a, IL-17A and IFN-g) concentration were measured by mutliplex in control vs. anakinra vs. anti-TGF-
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β neutralizing antibody groups. (D) Cell suspensions were obtained by digestion with 2.5 mg/ml of 
collagenase D, and 200 U/ml of DNAse I for 30 minutes at 37˚C.  Intracellular cytokines, IL-13 and IFN-γ 
were stained from mice in PBS (upper panel) and anakinra group (lower panel) and analyzed by FACS. 
Representative plots from 3 different mice. (E) TSLP concentration measured by multiplex in tumor only 
vs. PBS control vs. anakinra group. (F) IL-1β concentration measured by multiplex in isotype control vs. 
anti-TGF-β neutralizing antibody group. 

 
Figure 6: Anakinra modulates transcriptional signature in the blood.  
(A) Hierarchical clustering of the 288 differentially expressed genes identified using mixed model analysis, 
between healthy controls (HC) and BC patients at any time point during the study. The expression of genes 
was averaged from all patients in each time point. B: patient baseline; RI: patient run-in (two weeks after 
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anakinra only); EOM: end of month after anakinra plus chemotherapy. (B). Box plots representing the 
log2-transformed expression of a subset of genes. Horizontal lines indicate median. Boxes represent the 
first and third quartiles (25th and 75th percentile). Whiskers extend to the highest or lowest values within 
1.5-fold of the interquartile range. (C) Genes differentially expressed between any time point post treatment 
and patient baseline (B, p<0.05).  Of the 223 DEGs identified, examples of genes related to IL-1 signaling 
(IL1B, IL1R1, IL1R2, IL1RAP, IL1RN, IL6, IL6R), NFKB signaling (NFKB2, NFKBIZ) and anti-bacterial 
innate immunity (TLR1, TLR2, TLR4, TLR5, TLR8, NOD2) and NK and T cell-mediated cytotoxicity 
(KLRs, KIRs, GZMB, LTA, CD96, CD244, CD247) are shown. All transcripts are listed in Table S6.

Figure 7: Basal subtype of breast cancer are linked with high IL-1b and anakinra-dependent 
signature. 
(A) IL1B transcript expression in different BC subtypes annotated in the METABRIC database. N=number

of samples per subtype. Kruskal-Wallis test was used to calculate the significance of observed differences
(p<0.001). (B) The gene sets controlled by anakinra treatment in the blood were used in unsupervised
analyses of transcriptional datasets from invasive BrCa tumors in the METABRIC datasets. Two clusters
were formed based on gene expression and assigned as red and black clusters.  (C) IL1B transcription in
two clusters in both datasets. (D) Number of patients in each cluster among different subtypes of breast
tumors.
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Human CD33+ myeloid cells support metastatic colonization in a humanized mouse 
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Abstract 
Metastatic melanoma remains an incurable disease for some patients due to treatment resistance 
and metastatic dissemination. Current experimental systems insufficiently model the interface 
between human melanoma and human immune cells. Here we show that NSG mice with 
transgenic expression of human hematopoietic cytokines SCF/GM-CSF/IL-3 (NSG-SGM3) when 
engrafted with human CD34+ hematopoietic progenitor cells, and implanted with Me275 human 
melanoma cell line subcutaneously, developed multi-organ distant melanoma tumors. This was 
linked with the presence of circulating tumor cells and elevated serum biomarker lactate 
dehydrogenase (LDH). Among six melanoma cell lines analyzed, potential to form distant tumors 
was linked with G0/G1 cell cycle status and proliferative capacity. Treatment with VEGF 
inhibitor Avastin significantly decreased the number of melanoma tumors in the spleen but not in 
the liver. Adoptive transfer experiments revealed the critical role of human CD33+ myeloid cells. 
Transcriptional profiles of these pro-metastatic human CD33+ myeloid cells were driven by 
STAT3 and could be detected in melanoma tumor samples from patients. Thus, this model 
enables mechanistic and pre-clinical studies for the development of novel treatment strategies 
targeting human-specific molecular pathways controlling melanoma dissemination. 

The treatment landscape of advanced melanoma has changed dramatically over the past decade1.  
Improved survival has been documented for patients treated with a blocking antibody targeting 
the cytotoxic T-lymphocyte-associated protein (CTLA)-4 2 alone or combined with therapies 
targeting another T cell checkpoint, programmed death (PD)-1 or programmed death ligand 
(PDL)-1 2. However, a significant fraction of patients does not achieve prolonged survival even in 
combination therapy trials3. Furthermore, targeted therapy in BRAF-mutant advanced melanoma, 
alone or combined with MEK inhibitors, is linked with acquired resistance and extended survival 
in less than 50% of patients4. Thus, additional therapies are needed to improve outcomes for 
patients with advanced melanoma. 

The main clinical challenge is the metastatic spread of treatment-resistant melanoma. 
Indeed, melanoma can metastasize to all organs of the human body. Based on the autopsy reports 
from different studies, multiple organ involvement is common and often involves lymph nodes, 
lungs, livers, bones, kidneys and brain 5, 6, 7, 8, 9. Among distant metastasis, patients with non-
pulmonary visceral metastasis have the worst prognosis10. The higher number of circulating 
tumor cells (CTCs) in metastatic cutaneous melanoma is associated with poor overall survival 11.  

The interplay between human tumor and the human immune system has been shown to 
significantly impact tumor dissemination and responsiveness to anti-cancer therapies. Mouse 
models of human cancer have been used extensively to study cancer in vivo to circumvent the 
complexity of studies in human patients and enable the identification of causative links. Although 
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essential for proof-of-concept studies and demonstration of genetic links, murine models often 
inadequately recapitulate the human cancer-immune interface. Furthermore, there are important 
differences between mouse and human immune systems 12, particularly in the innate immune cells 
and in mechanisms for sensing tissue damage 12, 13. For example, C-type lectins are innate 
receptors expressed on antigen-presenting cells that are involved in the recognition of 
glycosylated pathogens and self-glycoproteins 14, 15. Dendritic cell immunoreceptor (DCIR), the 
only classical C-type lectin that contains an intracellular immunoreceptor tyrosine–based 
inhibitory motif (ITIM), exists in four isoforms in the mouse while only one has been identified 
in the human 16. Similarly, NOD-like innate immune sensors (NLR’s) differ significantly with 
mice having around 10 more genes than the approximately 20 found in humans 17. Major 
differences also exist between human and mouse NK cells 12. Thus, the knowledge gained from 
mouse studies frequently cannot be extrapolated to humans, as these differences could deeply 
impact the regulation of tissue homeostasis and the underlying inflammation and recognition of 
tissue antigens. In an effort to resolve this need, we and other groups have developed humanized 
mice, i.e., immunodeficient mice with transplanted human immune system18, 19, 20, 21, 22, 23, 24, 25, 26. 
The engraftment of immunodeficient mice bearing the gc mutation including NOD-SCID-IL2 gc -

/- (NSG), or BALB/c-Rag2-/-- gc -/- with human CD34+ hematopoietic progenitor cells (hCD34+ 
HPCs) results in multi-lineage human cells development including human B and T cells 27, 28. 
However, a limited biologic cross-reactivity between murine and human cytokines and cytokine 
receptors constrains the development of the human innate immune system, especially monocyte, 
macrophages and neutrophils. Efforts have been made to express human cytokines either through 
transgenic or knock-in human genes 18, 29, 30. One such variant of immunodeficient mice is based 
on NSG mice with transgenic expression of human Stem Cell Factor (SCF), Granulocyte 
Macrophage-Colony Stimulating Factor (GM-CSF) and Interleukin (IL)-3 (NSG-SGM3)31, 32. 
Initial studies demonstrated that, when transplanted with hCD34+ HPCs, these mice efficiently 
support the development of human immune cells, especially the CD33+ myeloid cells as well as 
CD4+Foxp3+ regulatory T cells, as compared to non-transgenic counterparts 33.  

Here we show that humanized NSG-SGM3 (hNSG-SGM3) mice develop distant 
metastasis involving multiple organs when implanted with human melanoma cell lines 
subcutaneously. Thus, this model will enable the pre-clinical screening of novel immunotherapy, 
especially those that aim to block metastasis.  
 
Results 
Humanized NSG-SGM3 mice promote melanoma metastasis  

To determine if NSG-SGM3 mice are suitable to study human malignant melanoma, we 
first engrafted irradiated NSG and NSG-SGM3 mice with hCD34+ HPCs and 10-12 weeks later 
implanted 1x107 Me275 human melanoma cells subcutaneously (SC, Fig. 1a and Table S1). 
Eight weeks later both strains showed tumor development at implantation site (“primary tumor”) 
(Fig. 1b). However, on necropsy, hNSG-SGM3 mice, but not hNSG mice, displayed 
disseminated macroscopic tumors in spleen and liver (Fig. 1c). Immunofluorescence staining of 
frozen tissue sections from involved organs revealed expression of melanoma antigens MART-1 
and gp100 thus confirming the presence of disseminated melanoma cells in hNSG-SGM3 mice 
(Fig. 1d). In patients with metastatic melanoma, elevated serum lactate dehydrogenase (LDH) is a 
strong independent prognostic factor correlated with survival10, 34. Accordingly, hNSG-SGM3 
mice bearing melanoma displayed elevated serum LDH as compared with hNSG mice (Fig. 1e), 
which was correlated with the total number of visceral (spleen, liver and kidney) metastasis (Fig. 
1f). To further determine the extent of melanoma dissemination in hNSG-SGM3 mice, we 
analyzed organ involvement using in vivo imaging system (IVIS) to detect luciferase-labeled 
Me275 melanoma cells. Tumors were imaged in vivo or ex vivo immediately upon necropsy (Fig. 
1g, 1h). This analysis revealed luciferase signal in multiple organs including both lymphoid (LNs 
and spleen) and non-lymphoid (liver, pancreas, stomach, kidney, lungs and bone) organs (Fig. 
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1h). Thus, metastatic spread of melanoma in hNSG-SGM3 is systemic and resembles disease 
pattern observed in melanoma patients 5, 6, 7, 8, 9. This pattern of disease dissemination was 
independent of the number of implanted melanoma cells (range 1x106 to 1x107) and/or of the 
donor of hCD34+ HPCs used to engraft the mice (n=4 donors tested) (Fig. S1). Kinetic 
experiments following the appearance of macroscopic tumors as well as luminescence signal in 
vivo revealed that Me275 cells require at least 28-35 days for LN tumors and 42 days for visceral 
tumors to appear (Fig. 1h, 1i). Thus, hNSG-SGM3 mice support the metastatic spread of human 
Me275 melanoma cells. 

Melanoma dissemination is associated with the presence of circulating tumor cells 
To determine if circulating melanoma cells can lead to disease dissemination in hNSG-

SGM3 mice, we injected titrated number (103-105) of Me275 cells intravenously (IV) and 
followed the disease progression by IVIS in vivo over time. hNSG-SGM3 mice showed tumor 
development in several organs including spleen and liver (Fig. 2a, 2b). These results prompted us 
to analyze whether development of systemic tumors is associated with the presence of CTCs in 
hNSG-SGM3 mice implanted SC with Me275 melanoma cells. To this end, we first established 
and verified the panel of surface markers that could be used to detect CTCs (Fig. S2a) and used 
non-specific markers (HLA-ABC and CD44) and melanoma-specific marker (CD146) to identify 
melanoma cells in the blood (Fig. S2b). As shown in Fig. 2, hNSG-SGM3 mice bearing Me275 
SC tumors showed significantly higher frequency of CD146+ CTCs than hNSG mice (Fig. 2c, 
2d). When sorted from the blood of hNSG-SGM3 mice, CD146+ CTCs displayed expression of 
MART-1 and gp100 confirming that they are melanoma cells (Fig. 2e). Furthermore, when 
implanted SC in tumor-naïve hNSG-SGM3 mice, the CD146+ CTCs established subcutaneous 
tumors (Fig. 2f) and metastasized to the distant organs (Fig. 2g) comparably to parental Me275 
cells. Thus, circulating Me275 melanoma cells in hNSG-SGM3 mice implanted SC, are viable 
and can generate tumors in vivo. 

Melanoma dissemination is linked with cell cycle status of melanoma cells 
To determine the broader applicability of hNSG-SGM3 mice to study melanoma 

dissemination, we tested additional eight different melanoma cell lines, including A375, A2058, 
Colo829, Me290, SKmel5, SKmel24, WM852, and WM1366 cells (Table S1). All but SKmel24 
cells developed primary tumor on SC implantation (Fig. 3a). Further analysis revealed however 
two types of melanoma cell lines: those that do form distant tumors in hNSG-SGM3 mice 
(Me275, A375, A2058 and WM1366) and those that do not (Colo829, Me290, SKmel5, WM852) 
(Fig. 3b, S3a).  Interestingly, despite relatively high frequency of CTCs in Colo829 cells, no 
distant tumors could be detected (Fig. 3b, 3c, S3b). Thus, the presence of circulating melanoma 
cells is not sufficient to establish tumors in distant organs in hNSG-SGM3 mice.  

Kinetic experiments showed above revealed that Me275 cells require time to form tumors 
in distant organs (Fig. 1). This suggested that melanoma cells that seed the organs need to 
proliferate locally to establish macroscopically visible tumor. Accordingly, immunofluorescence 
analysis of frozen tissue sections of involved organs showed the presence of Ki-67 expressing 
melanoma cells (Fig. 3d, S3c). Thus, we reasoned that the cell cycle status and proliferative 
capacity of melanoma cells might be a contributing factor determining whether or not metastatic 
dissemination will occur. To this end, we analyzed cell cycle status in both Me275 metastatic and 
Colo829 non-metastatic melanoma cell lines that both exhibit comparatively high frequency of 
CTCs in hNSG-SGM3 mice as shown in Fig. 2. Using Ki-67 and DNA staining of cell lines 
cultured in vitro, we found a significantly higher percentage of Ki-67+ cells in G1 phase among 
Me275 cells than among Colo829 cells (61±2.2 and 26±11, respectively, p=0.0039) and a 
significantly higher percentage of Ki-67- cells in G0 phase among Colo829 cells (5.0±2.4 and 
50±20, respectively, p=0.0004) (Fig. 3e, 3f). We next carried out cell cycle analysis of CTCs in 



	  

	  
	  

146 

vivo and found the same pattern of Ki-67 expression and DNA staining with prevalence of cells 
in G1/G2-M phase among circulating Me275 melanoma cells and a prevalence of non-cycling 
cells in G0 phase among circulating Colo829 melanoma cells (Fig. 3g). Thus, the capacity of 
melanoma cells implanted SC in hNSG-SGM3 mice to proliferate in vivo in distant organs 
represents a contributing factor to metastatic dissemination.  
 
VEGFA contributes to metastatic dissemination 

Our results thus far suggested that the metastatic potential of melanoma cell lines in 
hNSG-SGM3 mice is linked with the cell cycle status suggesting the need to establish 
microenvironment supporting cell proliferation. This prompted us to treat the mice with VEGFA 
inhibitor Avastin as our earlier studies demonstrated that Me275 melanoma cells forming 
“primary tumors” in humanized mice are responsive to VEGFA18. To this end, hNSG-SGM3 
mice were implanted with 1x106 Me275 cells SC and at day 14 post-tumor implant they received 
treatment of Avastin IP at 10 mg/kg and 5 mg/kg every 5 days thereafter for a total of eight times 
over 40 days (Fig. 4a).  Mice were randomly assigned to treatment arms (Avastin vs. saline 
control), primary tumors were measured in blinded fashion every 5 days and metastatic 
dissemination was assessed upon necropsy at week 8. In four independent experiments with 
hCD34+ HPCs from 2 different donors, Avastin treatment impacted the development of primary 
tumor (306±150 vs. 213±133 on day 49, p=0.0004). (Fig. 4b, S5a). Nevertheless, upon necropsy, 
no difference in the number of macroscopic tumors in the liver was observed (Fig. 4c). However, 
in three out of four experiments we found a significantly lower number of melanoma tumors in 
the spleen in mice treated with Avastin (6.1±3.9 vs. 2.2±1.7, p= 0.0012) (Fig. 4c, S4b). The 
inhibition of metastatic tumors in the spleen was further confirmed in the in vivo imaging 
experiments where in Avastin-treated mice the luminescence signal was significantly lower when 
compared to control group (10.55±0.97 vs. 9.65±1.39, p=0.0389) (Fig. 4d). To understand why 
Avastin controlled the metastasis in the spleen but not in the liver, we analyzed human VEGFA 
expression in the liver and spleen of hNSG-SGM3 mice bearing melanoma. We found expression 
of human VEGFA protein in human CD45+ cells in the spleen but no VEGFA expression in the 
liver (Fig. 4e, 4f, 4g, S4c). Because Avastin can neutralize human but not mouse VEGF35, these 
results suggest that spleen metastasis were at least partially mediated by human VEGFA 
produced by human CD45 (hCD45)+ leukocytes.  
  
Melanoma dissemination in hNSG-SGM3 mice is dependent on the human CD33+ cells  

To further investigate the role of hCD45+ cells in formation of tumors in distant organs, 
we implanted Me275 cells into non-humanized NSG-SGM3 mice (NSG-SGM3). Me275 tumor 
growth at the implantation site was similar to that observed in hNSG-SGM3 mice (Fig. 5a) 
suggesting that human cells were not critical for the formation of primary tumor. However, there 
was no evidence of metastatic dissemination as determined by the lack of macroscopic tumors in 
visceral organs on necropsy and no detectable MART-1/gp-100 staining in tissues (Fig. 5b, 5c). 
We next purified hCD45+ cells from the liver and spleen of tumor-naïve hNSG-SGM3 mice and 
adoptively transferred them (1x107) into non-irradiated and tumor-naïve non-humanized NSG-
SGM3 mice and NSG mice to generate hCD45+NSG-SGM3 mice and hCD45+NSG mice, 
respectively.  Both strains were subsequently implanted with Me275 cells SC (Fig. S5a). As 
expected, non-humanized control NSG-SGM3 mice did not develop metastasis (Fig. S5b). 
However, adoptive transfer of hCD45+ cells rescued the metastatic dissemination in 
hCD45+NSG-SGM3 mice (Fig. S5b) but not in hCD45+NSG mice (Fig. S5b). Thus, metastatic 
dissemination of melanoma in hNSG-SGM3 mice is driven by human leukocytes and is 
dependent on host human cytokines SCF, GM-CSF, and IL-3. 
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When analyzing the composition of hCD45+ cells, we observed enrichment of human 
CD33+ (hCD33+) cells in peripheral tissues of hNSG-SGM3 mice as compared to hNSG mice 
(Fig. 5d, S5c). To test if hCD33+ myeloid cells account for the support of metastatic 
dissemination in hNSG-SGM3 mice, we performed another adoptive cell transfer experiment 
(Fig. 5e). To this end, hCD45+ cells isolated from the liver and spleen of hNSG-SGM3 mice, 
were separated into either CD33+ or CD33- cell fraction by magnetic bead isolation (Fig. 5f, 5g), 
and adoptively transferred into non-humanized NSG-SGM3 mice to generate hCD33+NSG-
SGM3 mice and hCD33-NSG-SGM3 mice that were subsequently implanted SC with Me275 
cells (Fig. 5h). As shown in Fig. 5i, hCD33+NSG-SGM3 mice but not hCD33-NSG-SGM3 mice 
showed macroscopic tumors in distant organs. Thus, human CD33+ myeloid cells mediate 
metastatic dissemination of melanoma in hNSG-SGM3 mice. Furthermore, tissue analysis 
showed the close proximity of hCD33+ cells to melanoma cells in the metastatic liver and spleen 
of hNSG-SGM3 mice, in a manner similar to that of human melanoma tumor sample (Fig. 5j, 
5k). 
 
Human CD33+ myeloid cells in hNSG-SGM3 mice resemble CD33+ infiltrate in human 
melanoma tumors  

To determine whether hCD33+ cells with pro-metastatic activity in NSG-SGM3 mice 
resemble myeloid infiltrate in human metastatic melanoma tumor samples from patients, we 
analyzed transcriptional profiles with RNAseq of hCD33+ cells purified from the bone marrow, 
spleen and liver of hNSG-SGM3 mice at 12-week post hCD34+ HPC transplant as well as of 
whole tumor sections from 14 patient samples (Table S2). To focus the analysis on the most 
relevant myeloid genes, we applied gene list validated as myeloid panel for Nanostring (727 
genes). Generated lists of transcripts were first analyzed separately for hCD33+ from hNSG-
SGM3 mice and for human tumor samples using Ingenuity Pathway Analysis (IPA) to determine 
the myeloid cell pathways that are enriched and/or altered in both conditions (Fig. S6).  In both 
cases, the top networks were driven by expression of STAT3, STAT1 and NFKB1 thereby 
suggesting transcriptional similarity between myeloid cells in both types of samples (Fig. S6). 
This was further confirmed by Venn-diagram analysis, which revealed that 78% of transcripts 
were common between the two sample types with the presence of dominant STAT3, STAT1 and 
NFKB1-regulated networks (Fig. 6a, 6b, Table S3). Among transcripts present in both types of 
samples are HIF1a, VEGFA and MIF, well-established tumor-promoting molecules36; as well as 
transcripts coding for S100 proteins (S100A9 and S100A10), which among other functions 
regulate myeloid cells37, 38 including the immature myeloid cells that contribute to 
immunosuppressive milieu in cancer39, 40 (Fig. 6b). Interestingly, some of the genes that are 
common between hCD33+ cells from hNSG-SGM3 mice and patient tumors were not equally 
represented in hCD33+ cells isolated from liver and spleen (Fig. 6c). Among others, liver 
hCD33+ cells displayed substantially higher expression transcripts of chemokines that are potent 
chemoattractant for myeloid cells and which could regulate organ-specific metastasis41 including 
CXCL2, CCL13, CCL18 and CXCL3; matrix metalloproteinases that contribute to metastatic 
process42 such as matrix metalloproteinase (MMP) 9 and MMP19; as well as transcripts coding 
S100 family proteins S1009 and S100A11 (Fig. 6c). Furthermore, while hCD33+ cells from both 
organs expressed HIF1a, VEGFA and MIF transcripts (Fig. 6c), liver hCD33+ cells uniquely 
expressed HBEGF transcript coding heparin-binding EGF like growth factor43 suggesting that 
hCD33+ cells in different organs might utilize different molecular pathways promoting growth of 
distant tumors. Accordingly, while both liver and spleen hCD33+ cells expressed VEGFA 
transcript, we found VEGFA protein and its impact on tumor growth only in the spleen (Fig. 4). 
Finally, tissue analysis showed the close proximity of hCD33+ cells to melanoma cells in the 
metastatic liver and spleen of hNSG-SGM3 mice, in a manner similar to that of human melanoma 
tumor sample (Fig. 5), and tumor infiltrating CD33+ cells expressed VEGFA in tumors from both 
hNGS-SGM3 mice (Fig. 6d, S6c) and patients (Fig. S6d). Thus, hNSG-SGM3 mice carry human 
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myeloid cells that are similar to that found in patients and thus these mice resemble the alterations 
of myeloid cells found in melanoma patients. 
 
Conclusions 

Here we show that NSG-SGM3 mice humanized by transplant of hCD34+ HPCs support 
development of multi-organ human melanoma metastasis. The process is multifactorial and 
requires human CD33+ myeloid cells as well as host factors such as human cytokines SCF, GM-
CSF and IL-3. The requirement for cell cycle resembles data in patients where increased mitotic 
rate in the tumor is significantly associated with declining survival rate and can serve as an 
independent predictor of survival10. Importantly, the myeloid cells with pro-metastatic activity in 
our model have similar transcriptional profiles as CD33+ myeloid cells infiltrating metastatic 
melanoma tumor samples from patients. Indeed, the pathway analysis of RNAseq data from both 
hSGM3-derived CD33+ cells and human melanoma tumor revealed a common upstream 
regulator STAT3.  STAT3 is a well-documented tumor-promoting gene whose activation has been 
suggested, among others, in melanoma tumorigenesis and metastasis44, 45, 46, 47, 48. In cancer cells, 
STAT3 activation upregulates c-myc oncogene49, MMP2 for tumor invasion47, and VEGF 
expression for tumor angiogenesis44. In myeloid cells, STAT3 activation is linked with inhibition 
of functional maturation of DCs thereby blocking effective anti-cancer T cell immunity 45, 50. 
Furthermore, STAT3-deficient tumor-associated myeloid cells in murine cancer models display 
diminished capacity to produce VEGF, bFGF, IL-1b, MMP9, CCL2 and CXCL2 that are 
important for tumor angiogenesis51. This is consistent with our data on VEGFA expression by the 
myeloid cells in spleen of hNSG-SGM3 mice and the decrease in the numbers of spleen 
melanoma tumors after anti-VEGFA treatment. Thus, our model resembles human disease 
thereby offering a novel approach to dissecting human cancer/human myeloid cells interface. 
Indeed, despite the presence of murine myeloid cells, the metastatic dissemination requires 
human myeloid cells. This suggests that the molecular pathways governing myeloid cell-
dependent melanoma metastasis are not available in the absence of human cells. Furthermore, 
when NSG or NSG-SGM3 mice were adoptively reconstituted with hCD45+ cells isolated from 
hNSG-SGM3 mice, only NSG-SGM3 mice gave rise to distant metastasis. Thus, our data suggest 
an active mechanism mediated by the host cytokines SCF, GM-CSF, and IL-3 impacting human 
myeloid cells. Indeed, non-humanized NSG-SGM3 mice did not support development of distant 
melanoma tumors thereby excluding the potential direct effects of SCF on melanoma cells via 
KIT52. 

At variance with our earlier studies in humanized MISTRG mice where the presence of 
human myeloid cells accelerated “primary tumors” formed by Me275 melanoma cells implanted 
SC18, there was no such effect in hNSG-SGM3 mice. MISTRG mice carry human CSF-1 (MCSF) 
and thus support development of human macrophages. Since NSG-SGM3 mice do not carry 
human CSF-1 gene, they don’t develop bone fide CSF-1 driven human macrophages. These 
results suggest that different myeloid cell subsets elicit distinct impact on melanoma tumor 
growth. It will be important to determine whether MISTRG mice support melanoma metastasis in 
similar manner and whether adding human CSF-1 to NSG-SGM3 mice will result in a different 
scenario. In this context, we have not detected brain metastasis; thus, it is possible that these 
require human CSF-1 dependent cells to occur. Similarly to studies in mouse models, our results 
suggest that requirements for establishing “primary” tumor are different from those for support of 
distant tumors53. Various myeloid cells including neutrophils54, and myeloid suppressor cells55 
have been shown to support the tumor growth in distant sites in various cancer types. The 
governing mechanisms might be direct via cell-cell contact but also indirect as for example in 
melanoma models where melanoma cell-derived exosomes can deliver signals for angiogenesis 
and metastatic invasion through bone-marrow derived cells56. Tissue stromal cells can also 
contribute as shown in a recent study of murine B16 melanoma model, where the metastatic 
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niches in the lungs were initiated by tumor exosomal RNA able to stimulate TLR3 on alveolar 
epithelial cells, which subsequently recruit neutrophils57.  

Humanized NSG-SGM3 mice support preferentially human CD4+ T cell development 
(including cells with the phenotype of regulatory T cells)33 at the expense of cytotoxic 
lymphocytes. Furthermore, human T cells are selected in the thymus in the context of mouse 
MHC58, 59, 60. Thus, the tumors are not exposed to environmental pressure and editing from 
cytotoxic lymphocytes, which could impact development of distant tumors. Future studies with 
next generation of NSG-SGM3 mice engineered to express additional human genes to support 
development of a more complete human immune system will help address these important 
questions. It will be particularly interesting to determine, using add-on humanization approach 
which genes are critical to awaken the non-cycling cells thereby facilitating metastatic 
dissemination. This could offer novel targets for prevention. Finally, transgenic expression of 
human cytokines and ensuing high systemic concentrations of cytokines could result in skewed 
hematopoiesis and exhaustion of HPCs61. However, it also reflects left shift and emergency 
hematopoiesis frequently observed in patients62. Indeed, the analysis of transcriptional profiles 
demonstrated nearly 80% overlap between the immune cells in our model and in melanoma 
patients. Thus, our model complements mouse models of metastatic disease63, 64, 65. It offers a 
platform for in-depth studies of melanoma, and possibly other tumors, metastatic colonization of 
distant organs enabling the identification of human-specific molecular pathways.  

Methods 

Antibodies and Reagents 
 Antibodies to human CD3 (SK7), CD19 (HIB19), CD20 (2H7), CD44 (G44-26), CD45 
(HI30), CD45RA (HI100), HLA-A2 (BB7.2), HLA-DR (L243), Ki-67 (B56), and mouse CD45 
(30-F11) were obtained from BD Bioscience. Antibodies to human CD146 (ME-9F1) were from 
Mitenyi Biotec. Human HLA-ABC (W6/32), CD33 (WM53) antibodies were from Biolegend.  
Antibodies to MART-1 (M2-2C10 and M2-9E3) was obtained from Novus Biologicals; gp100 
(NK1-beteb) from LifeSpan BioSciences and human VEGFA (JH121) from Thermo Fisher 
Scientific. 
Cell Culture 

Melanoma cancer cell lines, Me275, which were established from surgically excised 
melanoma metastases from patients LAU50, and Me290 were provided by Pedro Romero at the 
Ludwig Institute for Cancer Research at University of Lausanne (Lausanne, Switzerland); A2058, 
A375, Colo829, SKmel5 and SKmel24 were from the American Type Culture Collection 
(ATCC); WM852 and WM1366 were from Rockland Immunochemicals. All cell lines were 
cultured in complete RPMI (RPMI 1640, 25 mM HEPES, 1 mM Sodium Pyruvate, 1% non-
essential amino acid, 1% penicillin-streptomycin and 2 mM L-Glutamine) supplemented with 
10% FBS at 37°C with 5% CO2 atmosphere. All cell lines were authentication using Short 
Tandem Repeat (STR) profiling analysis by ATCC. The mycoplasma test was performed 
regularly, and all the cell lines were mycoplasma-free for each in vitro and in vivo experiment. 
Lentiviral transduction 

The Me275 tumor cell lines were transduced with lentivirus vectors (pLX302-CMV-
Luc2) at varying multiplicity of infection (moi) by incubating virions in the culture medium 
containing 8 μg/ml polybrene (Sigma). Stably transduced cells were selected with 3 μg/ml 
puromycin (In Vivogen). Stable cell line expressing Luc were confirmed by anti-Luc (Luci21 1-
107, Novus) intracellular staining and by using luciferin and an in vivo imaging system 
(PerkinElmer). 
Humanized mice 

Humanized mice were generated on parental NSG mice or NSG carrying SCF, GM-CSF, 
and IL3 obtained from the Jackson Laboratory (Bar Harbor, ME). Mice were sub-lethally 
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irradiated (10 cGy per gram of body weight) using a 137Cs gamma irradiator at the age of four 
weeks. 100,000 CD34+ HPCs from fetal liver or full-term cord blood (Advanced Bioscience 
Resources or Lonza) were given in 200 µL of PBS into the tail-vein IV.  Mice were bleed for the 
engraftment at 8-12 weeks post HPCs transplant. All protocols were reviewed and approved by 
the Institutional Animal Care and Use Committee at The Jackson Laboratory (Bar Harbor, ME) 
and University of Connecticut Health Center (Farmington, CT).   
Tumor model 

Tumor cells were injected subcutaneously (SC) into the flanks of the mice. Tumor size 
was monitored every 7 days with caliper. Tumor volume (ellipsoid) was calculated as follows: 
(short diameter)2 × long diameter/2. Alternatively, luciferase-labeled melanoma cells were 
injected IV into the mice. Mice were killed and the macroscopic metastasis were identified and 
scored in various organs including skin, lymph nodes, liver, spleen, kidney, and lungs. Blood and 
bone (femur and tibia) were collected for further ex vivo analysis to identify tumor cells by 
FACS. For anti-VEGFA (bevacizumab) treatment, mice were given anti-VEGFA (Bevacizumab, 
Avastin, Genentech) IP at 10 mg/kg at day 14 after SC melanoma cell implantation and 5 mg/kg 
every 5 days thereafter for a total of 8 treatments. PBS was given IP as a vehicle control. 
Human immune cell purification and adoptive transfer 

At 14-16-week post-transplant, hNSG-SGM3 mice were euthanized and spleen and liver 
were collected for single cell suspension. Spleen and liver were first digested with 25 μg/ml 
Liberase (Roche Diagnostics) for 10 min at 37°C; single cell suspensions were made and the 
debris was removed by filtering through a 70 μm cell strainer. Live cells were isolated using 
Ficoll-Paque Plus density gradient centrifugation (GE). Human immune cells were enriched by 
using Mouse/Human Chimera isolation kit (StemCell Technologies) following the manufacture’s 
protocol. For the enrichment CD33+ or CD33- cells, enriched human CD45+ cells were further 
stained with PE-conjugated CD33 antibodies for 15 mins and enriched by using EasySep PE 
selection kit (StemCell Technologies). Isolated human immune cells had purity more than 95%. 
Human immune cells were given by tail vein IV injection.  
In vivo imaging 

Before mice were anesthetized with Isoflurnane, an aqueous solution of luciferin (150 
mg/kg IP) was injected 10 min prior to imaging. The animals were placed into the light-tight 
chamber of the CCD camera system and the photons emitted from the luciferase-expressing cells 
within the animal were quantified using the software program Living Image (PerkinElmer). To 
image dissected organs, mice were first injected IP with luciferin (150 mg/kg) for 10 mins and 
quickly killed to remove each organ. Organs were placed in the 12-w culture dish with PBS 
containing 300 µg/ml of luciferin and imaging the same way as previously described with the in 
vivo imaging system.  
Cell cycle analysis 

Cells were first treated with both human and murine Fc blocker (BD Bioscience) and then 
stained on ice with surface antibodies. After washing twice with PBS, the samples were fixed and 
permeablized with Foxp3/Transcription Factor Staining Buffer (Thermo Fisher Scientific) 
following manufacture protocol. Briefly, cells were fixed with Fixation/Permeabilization buffer at 
4°C for 30 mins, followed by two washes with Permeabilization buffer and stained with Ki-67 
antibody and DAPI for 30 mins at room temperature. After washing twice with PBS, the samples 
were acquired on a Symphony A5 (BD Bioscience) and analyzed with FlowJo software (Tree 
Star). 
LDH measurement 

Plasma were collected by centrifuge 500xg 10 mins blood with heparin. LDH were 
measured with AU680 chemistry analyzer (Beckman Coulter) following the manufacture 
protocol. 
Circulating tumor cell analysis 
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Mice were euthanized and blood was collected with heparin. Cells were first treated with 
both human and murine Fc blocker (BD Bioscience) and then stained on ice with mouse CD45 
(mCD45) and human CD45 (hCD45), HLA-ABC, CD44, CD146 antibodies. After washing twice 
with PBS, the samples were acquired on a LSRII or FACSARIA (BD Bioscience) and analyzed 
with FlowJo software. Melanoma cells were gated as mCD45-, hCD45-, HLA-ABC+, CD44+, 
CD146+ cells. To isolate CTCs, mCD45- HLA-ABC+ CD44+ CD146+ cells were sorted by 
FACSaria.  
Immunofluorescence Staining 

Tissues were embedded in OCT (Sakura Finetek U.S.A.) and snap frozen in liquid 
nitrogen. Frozen sections were cut at 6 μm, air dried on Superfrost plus slides and fixed with cold 
acetone for five minutes. Tissue sections were first treated with Background Buster and Fc 
Receptor Block (Innovex Bioscience). The sections were then stained with primary mouse 
monoclonal Abs for one hour at room temperature, followed by staining with fluorochrome-
labeled secondary Abs. Respective isotype Abs were used as the control. Finally, sections were 
counterstained with 1 μg/ml of DAPI, mounted with Fluoromount, and visualized using a Zeiss 
Axio fluorescence microscope with ZEN software or a Leica SP 8 confocal microscope with 
Leica LAS AF 2.0 software. 
Histo-Cytometry 
In-situ quantitative analysis of tissues was based on previously published methodology66. Briefly, 
a OCT-embedded tissue sections was first immunofluorescence stained with DAPI, MART-1 
(M2-2C10 and M2-9E3)/ gp100 (NK1-beteb), human VEGFA (JH121) and human CD45 (HI-
30). Whole tissue scans were acquired using a Leica SP8 confocal microscope with motorized 
stage for tiled imaging (Leica Microsystems). Each scan was then analyzed with Imaris 
(Bitplane). Using the “spot” function in Imaris, the images were subdivided into individual cells 
with a nucleus diameter equal or larger than 6 µm. The accuracy of the segmentation was 
manually verified for each sample and adjusted if needed. Finally, for each generated spot, its x 
and y coordinates and the sum intensity values for all channels were exported into a fcs file to be 
visualized and quantified using Flowjo software. 

RNA-Seq sample preparation, sequencing and analysis 
Total RNA was isolated from snap frozen metastatic melanoma tissues (Table S2; Cooperative 
Human Tissue Network, Pennsylvania) and CD33+ cells from the bone marrow, spleen and liver 
of hNSG-SGM3 mice using RNA isolation kit following manufacture protocol (Qiagen). Total 
RNA isolated was run on a Qubit (Thermo Fisher Scientific) and a Bioanalyzer 2100 Nano Chip 
(Agilent Technologies) to check RNA quantity and quality. Sequencing libraries were prepared 
using KAPA Stranded mRNA-seq kit (Roche) according to manufacturer’s protocol. First, poly-
A RNA was isolated from 300 ng total RNA using oligo-dT magnetic beads. Purified RNA was 
then fragmented at 85 °C for 6 mins, targeting fragments range 250-300 bp. Fragmented RNA 
was reverse transcripted with an incubation of 25 °C for 10 mins, 42 °C for 15 mins and an 
inactivation step at 70° C for 15 mins. This was followed by second strand synthesis at 16 °C for 
60 mins. Double stranded cDNA (dscDNA) fragments were purified using Ampure XP beads 
(Beckman). The dscDNA were then A-tailed and ligated with illumina adaptors. Adaptor-ligated 
DNA was purified using Ampure XP beads and followed by 10 cycles of PCR amplification. The 
final library was cleaned up using AMpure XP beads. Quantification of libraries was performed 
using real-time qPCR (Thermo Fisher Scientific).  Sequencing was performed on Illumina 
NextSeq 500 platform generating single end reads of 75 bp. All primary analysis of RNA-Seq 
was processed using CASAVA pipeline (Illumina, v1.8.2). Sequences were aligned with Bowtie 
2 67 and counts were generated with RSEM 68 using the annotations from Ensembl GRCh37 69. 
The files from alignment result were converted to BAM format using SAMtools 70. Raw counts 
were normalized to log2 transformed Fragments Per Kilobase of transcript per Million mapped 
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reads (log FPKM). Ingenuity pathway analysis (Qiagen) was applied to reveal transcriptional 
networks.  
Statistical analysis 

Statistical analysis was performed in Prism (GraphPad). Legend is: ****P < 0.0001, 
***P < 0.001, **P < 0.01, *P < 0.05, ns = not significant. Comparisons between any two groups 
were analyzed using the Mann-Whitney test or two-tailed t-test. Comparisons between any three 
or more groups were analyzed by analysis of variance (ANOVA). 
Data availability 
RNA-seq data have been deposited at the NCBI Sequence Read Archive (SRA) with accession 
number SRP141256. 
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Figure legends 

Figure 1. Humanized NSG-SGM3 mice promote melanoma metastasis. 
(a) The construction of humanized mice for human melanoma model, outline of the experiment. Mice were
engrafted with CD34+ HPCs at 4 weeks, implanted with melanoma cells SC at 14-16 weeks, and analyzed
at 22-24 weeks of age (8 weeks post tumor implantation).
(b) hNSG and hNSG-SGM3 (hSGM3) mice were implanted with 1x107 Me275 cells SC. The tumor
volume was measured weekly. 14 hNSG and 15 hNSG-SGM3 mice from 3 independent experiments with 2
CD34+ HPC donors.
(c) Number of macroscopically tumor in the spleen and liver. n=14-15 mice with 2-tailed Mann Whitney
test.
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(d) Localization of MART-1/gp100 (green), and DAPI (blue) in the liver and spleen of hNSG or hSGM3 
mice at 8 weeks after 1x107 Me275 SC implantation. Scale bar=1,000 µm for the whole section and 20 µm 
for the selected zoom-in. 
(e) Serum LDH level measured in hNSG or hNSG-SGM3 mice at 7-8 weeks after 1x107 Me275 SC 
implantation. n=10 mice with 2-tailed Mann Whitney test. 
(f) The correlation of serum LDH with the number of visceral metastasis (spleen, liver and kidney). n=10 
mice with Spearman test. 
(g) Mice bearing luciferase-labeled Me275 tumor were harvested and individual organ was analyzed by 
IVIS. Representative images of 3 hNSG-SGM3 mice at 8 weeks after 1x106 Me275 SC implantation. aLN, 
auxiliary lymph node. mesLN, mesenteric lymph node. na, not analyzed.  
(h) hNSG and hSGM3 mice were implanted with 1x106 Me275 cells labeled with luciferase. The growth of 
tumors was monitored weekly by IVIS imaging system (n=2 mice per group).  
(i) Mice bearing luciferase-labeled Me275 tumor were harvested at different time points and individual 
organ was analyzed by IVIS imaging system. 
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Figure 2. Melanoma dissemination is associated with circulating tumor cells. 
(a) hNSG-SGM3 mice were injected IV with titrated number of Me275 cells labeled with
luciferase. Tumor growth were monitored weekly by IVIS. Representative image at day 28.
(b) Summary of tumor load measured by total photon emission with IVIS from 2 mice per
treatment group.
(c) Flow cytometry characterization of CTCs from hNSG or hNSG-SGM3 mice bearing Me275
tumor for 8 weeks. Representative FACS plots on CTCs gated as DAPI-, mCD45-, HLA-ABC+
and CD45- cells with expression of CD44 and CD146.
(d) Summary of the frequency of CTC as in (c). n=5-10 from two independent experiments with
2-tailed Mann Whitney test.
(e) CTCs sorted as in (c) were expanded in vitro for 5 days in chamber slides and stained with
MART-1/gp100 (green) and DAPI (blue). Scale bar=50 µm.
(f) The tumor growth curve in hNSG-SGM3 mice implanted with 1x104 Me275 cells or sorted
CTCs from hNSG-SGM3 mice bearing Me275 tumor (n=2 mice per group).
(g) Immunofluorescence staining of MART-1/gp100 (green), human CD45 (red), and DAPI
(blue) on the liver in (f). Scale bar=1,000 µm for the whole section and 100 µm for the selected
zoom-in.
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Figure 3. Melanoma dissemination is linked with cell cycle status of melanoma cells. 
(a) The tumor growth curve in hNSG-SGM3 mice implanted with 1x106 cells from different 
melanoma cell lines SC (n=3-8 mice per group). 
(b) Macroscopic tumor in the liver and visceral organs of hNSG-SGM3 mice implanted SC with 
1x106 cells from different melanoma cell lines (n=3-32 mice per group). 
(c) The frequency of CTC in hNSG-SGM3 mice bearing different melanoma cell lines in (b). 
(d) Localization of MART-1/gp100 (green), Ki67 (red) and DAPI (blue) in the liver of hNSG-
SGM3 mice at 7-8 weeks after 1x107 Me275 SC implantation. Scale bar=150 µm and 30 µm for 
the zoom-in. 
(e) Flow cytometry characterization of proliferation status with nuclei staining of Ki-67 and DNA 
on Me275 or Colo829 cells from in vitro culture.  
(f) Summary of (e) from 3 independent experiments. 2way ANOVA with Bonferroni’s multiple 
comparisons test. 
(g) Flow cytometry characterization of proliferation status with Ki-67 and DAPI staining on 
CD146+ CTCs from hNSG-SGM3 mice bearing Me275 tumor or Colo829 tumor for 8 weeks. 
FACS plot from blood samples pooled from 8-12 mice. 
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Figure 4. VEGFA contributes to metastatic dissemination 
(a) Outline of the experiment. NSG-SGM3 mice were engrafted with CD34+ HPCs at 4 weeks 
and implanted with 1x106 luciferase-labeled Me275 cells SC at 16 weeks of age. At day 14 post 
tumor implantation, mice were treated with PBS or anti-VEGFA IP at 10 mg/kg and 5 mg/kg 
every 5 days thereafter for a total of 8 treatments.  
(b) The tumor growth curve in hNSG-SGM3 mice. Values are mean ± s.d.  
(c) Macroscopically tumor observed in (b). n=16-17 mice with 2-tailed Mann Whitney test. 
(d) Summary of tumor load measured by IVIS imaging system at different organs of hNSG-
SGM3 mice  (b). n=11-12 mice with 2way ANOVA test. 
(e) Immunofluorescence staining of human CD45 (green), human VEGFA (red), MART-1/gp100 
(white), and DAPI (blue) on the liver and spleen of hNSG-SGM3 mice at 8 weeks post Me275 
SC implantation. Scale bar=1,000 µm for the whole section and 50 µm for the selected zoom-in. 
(f) Quantification of human VEGFA expression in (e) by histocytometry. The VEGFA+ gate was 
set based on the region without VEGFA staining. VEGFA+ cells were backgated to illustrate the 
relative XY location in the tissue as in (e). 
(g) Quantification of VEGFA+ cells as in (f) from three hNSG-SGM3 mice at 7-8 weeks after 
1x107 Me275 SC implantation. n=3 mice with 2-tailed paired t test. 
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Figure 5. Melanoma dissemination in hNSG-SGM3 mice is dependent on the human CD33+ 
cells 
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(a) The tumor growth curve comparing NSG-SGM3 and hNSG-SGM3 mice implanted with
1x107 Me275 cells SC.
(b) Macroscopic tumor observed in (a). n=12-13 mice with 2-tailed Mann Whitney test.
(c) Localization of human CD45 (red), MART-1/gp100 (green), and DAPI (blue) in the liver as in
(a). Scale bar=1,000 µm for the whole section and 60 µm for the selected zoom-in.
(d) FACS plots illustrated the percentage of human CD33+ cells in hNSG and hNSG-SGM3 mice
at 12 weeks of engraftment.
(e) Outline of the experiment.
(f) FACS plots illustrate the expression of human CD33 in enriched cells.
(g) Giemsa staining on total human CD45+ cells enriched from the spleen and liver of hNSG-
SGM3 mice. Scale bar=20 µm.
(h) The tumor growth curve in NSG-SGM3 mice after adoptive transfer of 1x107 hCD33+ or
hCD33- cells IV and subsequently implanted with 1x107 Me275 cells SC.
(i) Macroscopic tumor in the liver, spleen and visceral organs of NSG-SGM3 mice after adoptive
transfer of hCD45, hCD33+ or hCD33- cells. n=7-9 mice with one-way ANOVA test.
(j) Immunofluorescence staining of MART-1/gp100 (green), CD33 (red), and DAPI (blue) on the
liver and spleen of hNSG-SGM3 mice at 8 weeks post 1x107 Me275 SC implantation. Scale
bar=1,000 µm for the whole section and 100 µm for the selected zoom-in.
(k) Immunofluorescence staining on human melanoma tumor as in (j).
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Figure 6. Pro-metastatic human CD33+ cells in hNSG-SGM3 mice resemble CD33+ 
infiltrate in human melanoma tumor. 
(a) Venn diagram illustrates the human myeloid genes expressed in patient melanoma tumor and 
CD33+ cells from hNSG-SGM3 mice. 
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(b) Ingenuity pathway analysis on the common myeloid genes for the upstream regulator. Top 5
regulators, STAT3, RELA, STAT1, NFKB1, NR3C1 were illustrated with top 25 genes of each
network.
(c) Heatmap illustrates the transcriptional expression of metastasis-associated genes in 533
common myeloid genes.
(d) Immunofluorescence staining of human CD33 (green), human VEGFA (red), MART-1/gp100
(white), and DAPI (blue) on the liver and spleen of hNSG-SGM3 mice at 8 weeks post Me275
SC implantation. Scale bar=20 µm.
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