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I. Abstract 

The tumor immunosuppressive microenvironment is the main challenge to cancer 

immunotherapy efficacy. By transducing HSCs with a Tie2-interferon-alpha (IFNα) 

transgene, we converted a tumor homing monocyte subpopulation characterized by the 

expression of the Tie2 receptor (TIE2-expressing macrophages: TEMs) into an effective 

tumor-targeted delivery vehicle for this potent immune-stimulatory molecule. This approach 

intensely repressed both primary and lung metastatic breast cancers in mouse and human 

hematochimeric models. Because Type I IFN silencing has a key role in maintaining breast 

cancer bone metastasis, we hypothesized that our IFNα delivery approach could efficiently 

inhibit this lethal form of breast cancer. Toward this goal we established new tumor cell lines 

(4T1.2sLuc) that steadily secrete Gaussia Luciferase (sGluc) in the blood and urine to 

facilitate the longitudinal measurement of total metastatic burden over time. The sGluc was 

detected in the blood of tumor bearing mice for the first few days, but quickly dropped down 

despite a normal tumor growth. Further investigation is required to determine the mechanism 

responsible for the observed decrease in sGluc signal.  

Moreover, with the final goal of investigating whether adoptive transfer of genetically 

engineered monocytes could be considered as an alternative to HSCs transplantation for the 

delivery of IFNα, we are developing efficient isolation protocols for adult monocytes. We 

identified the spleen of tumor bearing mice as a rich source of donor monocytes. However, 

further optimization of the isolation protocol is required. Finally, preliminary data suggest 

that adoptively transferred mature monocytes are able to home to primary mammary tumors 

and develop into macrophages. 
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II. Introduction 

Breast Cancer. Breast cancer is the most frequent malignant tumor and second leading cause 

of cancer death among women in western communities (1) including Australia. On top of the 

physical distress on patients, there is substantial emotional stress for these patients and their 

relatives. The patient has to psychologically tackle with multiple anxieties during diagnosis 

and treatment of the disease, like coping with therapies costs, day-care and work burdens (2). 

The microarray-based gene expression profiling based on massive parallel gene expression 

analysis and immunohistochemistry, have been incorporated into clinical practice to 

categorize the different types of breast cancer at the transcriptomic and molecular levels into 

two major groups of estrogen-receptor (ER)-positive and ER-negative breast cancers (3).  In 

each group, there are additional molecular subtypes that represent unrelated diseases affecting 

the same anatomical location (4). Among those subtypes, the most invasive form of breast 

cancer is classified as invasive ductal carcinoma not otherwise specified (IDC NOS). Despite 

this molecular classification, the decision-making for the existing treatment is fundamentally 

based on the clinicopathological markers (HER2+, basal-like, luminal) (5) and genetic testing 

to determine the best type of adjuvant (6). 

Current treatment strategies. Breast cancer treatment often includes a combination of 

systemic interventions (immunotherapy agents, hormonal maneuvers, chemotherapy, and 

targeted therapy) and local treatments (radiotherapy, surgery) (7). Current chemotherapy such 

as bisphosphonates can lessen the symptoms, but is hardly ever curative (8) and sometimes 

toxic mainly because its generic targeting both cancer and normal cells which leads to 

destructive effects in normal tissues such as brain cognitive deficits (9). Because breast 

cancer metastasis is a key factor for long-term patient survival, the biologists were inspired to 

investigate the genetic and biological pathways of breast cancer metastasis to characterize 
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new therapeutic molecular targets. In order to do that, comparable studies between ex vivo 

assays such as microarray analysis and in situ hybridization, and in vivo studies using murine 

tumor models have been valuable to show the genetic patterns that are involved in cancer 

recurrence and metastatic relapse to different organs (10). 

Primary tumor removal dilemma. Removal of the primary tumor is not always a solution 

because of the fact that the primary tumor is producing angiogenesis inhibitors (11). 

Therefore, the primary tumor mastectomy resectioning might enhance the growth of 

micrometastatic foci already disseminated to distant organs. Other studies also claimed that 

surgery could suppress the cell-mediated immunity which help the tumor cells to regrow (12). 

In contrary, other reports showed that removal of the primary tumor might prevent its 

potential risk of being a seed source for the dissemination of new metastases, and increase its 

sensitivity to chemotherapy (13).  

Metastasis: a multistep process. Despite treatments, about 3%–6% of all breast cancer 

patients including more than 25% of early-stage patients will ultimately develop metastasis. 

Metastatic breast cancer patients have a much worse prognosis despite the high relative 

survival rate for breast cancer in general. Only less than 30% metastatic patients have 5-year 

survival (14). Thus, new therapies for the treatment of the metastatic disease will have a great 

influence on breast cancer survivorship. 

The metastatic cascade encompasses many sequential phases that starts with the primary 

tumor cells invasion to neighboring tissue before intravasate into the blood circulation or 

lymphatic system. The tumor cells are then disseminated into distant organs where they 

undertake cell cycle arrest and attach to blood capillaries (15). Once extravasating into the 

new organ parenchyma, they will proliferate and secrete proangiogenic cytokines. While 

adapting to the new microenvironment, metastatic cells seek to survive and grow through 
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concurrent evasion of the apoptotic signals and the anti-tumor immune reaction. This primary 

metastatic process never stop and can produce secondary metastases (16, 17). 

Genes associated with the metastatic process are non-essential stress response genes that 

encode extracellular matrix-degrading proteinases, homing receptors and ligands. In cancer 

cells, multi-subunit transcription factor complexes control the expression of these metastatic 

genes. These transcription factors are downstream to the oncogenes that triggers specific 

genetic programs which are important for invasiveness and cell cycling (15). 

Bone is one of the most common locations of metastasis in many late malignant tumors. This 

includes 75 % of breast cancers. Bone metastases leads to activation of osteoblastic bone 

resorption which causes severe pain, hypercalcemia, joints compression, pathologic fractures, 

and even death for 80 % of patients in 5 years (18). The osteolytic activity is induced by 

activation of genes such as macrophage inflammatory protein (MIP)-1α, RANK Ligand 

(RANKL), IL-3, annexin II, IL-6, TNF-α and MMP9 (19) in the bone microenvironment 

(20).  

Metastatic breast cancer cases represent the majority of breast cancer deaths. Determinant 

factors affecting metastases embrace the tumor microenvironment, intrinsic tumor cell 

factors, tumor-specific immune reactions and tumor angiogenesis. Detecting early metastasis 

might be very determinant to stop further cancer progression. New emerging methods like 

circulating tumor cells assays are helping in predicting and characterizing early metastasis in 

patients. However, we still need profound knowledge of the cancer metastatic cascade that 

would be invaluable for evolving therapies to battle metastasis progression (16).  

After mapping several chromosome insertions, deletions, translocations, and mutation in 

tumor tissues, researchers found two sets of genes that participate in breast cancer metastasis 

which were classified as metastasis promoting genes such as MEK1 and ras, and suppressor 
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genes like TIMPs, NME1 and Maspin. Most of metastasis promoting genes are involved in 

cell adhesion, motility, cell arrest, chemoattraction, as well as, provoking immune cells 

apoptosis or function modification. The suppressor genes can not only slow primary tumor 

development, but most importantly limit their metastatic potential. More recently novel 

Proteomic technologies have helped discovering other posttranslational modifications that 

cannot be genetically mapped (21). The impact of tumor-associated stromal cells on tumor 

cells invasion and growth capabilities has been neglected from the entire tumor gene 

expression analysis. To identify the masked genetic etiology in stromal cells, the cell specific 

profiling will be the most important tool (22).  

Tumor microenvironment different components. Tumor complexity does not depend only 

on tumor cell heterogeneity, but rely on all the cells infiltrating the tumor microenvironment 

that form the tumor stroma, including immune cells, tumor associated fibroblast, and the 

vascular endothelium (23). Such a complexity create a dynamic and evolving cross-talk 

between the different components of the tumor stroma that strongly affects all steps of tumor 

progression, including tumor growth, immune escape, and metastasis dissemination. 

Understanding the cellular and molecular communications that support tumor progression is 

essential to identify therapeutic targets and prognostic markers for advanced metastatic breast 

cancer. Among the different types of tumor infiltrating cells, immune cells, and in particular 

myeloid cells, have been shown to play fundamental roles in promoting tumor progression 

(24). 

Macrophages, TAMs, and MAMs. Macrophages represent the final step of monocyte 

differentiation upon extravasation and migration into tissues. Macrophages are key innate 

immune system players with an outstanding capability to identify and engulf pathogens. They 

can adapt themselves to microenvironmental changes due to their notable plasticity (25). 

These changes are important not only for their immune activity such as pathogen clearance 
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and inflammation, but also for their important role in homeostasis during resolution of 

inflammation, wound healing, as well as, tissue remodeling and development. Depending on 

the specific signals present in the microenvironment, macrophages can be activated toward a 

classical M1 phenotype by endogenous/pathogen signals and Th1 cytokines (e.g TNF-α and 

IFN-ɣ). Alternatively, anti-inflammatory mediators, such as M-CSF, TGF-β, IL-4 and IL-10, 

stimulate an anti-inflammatory response characterized by an M2-like phenotype (26, 27). 

These anti-inflammatory macrophages are endowed with immunosuppressive and tissue 

remodeling activities. 

Immune evasion and the establishment of an immunosuppressive microenvironment are 

known hallmarks of cancer (28). Tumor immune evasion happens through different 

mechanisms, including a) down-regulation in the expression of tumor-associated antigens and 

MHC class I molecules, b) altered expression the tumor suppressor genes, oncogenes, and 

signal transduction pathways (29), and c) secretion of immunosuppressive factors such as 

transforming growth factor (TGF)-β or interleukin (IL)-10 (29, 30), associated with robust 

leukocyte infiltration of immunosuppressive myeloid cells, (31), regulatory T cells (Tregs) 

(32), regulatory/tolerogenic dendritic cells (DCs), and N2 neutrophiles (33) myeloid-derived 

suppressor cells (MDSCs) to inhibit the anti-tumor immune response, and enhance the 

neoangiogenesis which is essential for tumorigenesis and metastasis. The heterogeneous 

myeloid cell population infiltrating a tumor includes dendritic cells (DCs), macrophages and 

granulocytes (29).  

Tumor-associated macrophages (TAMs) density in human breast carcinomas associates with 

poor prognosis (25). Depletion of macrophages from breast cancer mouse models either by 

therapeutic or genetic treatments such as in the M-CSF-deficient mice (34), led to inhibition 

of tumor growth (35) and metastasis (35, 36). TAMs can be divided into two main 

subpopulations; M1-like inflammatory TAMs and M2-like immunosuppressive and pro-



7 

 

tumoral TAMs. Pro- and anti-tumoral TAMs are characterized by the differential markers 

expression of MHC II or CD206, and different VEGF levels (37). Remarkably, M1 and M2 

polarization could be modulated. It was recently shown that while GM-CSF  inhibit breast 

cancer tumor progression and metastasis in mice by raising an antitumoral response in TAMs, 

the M-CSF treatment might help cancer growth by further polarizing them towards an M2 

phenotype (38).  

M1 and M2 represent two extremes of a continuum including many different sub-populations 

with specific diverse functions in tumor progression. For example, metastasis-associated 

macrophages (MAMs) express high level of CCR2 and are responsible for the tumor cells 

extravasation and therefore the seeding of new metastasis. On the contrary, the inflammatory 

CD11c+ macrophages express low level of CCR2 (39). Therefore, inhibition of the CC-

chemokine ligand 2 (CCL2) CC-chemokine receptor 2 (CCR2) axis could lead to decrease 

MAMs recruitment and so dramatically decrease the metastatic seeding of breast cancer to 

the lungs (40). 

TEMs-mediated delivery of IFNα. Dr. Mazzieri and her colleagues have identified a 

subpopulation of monocytes/macrophages characterized by the expression of the 

Angiopoietin receptor TIE2 (41) (TEMs: TIE2-expressing monocytes/macrophages) and 

endowed with immunosuppressive and pro-angiogenic activities.  TEMs are efficiently 

recruited to tumors, where they up-regulate Tie2, but are occasionally recruited to normal 

organs. In vivo blockade of the Tie2 ligand Angiopoietin 2 did not hinder TEMs recruitment 

but inhibited Tie2 upregulation in TEMs, their perivascular localization and their ability to 

promote angiogenesis. Similarly, Tie2 knockdown in TEMs resulted in loss of TEMs 

perivascular localization and diminished tumor vascularization (42). TEMs have a gene 

expression signature characteristic of M2-polarized TAMs that endorse tumor vascularization 

and promote immunosuppression. Therefore targeting tumor-infiltrating TEMs, will increase 
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the efficacy of antiangiogenic treatments by countering evasive resistance mediated by pro-

angiogenic myeloid cells (43).  

Because the expression of Tie2 was found to be three times higher in tumor-derived TEMs 

than in blood-derived TEMs (Figure.1A), Dr. Mazzieri and colleagues utilized the selective 

expression of the TIE2 receptor and the tumor homing ability of TEMs to reverse the 

immunosuppressive microenvironment, by converting them into cellular vehicles for the 

delivery of IFN-α, a potent anti-tumoral molecule (see below). Hematopoietic stem cells 

(HSCs) were transduced with the IFN-α transgene downstream to the Tie2 promoter (41). 

Because Tie2 is also expressed in the HSC compartment and exposure of HSCs to IFNα 

might interfere with their quiescence, the IFNα transgene expression was silenced in the HSC 

compartment but preserved in mature monocytes by adding the target sequences for miR-126 

and miR-130a (mirT) in the Tie-IFNα lentiviral vector (44) (Figure.1B). The microRNAs 

miR-126 and miR-130a are expressed only in the HSC compartment, and as a consequence 

they will silence expression of the Tie2-IFNα lentiviral vector in HSCs but not in more 

differentiated hematopoietic cells, including mature monocytes (45).  

(A) 
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(B) 

 

Figure.1: TEMs upregulate Tie-2 expression after homing tumor tissues. (A) Left: 

TEMs (green) and blood vessels (red) immunostaining and nuclear staining (blue) in MMTV-

PyMT tumors. Right: RT-qPCR measurements of Tie2 transcript in blood-derived Tie2-

expressing monocytes (TEMs) and tumor-derived TEMs sorted from FVB/Tie2-GFP mice. 

This figure was adapted from De Palma et al.(41). (B) Murine Tie2-IFNα delivery platform. 

Post transcriptional regulated vector: miR126 and miR-130a target sequences (mirT) were 

used for detargeting the IFNα expression from the HSCs compartments. This figure was 

adapted from Escobar et al. (46) 

 

Interferons. Interferon-α (IFN-α) is an immunoregulatory pleiotropic cytokine with known 

and diverse anti-tumor activity (22).  IFN-α displayed clinical efficacy in the treatment of 

different kinds of cancer, such as breast carcinoma, chronic myelogenous leukemia, 

melanoma, orthotopic human gliomas and renal cancer (41). Type I IFNs, including IFNα, 

not only increase angiostatic molecules and the expression of tumor-suppressor proteins such 

as p53 (47), but also trigger dendritic cells, NK cells and macrophages, to produce pro-

inflammatory cytokines such as IL-15 that increase T cells survival and cytolytic activity (22, 

48). Type I interferon signal trough the IFN receptors (IFNAR1 and IFNAR2) and activates 

the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway, 

leading to transcription of IFN-stimulated genes (ISGs) (49). Host, pathogen and 

environmental factors induce type I interferon expression in innate cells. 
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Blockade of the type I IFN receptor with specific monoclonal antibodies, or using IFNAR1-

deficient mice inhibited the ability of the immune system to reject very immunogenic 

syngeneic sarcomas. These results illustrate the vital role of type I IFNs in mediating tumor 

rejection response (50). The IFN mediated tumor rejection capacity is mediated by the MHC 

class I pathway upregulation and enhanced antigen processing and presentation to the 

adaptive immune system (23).  

Interferon clinical toxicity. Despite using IFNα in the treatment of viral and malignant 

diseases for more than 30 years, its use was drastically reduced over the last decade (51) 

because of the high toxicity associated with its systemic delivery, such as hematological 

toxicity on megakaryocytic and erythroid lineages, flu-like symptoms, fatigue, 

musculoskeletal pain, sullenness, irritability, anxiety, among others. The general inadequate 

therapeutic efficiency of current anti-tumor type I IFNs based treatments is mainly due our 

inability to specifically target I type I IFNs to the exact tumor location thereby avoiding 

excessive systemic toxicity. Other delivery strategies are therefore needed to attain effective 

and safe IFN delivery in cancer patients. This significant toxicity and ineffectual dosing has 

motivated Dr. Mazzieri and her colleagues to develop the cell-based and gene-based strategy 

described above for the targeted delivery of the IFNα to tumors without limiting its efficacy, 

but reducing the toxicity associated with its systemic delivery. They used TEMs as vehicles 

for the tumor targeted delivery of IFNα that led to substantial antitumor responses by 

activating both innate and adaptive immune cells, as well as by inhibiting tumor 

angiogenesis. 

Type I interferon significance in metastasis. Recently, Bidwell et al. (22) have shown that 

bone metastases incidence is associated with repression of a considerable number of target 

genes of the interferon regulatory factor 7 (Irf7). This was observed in patients as well as in 

the 4T1.2 mouse model of breast cancer bone metastasis. Irf7 is widely expressed in 4T1.2 



11 

 

primary tumors, but not in the corresponding bone metastasis. Administration of interferon to 

restore Irf7 expression in tumor cells inhibited bone metastases. IFN immunotherapy 

considerably lowered the metastasis to the femur and spine, despite the fact that treatment did 

not disturb 4T1.2 in vitro cell proliferation, in vivo primary tumor growth, or even the degree 

of lung metastasis (22). To show the importance of the IFN signaling in modulating an anti-

tumor immune response, mice lacking the IFN receptor or CD8+ T cell and natural killer 

(NK) were used as recipient mice for the 4T1.2 tumor cells. These experiments demonstrated 

that the metastasis inhibition induced by the IFN immunotherapy was dependent on IFN 

signaling to host CD8+ T cell and NK immune cells (22). 

IFN anti-tumor activities. The IFN-α sustainable localized production has been categorized 

as influential angiogenesis inhibitor by directly impairing the endothelial cells (ECs) 

proliferation and migration. This is mediated by the upregulation of ECs negative regulators 

(24). Additionally, IFN-α down-regulates vascular endothelial growth factor (VEGF) and IL-

8 expression (52), and prevents expression of fibroblast growth factors (FGF) by tumor cells 

(53). This anti-angiogenic properties are associated with increased hypoxia, ischemic necrosis 

and consequent tumors regression (24). 

Type I IFNs can endorse the innate and adaptive immune functions to produce antitumor 

effects mostly through acting on the host hematopoietic cells. Type I IFNs activate NK cells 

that produce IL-15, to prime T cells which increase the production of stromal angiostatic 

molecules and increase T cells survivability. Additionally, Type I IFNs upregulate the 

expression of MHCI molecules and activate dendritic cells which increase the cytolytic 

activity of macrophages (23, 41). Increased infiltration of immune effector cells (CD8+ T 

cells and NK cells) to tumor tissues was noticed after Type I IFN systemic administration 

with concomitant reduction of immunosuppressive MDSCs in the bone marrow and blood. 

http://www.nature.com/nri/journal/v6/n11/glossary/nri1961.html#df9
http://www.nature.com/nri/journal/v6/n11/glossary/nri1961.html#df9
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This anti-metastatic immune responses could intensely decrease bone metastasis and protract 

metastasis-free survival (22) in the 4T1.2 model. 

 

4T1.2 mouse breast cancer cells. Only in vivo preclinical models can reproduce the 

complexity of the tumor-stroma interactions and their relevance to tumorigenesis and 

metastatic progression. Toward this purpose, the in vitro studies using traditional cell culture 

have become insufficient, with the exemption of emerging new 3D culture models (54) that at 

least partially simulate the in vivo microenvironment. The best in vivo immunocompetent 

models should have tumor and host compatible stroma (55) that reproduce the full breast 

cancer metastasis course (56), including orthotopic growth of the primary tumor and 

spontaneous metastasis to other organs relevant to the human breast cancer in the presence of 

complete functional immune system. 

The high similarity between some human cancers and preclinical mouse models is 

particularly relevant for breast cancer (57). In this research project, we used the mous breast 

cancer cell line 4T1.2 derived from BALB/cfC3H immunocompetent mice. 4T1.2 mammary 

carcinoma tumor cells were derived by single cell cloning from the parental 4T1 cell line (58) 

(Figure.2). 4T1.2 cells can be injected into immunocompetent BALB/c mice, thus allowing 

for the investigation of tumor-host interactions at early phases of primary tumor growth, 

invasion, and spontaneous metastasis dissemination. Orthotopically injected 4T1.2 cells are 

very tumorigenic and invasive and spontaneously metastasize via vasogenic and 

lymphogenous routes to many organs such as lung, axillary lymph nodes, femur, spine, 

kidney and heart but rarely metastasize to the spleen, brain, and liver (59). The 4T1.2 is ideal 

for studying bone metastasis because it results in pelvic limb paralysis (57) and high plasma 

altitudes of parathyroid hormone-related protein (PTHrP) and calcium, which is similar to 

human cancer hallmarks (60). 
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Figure.2: Flow chart adapted from Lelekakis et al.(58) to show the different breast 

tumor cell metastatic and non-metastatic cell lines. In this study, we used the 4T1.2 cells 

which were subcloned from the 4T1 parental cell line. 

By comparing the highly metastatic 4T1.2 cells with the non-metastatic 67NR and weakly 

metastatic (168FARN and 66cl4), it was shown that the 4T1.2 metastatic ability depends 

mainly on their invasive and adhesion capacities and not on their pro-angiogenic and 

proliferative activities. Q-RT-PCR and microarray analysis showed that genes identified 

using 4T1.2 model have been identified before in human metastatic breast cancer progression 

(57). Interestingly, 10% of the 89 metastatic genes in 4T1.2 were encoding ECM molecules 

that are responsible for the physiological remodeling in the tumor microenvironment, to help 

the metastatic progression (61). 

4T1 cells are triple-negative breast cancer cells that do not express the progesterone receptor 

(PgR), estrogen receptor (ER), or the epidermal growth factor receptor 2 (HER2). This makes 

them more aggressive with high possibility for metastasis and recurrence than other breast 

cancer cell lines with limited therapeutic choices. Thus, 4T1.2 cells will recapitulate the 

behaviour of human triple negative breast cancer, one of most the aggressive human breast 

cancer types (60). This, together with the recent data on silencing of Type I interferon 
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signaling in 4T1.2 bone metastasis (22), identifies this model as the best available model to 

investigate the efficacy of our IFN-delivery strategy on breast cancer bone metastasis. 

4T1 and 4T1.2 tumor cells can also be injected systemically to study the final stages of 

metastasis dissemination and seeding in different organs. The final target organ in this model 

of experimental metastasis depends on the injection route, for instance, tail vein injection 

usually induces lung metastasis, while the intracardiac injection provokes both lungs and 

bone metastasis (62). Experimental metastasis allow testing of therapeutic strategies in the 

absence of confounding effects on the primary tumor.  

 

Monitoring metastatic growth. For entirely comprehending the efficiency of our immune 

therapy to treat breast cancer, it is important to understand how the treatment decrease the 

metastatic burden in bones and lungs and modulates their distribution within the organs. 

Molecular imaging is a versatile technique for longitudinal analysis of cellular localization 

and metastasis. Establishing reporter genes in tumor cells for tracking their localization and 

proliferation profile is a potent tool for cancer cell biology. The genetic reporter should be 

expressed optimally and uniformly in the host cells, have a low intrinsic constancy to rapidly 

mirror the transcriptional dynamics, and evade uncharacteristic expression in case of cryptic 

regulatory sequences (63).  

We aimed to develop a novel bioluminescence assay based on naturally secreted, and very 

sensitive sGluc that allows monitoring of micrometastasis tumor burden in real-time because 

it can be detected in the blood of animals ex vivo, as well as, conditioned medium of tissue 

culture cells (64). Towards this goal, 4T1.2 tumor cells, carrying the intracellular Fluc and 

mCherry reporter genes, were further transduced with a lentiviral vector encoding for sGluc 

and the CFP reporter gene. For additional precise quantification of metastasis at the end point 
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of treatments, a real-time quantitative PCR (q-PCR) assay for mCherry reporter was used to 

measure of tumor burden within metastatic organs.  

The use of sGluc to quantify tumor burden was validated by correlating the sGluc signal with 

that of in vivo imaging of the intracellular Fluc, as well as with direct tumor volume 

measurements and X-ray Faxitron for the mice skeleton. The IVIS platform can cover many 

high-throughput two-dimensional or tomographic imaging applications with the highest 

sensitivity levels for bioluminescence such as luciferase, and fluorescence like mCherry 

proteins by integrating anatomical and functional tools. 

 

Adoptive transfer versus HSCs transplantation. The bone marrow, adult peripheral blood, 

and foetal umbilical cord can be readily available sources for HSCs that can be easily 

characterized and transduced for cell-based gene therapies. This helped in removing the need 

for boost recurrent gene therapy because of the HSCs capacity for self-renewing and 

differentiation (65). However, the arbitrary insertion of retroviral vectors in the chromosomal 

DNA of HSCs might result in potentially dangerous and harmful mutations (insertional 

mutagenesis) that will stay long-term with the patient (66). To overcome this problem, we are 

now investigating the usefulness of short-life span mature cells such as monocytes as 

alternative to HSC transplantation. Monocytes have the great advantage of naturally 

infiltrating all tissues including often unapproachable organs like bones and brain (67).  

The recruitment of the monocytes targeted therapy after being adoptively transferred into the 

tumor tissue is crucial for the analyzing the efficacy of our strategy. The monocytes usually 

develop into dendritic cells and macrophages after extravasation for the initiation of 

inflammation immune response against tumor cells and/or infectious micro-organisms (68). 

Therefore, the noninvasive monocytes/macrophages tracing in vivo should help for the better 
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quantification, visualization, and localization of these cells. For this purpose, to monitor the 

in vivo tumor homing ability of adoptively transferred monocytes, we used a noninvasive Cell 

Proliferation Dye eFluor® 450 that binds to any cellular proteins containing primary amines. 

This dye does not disturb monocytes function and viability, and correspondingly dispersed to 

7 daughter cell generations that can be analyzed as consecutive halving of the dye 

fluorescence strength (69). The in vivo distribution of adoptively transferred monocytes was 

analyzed by FACS on isolated organs and tissues. 

Hypothesis. Silencing of Interferon-α (IFNα) was illustrated as a critical mechanism that 

support breast cancer metastasis to bones. In order to deliver this potent immune-stimulatory 

molecule locally to the tumor tissues, we developed a cell- and gene based therapy able to 

reverse the immunosuppressive microenvironment of breast cancer. We now hypothesis that 

this IFNα delivery therapy will intensely inhibit lung and bone breast cancer metastasis.  

In order to test this hypothesis, we propose to develop a novel mouse model of bone breast 

cancer metastasis by generating 4T1.2 cells stably expressing the secreted Gaussia luciferase 

(sGluc) that allows the longitudinal measurement of metastatic burden in the blood of tumor 

bearing mice. 

Aims. The main objectives are to study the anti-metastatic effects of our TEM-mediated 

delivery of IFNα we aim to 1) produce a novel tumor cell line (4T1.2sLuc) by lentiviral 

transduction to the 4T1.2 cell line, 2) test the stable expression of the secreted sGluc in vitro 

in tissue culture medium and ex vivo in the blood of tumor bearing mice. This system will 

allow independent, reliable and real-time monitoring of the tumor growth by analysing the 

blood ex vivo. sGluc levels will be correlated to different in vivo and ex-vivo assays such as 

Fluc IVIS imaging, X-ray Faxitron, and mCherry taqman analysis of the affected organs. 

Moreover, we aim to perform adoptive transfer of adult monocytes into tumor bearing mice 

to test their homing capability and explore it as an alternative to HSC transplantation. 
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III. Materials and methods 

4T1.2 mouse breast cancer cells. All cell lines were maintained in RPMI media (Gibco cat. 

no. 11875) supplemented with 10% FBS, stable glutamine, sodium pyruvate (sigma, cat. no. 

S8636), and Penicillin Streptomycin (Pen Strep; Gibco cat. no. 15140-122). The cells were 

incubated in standard cell culture conditions of 5% CO2 and 37°C. 

 

Lentivirus vector transduction and of 4T1.2 cells and sorting. Two sGluc lentiviral 

vectors (HA and Flag) were kindly provided by Dr. Lorenzo Bombardelli (The Netherlands 

Cancer Institute, Amsterdam). 

Bacterial transformation for plasmids propagation. The One Shot® TOP10 Chemically 

Competent Escherichia coli (Invitrogen) were used for propagation of HA and Flag plasmid 

constructs. The sGluc plasmids with two different tags (HA and Flag) were received on filter 

papers, and eluted in 100 µl TE buffer (QIAGEN, cat. no. 12362). For  each  transformation,  

2µl  of DNA was added to 20 μl of the defrosted bacterial cells and incubated on ice  for  15  

minutes, followed  by  heat  shock  at  42°C  for  45  seconds  and incubation on ice for 2-3 

minutes without shaking. The cells were allowed to recover in 200µl SOC (2% Bacto-

Tryptone, 0.5% Bacto-Yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2, 20mM 

glucose) broth (Invitrogen, Cat. No. 15544-034) and then incubated for 5 minutes at 37°C. 

Cells were plated on Luria-Bertani (LB) agar plates containing 100ug/ml ampicillin antibiotic 

and incubated at 37°C overnight to select the transforming colonies. Only transformed 

bacteria that uptake the plasmids with ampicillin resistance gene and express beta-lactamase 

could survive on the agar plates. We then picked up a single colony per plate and transferred 

it to 3-4 ml of LB broth (1% Bacto-Tryptone, 1% NaCl and 0.5% Bacto-Yeast extract) with 

shaking (200-250 rpm) for 7-10 hours to increase cell density by cell aeration. The mix was 
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then was transferred to 250ml LB broth and incubated at 37ºC for overnight with shaking 

(200 rpm). 

Isolation of plasmid DNA from E.coli. The plasmids DNA were isolated in large-scale 

using PureLink® HiPure Plasmid Maxiprep Kits (Invitrogen, cat. no. K2100-06) as per the 

manufacturer’s protocol. The cells were first resuspended in solution R3 (50 mM Tris-HCl, 

pH 8.010 mM EDTA) and then lysed with solution L7  (0.2 M NaOH, 1% (w/v) SDS);  

NaOH denatures genomic and plasmid DNA, while SDS  solubilizes cellular proteins after 

disrupting the lipid  membranes. To neutralize the acidic pH, the Precipitation Buffer N3 (3.1 

M Potassium acetate, pH 5.5) was added. Potassium acetate precipitates the cellular debris, in 

consort with SDS from the solution in KDS form. While the plasmid  DNA  remains  in the 

solution, the  chromosomal  DNA  renatures,  tangled  and  stuck  in  the  precipitate that was 

then removed by centrifugation. The Plasmid DNA were then purified using equilibrated 

column and precipitated using isopropanol. The plasmid DNA in the precipitate is washed 

with 70% ethanol after being pelleted by high speed centrifugation, to remove excess salts 

and resuspended in TE Buffer. The purified plasmids concentration were measured by 

Nanodrop; HA plasmid concentration was 5007.1 ng/ul, while Flag plasmid concentration 

was 4794 ng/ul. The plasmid concentrations were adjusted to 1000 ng/µl and stored at −30°C. 

Production of lentiviruses. 2x10^7 293T cells were cultured 8 hours before co-transfection 

with the following plasmid combination: 9 ug VSV-G envelop plasmid, 12.5ug 

pCMV.gag/pol and 6.25ug REV packaging plasmids that produce VSVG -pseudotyped 

retrovirus, 30-35 ug sGluc transfer plasmid (HA or Flag), and 15µl of pADV plasmid. The 

125 µl CaCl2 and 1250 µl of 2x HBS were then added before transferring to the cells. The 

medium was changed 14 hours post-transfection, then the supernatant was collected 30 hours 

after the medium changed and frozen at -80°C.  



19 

 

Lentiviral transduction by spinduction. 10,000 4T1.2 cells/well were plated overnight 

before adding 25µl of the lentivirus supernatant and centrifuged the plate at 2500 rpm for 2 

hours. The cells were washed in the next day, and replaced with fresh complete media 

(Figure.4A). 

 

Sorting the transduced 4T1.2 cells. We sorted each of the transduced 4T1.2 cell lines two 

times using FACS. In the first sorting (Figure.4B) only the cells with high CFP expression 

were sorted, while in the second sorting (Figure.4D) we sorted for those cells with high CFP 

expression only (single positive) and those with high CFP and mCherry expression (double 

positive), thus generating four cell lines: HA+ (sGluc+), HA++ (sGluc+ Fluc+), Flag+ 

(sGluc+), and Flag++ (sGluc+ Fluc+).  

Post sorting analysis. We confirmed sGluc and Fluc expression in the transduced 4T1.2 cells 

using the corresponding CFP and mCherry reporter genes. After the first sorting we used 

fluorescence microscopy (Figure.4C), and after the second sorting (Figure.5) flow 

cytometry.    

 

In vitro bioluminescence luciferase assay. Sorted and parental cells were plated at 

decreasing concentrations (1:10 serial dilutions). Conditioned medium and cell extracts were 

collected 24h later and analyzed for the levels of sGluc (using Promega coelenterazine 

substrate) and Fluc (using PerkinElmer britelite substrate) respectively. The following 

validation steps were performed as described. 

1. Testing the luciferase machine efficacy in measuring the signals. We measured the 

efficacy of the automatic injectors of Orion II Microplate Luminometer in quantifying both 

the Fluc and sGluc signals (Figure.6). 
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A. Fluc. Different ratios of 4T1.2 cell lysate (positives for Fluc only, before sGluc 

transduction) and parental cell lysate (negative for both luciferase) and of known protein 

concentrations as measured by Bio-Rad Protein Assay (data not shown) were tested for the 

levels of Fluc. The luminometer protocol was designed for dual luciferase measurements with 

2 seconds delay time in between and 10 seconds for each measurement. Samples were 

prepared and analyzed as described below. 

B. sGluc. The conditioned medium of HA++ 4T1.2 cells was used to measure the variability 

in microplate readings between the different wells for the same sample in technical 

triplicates. The triplicates were tested in different ten serial dilutions with PBST (Phosphate 

Buffered Saline solution with 0.1% TRITON X100). The variability was also measured for 

two reading (1 second each) 10 seconds apart. In the microplate design, the samples were 

positioned in next or far wells to test the overwhelming signal effect. We tested also the 

variability in case of the presence or absence of time gap between triplicates/dilution. 

Samples were prepared and analyzed as described below. 

2. In vitro bioluminescence luciferase assays for Fluc and sGluc.  

A. Fluc. The cells were lysed with 50 µl of 1x lysis buffer and incubated for 5 minutes in ice. 

100µl of the Britelite solution (D.luciferine substrate + ATP + Co-A) was then added to 20µl 

supernatant of cell lysates using the automatic injectors of Orion II Microplate Luminometer. 

The measurements were taken over 10 seconds after 2.5 seconds delaying period. The 

positive control was the lysate of Fluc+ 4T1.2 cells, while the negative control was the lysis 

buffer (Figure.7). 

B. sGluc. The tissue culture medium was filtered and centrifuged, then 50µl of 

Coelenterazine substrate (0.005 mg/ml, diluted in PBST) was added by the automatic 

injectors to only 2µl of the filtered media. The measurement was taken over 1 second after 
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2.5 seconds delaying period. The positive control was the conditioned media for HA++ 4T1.2 

cells, while the negative control was the PBST. 

 

In vivo assays. All the in vivo assays have got the ethical committee approval with no 

conflict with the university of Queensland and Australian national guidelines. For the 4T1.2 

orthotopic model, eight weeks old BALB/c mice (n=30) were implanted in the fourth 

mammary fat bad with 50µl of PBS containing 1x105 HA++ cells (sGluc+Fluc+), or HA+ 

cells (sGluc+Fluc-), or parental cells (sGluc-Fluc-) as a negative control. The mammary 

tumors were palpable, but not measurable 5 days post injection. The primary tumor 

measurements were taken two times/week using an electronic caliper. Tumor volume were 

calculated using m1 × m1× m2 × 0.5236 (m1 signifies the little tumor axis and m2 the long 

axis) (Figure.9A).  

On specified days after 4T1.2 cells inoculation, tumor growth was monitored using in vivo 

bioluminescence imaging for Fluc upon intraperitoneally injection of D-luciferin (100 

mg/kg). Imaging was accomplished using IVIS Spectrum - PerkinElmer CCD camera and 

subsequently analyzed with Living Image software (Caliper Life Sciences).  

After six weeks, the primary tumors were surgically removed to allow metastasis growth. 

General anesthesia was induced by subcutaneous injection of a ketamine/xylazine mixture 

(80 mg/kg body weight ketamine and 10 mg/kg body weight xylazine) by intraperitoneal 

route (1 cc syringe). The mice were additionally anesthetized with oxygen containing 2.5% 

isofluorane. 

The mice were sacrificed at different time points when the tumor size reached the limit of 1 

cm2, or when showing any sign of distress such as difficulty in movement or rapid breathing.. 

All the sacrificed mice were subjected to careful post mortem examination, X-ray, and ex 
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vivo imaging for different organs. Moreover, lungs and bones (vertebral column, and pelvic 

limbs) were collected in either liquid nitrogen, or in PFA for subsequent analysis to localize 

and quantify the metastatic burden. The qPCR for mCherry genome sequence will be used for 

quantification, while the histological examination of formalin fixed samples will be used for 

localization (Figure.8). 

 

Ex vivo sGluc blood assay. 50 µl of blood were collected every three days from the tail vein 

in Na-Heparinized capillary tubes (Gelinlab). After centrifugation (4000 RPM/10 minutes), 

2µl of the mouse plasma were tested as described above using the same protocol described 

for the sGluc in vitro bioluminescence luciferase assay. 

 

Isolation, labelling, and flow cytometry analysis of adoptively transferred monocytes. 

The monocytes were isolated from bone marrow, spleen and cardiac blood from wild type 

(WT) and tumor bearing BALB/c mice under aseptic conditions.  

Cells Isolation. Almost 1ml of blood/mouse was withdrawn from the heart of anesthetized 

mice using EDTA as anti-coagulant (100µl of 0.5M for 1 ml of blood). After culling the 

mice, the spleen and bone marrow cells were also collected. The Bone marrow cells were 

flushed out from femur and tibia of both hind limbs. After taking the spleen weight 

measurements using aseptic technique, the spleen was smashed with a 1 ml syringe through a 

sterile 40um cell strainer into a 50 ml conical tube. After washing the strainer with 10 ml 

MACS buffer (PBS, 0.5% BSA, 2 mM EDTA, pH 7.2) and centrifuging (1300 rpm/6min at 

4ºC), the supernatant was discarded to make the splenocytes ready for RBCs lysis. 

RBCs Lysis. In blood and splenocytes, red blood cell (RBCs) were then lysed using ACK 

lysis buffer (Gibco, cat. no. A1049201). 1ml of ACK buffer was added for each 100µl of 

https://www.thermofisher.com/order/catalog/product/A1049201
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blood for 5 minutes. While for the spleen, 5-10 ml of ACK buffer was added according to 

spleen size and incubated on ice for 5 minutes.  Blood and splenocytes were then centrifuged 

(1300 rpm/6min at 4ºC) and resuspension in MACS buffer. The hypotonic shock (hypotonic 

water lysis) was used for the RBCs lysis in bone marrow cells, where 1ml of Distilled Water 

(Gibco, cat. no. 15230-147) was added to cells just immediately before adding MACS buffer 

up to 50 ml to quench the lysis process. Bone marrow was then centrifuged (1300 

rpm/6minute at 4ºC) and resuspended in MACS buffer. 

FACS analysis of monocytes. Cell suspensions were incubated with anti-mouse FcγIII/II 

receptor (Cd16/Cd32) blocking antibodies for 15 min at 4°C and then stained with an 

antibody cocktail which included: the Anti-Mouse CD115 (c-fms)-APC, and Anti-Mouse Ly-

6G (Gr-1) PerCP-Cyanine 5.5. To exclude dead cells from the analysis, cells were washed 

and resuspended in PBS containing 10 ng/ml 7-aminoactinomycin D (7-AAD). We purchased 

all flow cytometry antibodies (mouse specific) and reagents from e-Bioscience (San Diego, 

CA) unless else stated. 1/100 antibodies dilution with staining buffer was based on ideal 

results that we got from titration curves accomplished earlier to the study (data not shown). 

For FACS acquisition details see below. 

Negative selection with MACS. For monocytes negative selection, we depleted the Ly6G+ 

cells by Magnetic Activated Cell Sorting (MACS). First, the cells were blocked with anti-

mouse FcγIII/II receptor (Cd16/Cd32) blocking antibodies for 15 min at 4°C and then stained 

for 20 min at 4 °C with PerCP-Cy™5.5 Rat Anti-Mouse Ly-6G (BD Pharmingen™, cat. no. 

560602, clone 1A8). Then, the Anti-Rat IgG MicroBeads (Miltenyi Biotec, cat. no. 130-048-

501) were added for magnetically labelling the cells for 15 minutes at 4ºC. Subsequently, the 

suspension was loaded onto the magnetic field of autoMACS® Pro Separator (Miltenyi 

Biotec). The Ly6G‒ cells containing the monocytes were collected at the flow through (FT). 
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The total blood leukocyte numbers were determined by automated blood analyzer (Beckman 

Coulter Ac·T 10) with mouse setting. 

Sorting the CD115+ Ly6G‒ cells. The FT (Ly6G‒) were then centrifuged before labelling 

the cells with APC anti-mouse CD115 and APC/Cy7 anti-mouseCD11b monoclonal 

antibodies for sorting the monocytes out by fluorescence-activated cell sorting (FACS) by 

MoFlo® Astrios™ sorter (Beckman Coulter, Inc). 

Investigating the Ly6G‒ CD115+ splenic monocytes homing ability after adoptive 

transfer of cells labelled with Cell Proliferation Dye eFluor® 450.  

Dye preparation. Cell Proliferation eFluor® 450 (eBioscience) fluorescent dye was 

reconstituted in anhydrous DMSO as 10 mM stock solutions (stored with dessicant at 

− 20 °C).  

Monocytes labelling.  A final concentration of 20 μM of the dye was added to 5x10^6 

splenic monocytes after resuspending in prewarmed PBS. This was followed by direct 

vortexing to the mixture to confirm fast consistent labelling of monocytes. Cells were 

incubated at 37 °C for 10 minutes in dark, then 4-5 volumes of cold RPMI 1640 

supplemented with 10% FCS was added to wash the monocytes three times to minimize the 

cell toxicity. The labelled monocytes (5x10^6 cells) were then i.v injected into one of HA++ 

mouse which was subsequently killed after 5 days together with one control parental mouse 

to explore the recruiting of the labelled monocytes to primary tumor tissue and spleen, using 

flow cytometer analysis. 

Flow cytometry of adoptively transferred monocytes. 

1. Spleen. The spleen was first smashed and the resulting cell suspension was passed through 

40 μm nylon filter and washed in cold phosphate buffered saline (PBS) containing 2mM 

EDTA and 0.5% Bovine Serum Albumin (BSA).  
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2. Tumor. The tumor was excised, smashed and digested by adding collagenase IV (0.2 

mg/ml, Worthington), dispase (2 mg/ml, Gibco) and DNaseI (0.1 mg/ml, Roche) in PBS 

containing 2% fetal calf serum (FCS) for 20-30 min (according to tumor dimension) at 37°C 

in a shaking bath. The obtained cell suspension was first passed through a 40 μm filter and 

then washed in cold phosphate buffered saline (PBS) containing 2mM EDTA and 0.5% 

bovine serum albumin (BSA). 

Cell suspensions were then incubated with anti-mouse FcγIII/II receptor (Cd16/Cd32) 

blocking antibodies for 15 min at 4°C and then stained for 30 minutes on ice with an antibody 

cocktail which included: the PerCP/Cy5.5 anti-mouse CD45, APC anti-mouse CD11b, and 

FITC anti-mouse F4/80. 

 

FACS data acquisition and analysis. A BD LSR II flow cytometer (Becton Dickinson) and 

FlowJo software were used for acquisition and data analysis. The Biexponential 

transformations were corrected manually when needed. Fluorescence minus one (FMO) were 

used for gating analyses to discriminate negative and positive staining cell subpopulations, 

while the BD Comp Beads (BD Biosciences) single color stained samples were used as 

controls for compensation. 

 

Statistical Analysis. The standard error of the mean (SEM) or mean ± standard deviation 

(SD) values were expressed as indicated. 
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IV. Results 

Aim1: Generation and validation of a new tumor cell line expressing a secreted form of 

Luciferase (4T1.2sLuc). 

Generation of 4T1.2sLuc by lentivirus transduction. Lentiviral based gene-transfer 

technology was used to generate new 4T1.2 cell lines (4T1.2sLuc) that able to produce a 

secreted form of luciferase.  Cells were transduced, selected and then validated in vitro and in 

vivo according to the scheme reported in Figure.3. 

 

Figure.3: Schematic representation of the experimental design 

We used two lentiviral vectors (sGlucFlag, and sGlucHA, Figure.4A) consisting of the sGluc 

cDNA fused at its C-terminus to either one of two epitope tags (Flag or HA), downstream to 

the ubiquitous cytomegalovirus (CMV) promoter. The two lentiviral vectors also express 

cerulean fluorescent protein (CFP) as an additional reporter gene, whose cDNA is separated 

from the sGluctag cDNA by an internal ribosomal entry site (IRES) element. We then 
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• In vitro testing the sorted cells using Fluc and sGluc luciferase assays, and 
microscopic analysis.

day 106
• In vivo injection of HA+, HA++, and parental 4T1.2 cells into BALB/c mice
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transduced these two vectors into murine 4T1.2 cells already stably expressing Fluc and the 

mCherry fluorescent reporter protein to generate two new cell lines, each stably expressing 

one of the two sGluc vectors together with the Fluc vector.  

Sorting and Enrichment. To enrich for sGluc expressing cells, we performed Fluorescence-

activated cell sorting (FACS). A first round of selection was performed 10 days after 

transduction by sorting CFP positive cells. However, as shown in Figure.4B, the purity of the 

sorted cells was relatively low (> 60% for both Flag and the Ha-4T1.2sLuc cells). 

Fluorescent microscopy analysis for mCherry and CFP confirmed that only a small 

proportion of cells were expressing both fluorescent proteins (Figure.4C). 

One month later, a second round of selection was performed to isolate: single positive 

(CFP+mCherryneg) and double positive cells (CFP+mCherry+) for each tag (HA and Flag). We 

then sorted both the double and single positives 4T1.2 cells to be able to investigate the 

potential immunogenicity of secreted and/or intracellular luciferase protein that could lead to 

a severe decline of tumor growth and progression in immunocompetent mice (70). As shown 

in Figure.4D, HA cells had a higher purity profile after sorting then Flag cells: 84% and 82% 

for the two HA cell lines versus 78% and 80% for the Flag cell lines.  
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A. Lentiviral transduction of 4T1.2 cells 

 

B. First round of sorting for transduced 4T1.2 cells 
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C. CFP and mCherry under fluorescence microscope 

 

D. Second round of sorting for transduced 4T1.2 cells 

Figure.4 Lentiviral transduction of 4T1.2 cells and sorting. A. A lentiviral vector was 

used to insert the transgene encoding for the secreted Gaussia luciferase with its CFP reporter 

into the 4T1.2 mammary tumor cell line, which were already transduced with the intracellular 

Firefly luciferase and its mCherry reporter. B. Transduced 4T1.2 cells were sorted by FACS 
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using the CFP reporter gene to select the highest sGluc producing cells, C. Fluorescence 

microscopy was used to check CFP and mCherry production. D. Second round of sorting by 

FACS using both CFP and mCherry reporter genes to isolate single positives (HA+, Flag+) 

and double positives (HA++, Flag++) cells. 

 

Post sorting analysis. CFP and mCherry levels were re-evaluated 8 days after sorting by 

FACS analysis and compared with 4T1.2 cells that not transduced with any luciferase vector 

(parental cells). As shown in Figure.5, the levels of both fluorescent proteins were drastically 

reduced after culturing, indicating possible silencing of the entire viral construct or loss 

functionality of the IRES sequence resulting in silencing of the reporter genes only (see 

luciferase assay below for further discussion). Despite downregulation both CFP and 

mCherry reporter genes in HA+ and Flag+ cells, there were no double positive 

CFP+mCherry+ cells. Instead, a large proportion of cells were double negative in all sorted 

cells lines. We decided to only use HA+, HA++ cells for further analysis because they 

showed a higher growth rate in vitro (data not shown). 
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Figure.5: Post sorting flow cytometric analysis. This analysis shows the comparative levels 

of CFP (sGluc reporter) and mCherry (Fluc reporter) in the five 4T1.2 cell lines (parental, 

HA+, HA++, Flag+, and Flag++). The cells were maintained in standard tissue culture 

conditions as described in Materials and Methods. Debris (SSC-A vs. FSC-A) and doublets 

(FSC-H vs. FSC-A) were excluded. Frequencies of cells in each sub-gate (after doublet and 

debris elimination) are stated as a fraction of live cells. 

 

Setting up the in vitro luciferase assays. The Orion II Microplate Luminometer was set up 

to measure the bioluminescent signal produced by sGluc and Fluc upon addition of their 

specific substrates (coelenterazine and britelite respectively). Preliminary experiments were 

performed to test sensitivity and linearity. 
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1. Fluc. 4T1.2 cells expressing Fluc only and parental 4T1.2 cells that do not express any 

luciferase, were used to prepare total cell extracts. Increasing amounts of total proteins from 

Fluc 4T1.2 cells (from 0 µg to 103 µg) were mixed with decreasing amount of total proteins 

from parental 4T1.2 cells. The bioluminescent signals were directly proportional to the 

amount of total proteins from Fluc 4T1.2 cells. The signals were measured instantly and 12 

seconds after adding the substrate. As expected, the signal intensity slightly dropped over 

time and according to the R2 value of each interpolated line, we decided to use the first 

measurement (Figure.6-left panel).  

2. Gluc. To measure the bioluminescence derived from sGluc protein secreted by transduced 

HA++ 4T1.2 cells, 500000 cells were plated and conditioned medium was collected after 24h 

in culture. Serial 1:10 dilutions were used to test sensitivity and linearity in the 

bioluminescent signal. Despite high variability within triplicates, we obtained a good R2 

value for the interpolated curve (R2 = 0.9995, Figure.6-right panel). The instrument was 

sensitive until 1/1000 dilution, which is equal to 500 cells. 50µl of substrate was the optimal 

concentration to use for the analysis and empty wells gave signals that range between 1000-

2500 RLU, which led us to consider any signal within this range as negative. 

Testing the samples in near or far wells did not change the results, indicating that there was 

no interference between adjacent wells (data not shown). Similarly, introduction of time gaps 

between the triplicate measurements did not change the outcomes (data not shown). 



33 

 

 

Figure.6 Setting up in vitro bioluminescence assays using the Orion II Microplate 

Luminometer. The Fluc signals (right) were measured in decreasing amount of total cell 

extracts at two time points after substrate addition, as described in materials and methods. For 

sGluc assay (left), the measurements were taken using serial 1:10 dilutions of HA++ 4T1.2 

conditioned medium. This graphs were plotted by GraphPad Prism software 6.0 (San Diego, 

CA, USA), and the regression coefficient (R2) were calculated for each curve. 

 

In vitro validation of luciferase production in transduced 4T1.2 cells. Single positive cells 

(HA+) were expected to express sGluc only and double positive cells (HA++) were expected 

to express both luciferases, while the Parental 4T1.2 cells were used as negative control. 

Twenty four hours after plating different concentrations of cells, total cell lysates and 

conditioned media were collected and tested for the levels of Fluc and sGluc respectively. As 

shown in Figure.7, parental cells were negative for both sGluc and Fluc. As expected, the 

sGluc levels were directly proportional to the number of both HA+, and HA++ cells plated 

(Figure.7-left panel). However, unexpectedly, both cell lines were also positive for Fluc with 

a high signal directly proportional to the number of cells plated (Figure.7-right panel). These 

data are not in agreement with the reporter gene profile after sorting. However, strong 

silencing of IRES-mCherry but not Fluc in culture might explain the observed results (see 

FACs analysis post sorting, Figure.5). 
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Figure.7: In vitro bioluminescence assays. sGluc (left) and Fluc (right) activity in 4T1.2 

cells (HA+, HA++, parental) expressing different levels with respect to cell number and cell 

proliferation over 24 hours. The measurement values are given in arbitrary units (a.u.). Error 

bars represent SEM; n = 3 measurements. 

 

Characterization of the in vivo growth and dissemination of 4T1.2sLuc cells. 4T1.2 

tumor cells were orthotopically injected into the fourth inguinal mammary gland of 

immunocompetent Balb/c mice. Ten mice were injected with each of the following cell lines: 

HA+, HA++, and parental. Tumor growth, ex vivo bioluminescence from sGluc, in vivo 

bioluminescence from Fluc, and x-rays were measured as described in Figure.8. 
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Figure.8: Schematic representation of the in vivo experimental design. 

 

1. Tumor growth. After transplantation of the 4T1.2 tumor cells in the fourth inguinal 

mammary glands of thirty mice. 10 mice were injected for each cell line (HA+, HA++, 

parental). All the mice except 9 mice developed primary tumors which kept growing steadily 

to reach the maximum limit of 1cm2 after almost 6 weeks. The growth did not show 

dissimilarity between the three groups of mice (Figure.9A). Seven out of eight mice that did 

not develop primary tumors were euthanized after 2-3 weeks because severe signs of distress 

and weakness (see below for sGluc and Fluc analysis in these mice). Upon sacrifice and 

autopsy these mice were shown to have intraperitoneal tumor tissues that complicated with 

the internal abdominal organs. 

2. Extracellular secreted Gaussia luciferase (sGluc) measurements. As the tumor were 

growing, we determined the levels of sGluc activity released into the blood of tumor bearing 

mice over time. Blood serum of each mouse was analysed as described in material and 

methods. Serum from mice injected with parental 4T1.2 cells was used as negative control. 

Conditioned medium from HA++ cells was included as positive control for sGluc activity. As 
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sacrified, and subjected
to ex vivo examination
of isolated organs.

• Organs were collected
for Histology and qPCR.
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reported in Table.1, 50-60% of the injected mice showed sGluc in their blood 5 days after 

orthotopical injection of tumor cells. Surprisingly, all the mice that were not showing 

orthotopic growth of HA+ and HA++ tumor cells (improperly injected mice) showed a 

positive and high signals. However, 12 days after tumor cell injection, the sGluc signal 

dropped down to the same level as the mice injected with parental 4T1.2 cells (Figure.9B). 

 

Figure.9: Measurements of tumor volumes and sGluc. A. Tumor volumes were taken 

twice a week and calculated using m1 × m1× m2 × 0.5236 (m1 refers to the shorter tumor 

axis while m2 represents the longer axis). B. sGluc bioluminescent signals in the blood of 

tumor bearing mice over the first two weeks after tumor cells injection. Error bars represent 

SEM; n = 3 measurements.  
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Tumor 

cells 

injected 

Improperly 

injected  

mice* 

sGluc Signal 

D5 D9 D12 

All mice Improperly 

injected  

Properly 

injected  

All mice All mice 

Parental 3/10 (30%) 0/10 (0%) 0/3 (0%) 0/7 (0%) 0/10 (0%) 0/10 (0%) 

HA+ 3/10 (30%) 6/10 (60%) 3/3 (100%) 3/7 (43%) 7/10 (70%) 0/10 (0%) 

HA++ 1/10 (10%) 5/10 (50%) 1/1 (100%) 4/9 (44%) 4/10 (40%) 0/10 (0%) 

Table.1: Number and % of sGluc+ mice. sGluc measurements show the gradual decrease 

in sGluc+ mice, and the difference between properly and improperly (*) injected mice. 

(*) Improperly injected mice were characterized by swollen abdomen, tumor development in 

the abdominal cavity, and no primary tumor growth in the mammary glands. Post tumor cells 

injections, those mice also showed strong sGluc signals in the first week, early strong positive 

Fluc signals by IVIS, and died within the first 2 weeks. 

 

3. Intracellular Firefly luciferase (Fluc) measurements. We monitored primary and 

metastatic tumor growth in vivo by Fluc bioluminescence imaging. In 80% of the Fluc+ mice, 

the signal detected in the primary tumor was directly correlated with the primary tumor 

growth as shown for HA++ injected mice #82 and #83 in Figure.10A. However, this signal 

was not always associated with the mCherry florescence signal (Figure.10B), which 

highlighting the poor correlation between Fluc and its reporter gene expression.  

To identify the anatomical localization of the in vivo bioluminescent signal, mice were 

sacrificed and organs were re-analysed ex vivo directly after the in vivo imaging. 

Unexpectedly, the signal observed in vivo was often lost ex vivo (Figure.10C). Moreover 

there was no Fluc signal in vivo and ex vivo in the lungs of 84% of the HA+ and HA++ mice 

that had lung metastasis (Figure.10C and Table.2).   
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One of the noticeable observations is that some mice had positive signals at early time points 

in the location of primary tumor, but then that signal was lost despite the primary tumor 

growth and presence of metastasis in the lung (Figure.10C). Another important observation 

is that the primary tumor is not homogenously emitting bioluminescent signal ex vivo 

imaging, which might indicate the presence of different cell populations within the tumor 

mass (Figure.10D).  
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Figure.10: Bioluminescence and fluorescence imaging of representative mice using 

IVIS. In vivo bioluminescence analysis for localization and quantification of primary and 

metastatic tumors was performed twice a week by intraperitoneal injection of D-luciferin 

substrate. (A) Fluc bioluminescence imaging of two representative HA++ mice (#82, and 

#83) and two parental mice. Primary tumor growth correlated with a gradual increase in the 

bioluminescent signal over time in contrast to the negative parental mice (B) Comparison 

between mCherry and Fluc signals showing inconsistent overlap in a representative HA++ 

mouse. (C) Representative HA+ mouse showing disappearance of the bioluminescent signal, 

but not of the tumor mass at day 27 upon tumor cells injection. The mouse was sacrificed 

after day 44 and several lung metastasis were observed that had no Fluc signal. (D) 

Representative HA++ mouse showing that the bioluminescent signal can be observed in a 

limited parts of the tumor mass. (E) Representative HA++ mouse (one of the improperly 

injected mice) showing that the peritoneal signal is easily lost after just 5 minutes from 

euthanasia. 
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4. X-ray. In order to check the presence of bone metastasis in vivo, we used Faxitron cabinet 

for X-ray imaging to monitor the mice skeletal system regularly. More than 60% of the 

animals showed improper gait or hunching posture after 26 days of tumor cells injections. 

However, we could not record any positive signals by IVIS for Fluc in the bones. By x-ray 

analysis clear osteolytic metastasis in the bones were very rarely seen (Figure.11).  

 

Figure.11: Digital X-ray image of a HA++ representative mouse. Xray (Left) shows a 

large tumor in the body of the first lumbar vertebral bone with obvious sclerotic rim, and 

protuberant bone expansion but no cortical destruction. The ex vivo bioluminescence imaging 

(right) of Fluc for the same mouse by IVIS (three minutes after euthanizing the mouse) did 

not show any signals. 

 

5. Primary tumor removal and subsequent measurements. In a subset of animals the 

primary tumors were removed by laparotomy six weeks after tumor injection.  Soon after the 

mice were culled because the signs of distress, plus lungs and bones were dissected for 

histological examinations and qPCR of mCherry protein. 
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D19 D27 

Surgery 

At sacrifice 

   in vivo Fluc  in vivo Fluc  in vivo Fluc  ex vivo Fluc Autopsy 

  

 

ID Primary Metastasis Primary Metastasis Primary Metastasis Primary Metastasis Primary Metastasis 

 
  

           

P
aren

tal 

84 ✗ ✗ ✗ ✗ NA ✗ ✗ ✗ ✗ ✔ ✗ 

85 ✗ ✗ ✗ ✗ NA ✗ ✗ ✗ ✗ ✔ ✗ 

86 ✗ ✗ NA NA NA NA NA NA NA ✗ ✔ 

87 ✗ ✗ ✗ ✗ ✕✕✕ ✗ ✗ ✗ ✗ ✔ ✔ 

88 ✗ ✗ NA NA NA NA NA NA NA ✗ ✔ 

89 ✗ ✗ NA NA NA NA NA NA NA ✔ ✗ 

90 ✗ ✗ ✗ ✗ NA NA NA NA NA ✔ ✗ 

91 ✗ ✗ ✗ ✗ NA ✗ ✗ ✗ ✗ ✔ ✗ 

92 ✗ ✗ ✗ ✗ NA ✗ ✗ ✗ ✗ ✔ ✗ 

93 ✗ ✗ ✗ ✗ ✕✕✕ ✗ ✗ ✗ ✗ ✔ ɸ 

Stat   0% 0% 0% 0% 20% 0% 0% 0% 0% 80% 40% 

             

H
A

+
 

94 ✔ ✗ NA NA NA NA NA NA NA NA NA 

95 ✔ ✗ ✔ ✗ ✕✕✕ ✔ ✔ ✔ ✗ ✔ ɸ 

96 ✔ ✗ ✔ ✗ ✕✕✕ ✔ ✔ ✔ ✗ ✔ ✔ 

97 NA NA NA NA NA NA NA NA NA ✗ ✔ 

98 ✔ ✗ NA NA NA NA NA NA NA ✗ ✔ 

99 ✔ ✗ ✔ ✗ ✕✕✕ ✗ ✗ ✗ ✗ ✔ ɸ 

100 ✔ ✔ ✗ ✗ ✕✕✕ ✗ ✗ ✗ ✗ ✔ ɸ 

101 ✔ ✗ ✗ ✗ ✕✕✕ ✗ ɸ ✗ ɸ ✔ ɸ✔ 

102 ✔ ✔ NA NA NA NA NA NA NA ✗ ✔ 

103 ✔ ✗ ✔ ✗ NA ✔ ✔ NA NA ✗ ✗ 

Stat   90% 20% 40% 0% 50% 30% 40% 20% 10% 50% 90% 
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H
A

++
 

79 ✗ ✗ ✗ ✗ NA ✗ ✗ ✗ ✗ ✗ ✗ 

80 ✔ ✗ ✔ ✗ ✕✕✕ ✗ ✗ ✗ ✗ ✔ ✗ 

81 ✔ ✗ ✔ ✗ NA NA NA NA NA ✔ ✗ 

82 ✔ ✗ ✔ ✔ ✕✕✕ ✔ ✗ ✔ ✗ ✔ ✗ 

83 ✔ ✗ ✔ ✗ ✕✕✕ ✔ ✔ ✔ ✔ ✔ ✔ 

104 ✔ ✗ ✗ ✗ ✕✕✕ ✔ ✗ ✔ ✗ ✔ Ω 

105 ✔ ✔ NA NA NA ✔ ✔ ✗ ✗ ✗ ✔ 

106 ✗ ✗ ✗ ✗ ✕✕✕ ✗ ✗ ✔ ✗ ✔ ɸ✔ 

107 ✗ ✗ ✔ ✗ ✕✕✕ ✔ ✔ ✔ ✗ ✔ ✔ 

108 ✔ ✗ ✔ ✗ ✕✕✕ ✔ ✔ ✗ ✗ ✔ ɸ 

Stat   70% 10% 60% 10% 70% 60% 40% 50% 10% 80% 60% 

Table.2: Lists of the in vivo assay observations to compare the primary and metastatic tumor growth. The tumor growth was measured by 

caliper, Fluc imaging in two representative time points (Day 19th, and 27th) before primary tumor removal, and at different time points before 

sacrificing (in vivo and ex vivo). The table also summarizes the post mortem examination observed by eye for the sacrificed mice. Sometimes we 

could not analyse the mice because of time limitation or animal death. Colours and symbols are as explained in the legend below. 

✔ Yes     

ɸ Lung metastasis   

Ω bone metastasis   

ɸ✔ Abdominal and lung metastasis 

✗ No 
 

  

NA Not analysed   

✕✕✕ Primary tum removal 
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Aim2: Adoptive transfer of mature monocytes into tumor bearing mice for testing their 

homing ability. 

We are considering adoptive transfer of mature monocytes as an alternative to autologous 

HSCs transplantation for the delivery of IFNα by TEMs. To develop this approach we needed 

to set up four steps. Step 1 is to identify the best source of monocyte in our experimental 

mouse model. Step 2 is to design an efficient purification protocol. Step 3 is to optimize an ex 

vivo labeling protocol. Step 4 is to test the monocytes homing ability in vivo upon injection 

into tumor bearing mice. 

Isolation and sorting. As first we tested the bone marrow from a wild type mouse as 

possible source of mature monocytes which were identified as CD115+ cells. We also 

investigated whether lysis of red blood cells (RBCs) had any possible negative effects on our 

final desired CD115+ monocytes. Toward this purpose, bone marrow cells from one 

representative mouse was analyzed by FACS before and after RBCs lysis for the percentage 

of CD115+ cells. The CD115+ live cells were found in a higher percentage after RBCs lysis 

(Figure.12). Therefore, we decided to sort for CD115+ cells from the RBCs lysed sample. As 

shown in Figure.13, CD115+ monocytes were efficiently isolated from total bone marrow 

with a purity of 92%. Moreover, all CD115+ cells were also CD11b+ which confirm their 

myeloid origin. However, despite the high purity after sorting, the absolute number of 

CD115+ cells that were recovered from the bone marrow was very low. 
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Figure.12 Representative flow cytometry analysis of bone marrow cells comparing the 

percentage of CD115+ cells before and after blood cell lysis. The percentages of CD115+ 

singlet cells in bone marrow after RBC lysis (Right) was greater than before RBC lysis (Left) 

with no change in the percentage of dead cells. 

 

Figure.13 Immunophenotyping and sorting of CD115+ bone marrow cells. The sorted 

CD115+ cells were highly pure, but low in number (Left). The majority of the sorted cells 

were CD11b+ (right). Debris (SSC-A vs. FSC-A) and doublets (FSC-H vs. FSC-A) were 

excluded. 
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Because tumor-bearing mice are known to markedly expand their myeloid compartment in 

the bone marrow and peripheral blood, with a decrease in erythroid and lymphoid populations 

(71), we decided to investigate whether tumor bearing mice might represent a better source of 

monocytes. We, therefore, compared the percentage and absolute numbers of CD115+ 

monocytes in tumor bearing versus non-tumor bearing mice in different organs: bone 

marrow, blood and spleen (Figure.14). In addition to CD115+, 106 cells from each organ 

were also stained for the myeloid marker CD11b and the granulocytic marker Ly6G. 

As shown in Figure.14 and summarized in Table.3, tumor bearing mice had higher 

percentage of CD115+ monocytes in all organs analyzed. Moreover, spleen and blood of 

tumor bearing mice had the highest expected absolute numbers of monocytes. Finally, these 

data also indicate that most CD115+ cells are negative for Ly6G and that Ly6G+ cells 

represent the largest fraction of cells in the spleen and blood of tumor bearing mice.  
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Figure.14: Total mouse splenocytes, WBCs, and bone marrow cells from non-bearing 

wildtype (wt) versus tumor bearing BALB/c mice. The cells were prepared as described in 

Materials and Methods and analyzed by FACS for the percentage of CD115+ cells. For the 

analysis, debris (SSC-A vs. FSC-A) and doublets (FSC-H vs. FSC-A) were excluded after 

gating on live cells. The percentage of CD115+ cells was calculated gating CD115+ cells 

against SSC (upper panel). Addition of Ly6G into the analysis was used to confirm that most 

CD115+ cells are Ly6G negative. The possible CD115+ cells that could be isolated based on 

this analysis were summarized in (Table.3).  
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Table.3: List of numbers and percentages of isolated white blood cells and the possible 

CD115+ sorted cells in spleen, blood, and bone marrow of both wild type (wt) and 

tumor bearing mice (tum). The numbers and percentages were calculated after applying the 

percentages that we got by flow cytometry (Figure.14) on the total leukocytic count 

calculated by the automated blood analyzer. The highest CD115+ cells were highlighted in 

blue color.  

 

Based on the FACS data, we designed a purification protocol for the isolation of CD115+ 

monocytes from the spleen and blood of three tumor bearing mice. To reduce the time 

required for sorting, we first enriched the monocytes by negatively selecting Ly6G+ cells by 

Magnetic-activated cell sorting (MACS) (Figure.15). Anti-CD115 antibodies were then used 

to stain the monocytes in the flow through (FT) before the final cell sorting step. 
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Figure.15: CD115+ Monocytes sorting strategy. The Ly6G+ cells were depleted from 

WBCs using Anti-Ly6G magnetic beads and the Auto-MACS system, before sorting 

CD115+ monocytes from the flow through (FT) by FACS. The photos adapted from ref. (72, 

73) with modifications. 

 

Unexpectedly, after negative selection with the AUTO-MACS, we did not observe any 

enrichment in CD115+ monocytes. On the contrary, the percentages and MFI of CD115+ 

cells was dramatically reduced in both spleen and blood, thus compromising the second step 

of isolation by FACS (data not shown). We still need to investigate whether this happens 

because of the monocytes activation, CD115 receptor internalization, or a technical problem 

in the MACS step. To overcome this problem and try to obtain some monocytes to inject, we 

stained the remaining spleens with CD115 and performed cell sorting as described in 

Figure.13. As before, the recovery was very low (5.05*10^6 CD115+ cells with 70% 

purification efficacy, which represent almost 3% of live cells) and the number of CD115+ 

cells recovered was sufficient to inject one recipient mouse only (data not shown - see below 

for adoptive transfer). 

Because we were unsuccessful in enriching the monocytes properly using the strategy 

mentioned above, we are now investigating whether we could use a cocktail of antibodies to 

deplete all hematopoietic cells, but the CD11b+Ly6Gneg population, which according to our 

FACS data should be strongly enriched in CD115+ monocytes (Figure.16).   
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Figure.16: CD115+ cells percentages in CD11b+Ly6G+, and CD11b+Ly6G- splenocytes 

as analyzed by flow cytometry. Total mouse splenocytes from a tumor bearing BALB/c 

mouse was prepared as described in Materials and Methods. Debris (SSC-A vs. FSC-A) and 

doublets (FSC-H vs. FSC-A) were excluded. CD11b+ Ly6G+ cells and CD11b+ Ly6G- cells 

were gated out (Right) to check the level of CD115 in each subpopulation (Left) as pointed 

by blue dashed arrows. The majority of the CD115+ monocytes were found in CD11b+ 

Ly6G- subset. Frequencies of cells in each sub-gate (after doublet and debris elimination) are 

stated as a fraction of live cells. 

Adoptive transfer of isolated monocytes. The CD115+ Ly5G- monocytes were then stained 

with Cell Proliferation dye eFluor® 450 (eBioscience) fluorescent dye and injected into 

HA++ mouse. After five days, we sacrificed the mouse, together with an un-injected control 

parental mouse to analyze tumors and spleens for the presence of donor 

monocytes/macrophages by FACS (Figure.17). We observed the presence of donor cells in 

both CD11b+F480+, and CD11b+ F480- subpopulations of myeloid cells present in the 
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tumor tissues, but not in the spleen. These data suggest that the monocytes (CD11b+ F480-) 

have migrated after the intravenous adoptive transfer to the tumor tissues, and some of them 

developed into macrophages (CD11b+F480+). This is also suggesting that the splenic donor 

monocytes have the tumor homing ability and could be used in our future experiments. 

 

Figure.17: Flow cytometry analysis for the surface expression of CD11b, F480, and the 

labeled (pacific blue) donor monocytes within the CD45+ live cells. The cells in this 

analysis were recovered from tumor and spleen of the HA++ recipient mouse after adoptive 

transfer of labelled CD115+ monocytes, and an un-injected control parental mouse. The 

histograms for the pacific blue staining showed a positive signal in both CD11b+F480+, and 

CD11b+ F480- subsets in the HA++ tumor when compared with the control tumor. In the 

spleens from both tumors, there was no pacific blue signal. Debris (SSC-A vs. FSC-A) and 

doublets (FSC-H vs. FSC-A) were excluded. LIVE/DEAD® Fixable Aqua Dead Cell Stain 

was used to exclude the dead cells. The red arrows indicate the gating strategy used in the 

analysis. 
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V. Discussion 

Immune evasion was recently recognized as one of the cancer hallmarks (28). One of the 

main mechanisms promoting immune evasion in cancer is the establishment of an 

immunosuppressive microenvironment. Our laboratory has developed a cell- and gene-based 

strategy for the tumor targeted delivery of a potent immunostimulatory molecule: IFN-α. This 

strategy strongly inhibited primary breast cancer and breast cancer lung metastasis by 

inhibiting tumor angiogenesis and promoting recruitment and activation of both innate and 

adaptive immune cells (74). Recently, silencing of type I interferons was shown to promote 

breast cancer metastasis by compromising an anti-tumor T cell response (22). For this reason, 

we are now proposing to test the efficacy of our IFN-α-delivery strategy in inhibiting breast 

cancer bone metastasis, one of the most lethal form of breast cancer. 

Preclinical tumor models are an essential element of the tumor biology studies and for testing 

novel anti-tumor therapeutics (55). It is obviously emerging that with the intention of 

professionally asses a novel therapeutic approach and accelerate the clinical validation, 

preclinical tumor models should encompass most of the following: (i) reproduce the 

heterogeneity of cancer cell–stroma interactions in human disease; (ii) can be characterized at 

the molecular level, and harmonized with human disease; (iii) take into concern species-

specific discrepancies; and (iv) link preclinical outcomes with desired clinical readout, e.g. 

tumor regression (75).  

The variations in the level of genes expression (overexpression or deletion) were used to 

generate genetically engineered mouse models. The relevant genes to human tumorigenic 

process in each tumor type, are the most common to use. Few transgenic mouse models 

including two breast carcinoma mouse models of MMTV-PyMT (76) and the MMTV- Erbb2 

(77) develop metastatic breast cancer to lungs, bones, brain, or liver. However these are 



52 

 

considered multistage carcinogenesis models, the repetitive surgical resection of the multiple 

asynchronously arising primary tumors in such mice is not practical or challenging which 

strictly restrict reproducing typical clinical conditions. The possibility of advanced multiple 

metastases, and distant metastatic spread could be acquired at several distant organs by 

orthotopic transplantation of late stage primary tumor cells, especially if the primary tumors 

were surgically resected (11). This allows sufficient time and prolongs survival for 

disseminated cells from the primary tumor to grow into established metastases, thus 

reconstructing the multiple consecutive steps that are accompanying with the metastatic 

cascade. 

We now propose to investigate the efficacy of murine Tie2-IFN-α delivery platforms in a 

relevant preclinical model of spontaneous and experimental breast cancer metastasis targeting 

both lungs and bones: the 4T1.2 mouse model. The 4T1.2 subclone (58) has an increased 

frequency of bone metastasis after inoculation into the mammary fat pad (for spontaneous 

metastasis) or left ventricle of the heart (for experimental metastasis) when compared with 

the parental 4T1 cell line. In the experimental metastasis model, tumor cell distribution is 

synchronized by the intracardiac injection which dropping variability and thus permitting us 

to accomplish efficacy studies in the absence of confusing effects on the primary tumor. 

Histological examination at the end point of treatment for quantification of lung and bone 

metastasis is difficult and time consuming. Moreover, significant information on the 

treatment response over time might be confused or missed by only examining the end point 

tumor burden, such as regression versus partial relapse. Therefore, the longitudinal 

assessment of tumor and metastatic burden during tumor progression and therapeutic 

intervention by developing novel preclinical models are fundamental to test new therapies. 

This is particularly critical in the case of bone and lung metastasis, whose volume 
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(increase/decrease) cannot be measured using a caliper as in subcutaneous mammary primary 

tumors.  

Aim1. Tumor cell lines that can be traced in vivo during tumorigenesis and metastasis 

provide vital tools for investigating therapeutic responses (74). Bioluminescence imaging 

(BLI) and fluorescence are noninvasive imaging tools that offer the capability to perform 

real-time sequential imaging to improve the evaluation for therapeutic treatment response 

and/or reflection of tumor progression (78). In addition, noninvasive imaging lets researchers 

to use less animals with better statistical significance. 

We used orthotopic implantation of murine mammary adenocarcinoma cancer cells 4T1.2 

which are stably expressing the intracellular Fluc. This allows longitudinal imaging of tumor 

progression using whole-body bioluminescence in the presence or absence of an intact 

primary tumor. However, preliminary data in our laboratory had shown discrepancy between 

in vivo tumor growth of 4T1.2 cells and BLI signal, especially in larger tumors and lung 

metastasis which were often negative for the BLI. For this reason and in order to develop a 

new non-invasive method for the longitudinal quantification of metastatic burden, we 

explored the use of secreted Gluc that can be easily detected in the blood of mice injected 

with sGLuc+ tumor cells (79). Towards this goal, lentiviral transduction with a vector 

encoding for the sGluc and the CFP reporter gene was performed into 4T1.2 cells that already 

express the Fluc and the mCherry protein (Figure.4A). 

sGluc analysis. Our in vitro data show that 4T1.2 cells can be efficiently transduced to 

express sGluc and release it in the tissue culture medium. Moreover, its expression does not 

change the in vivo growth rate of the transduced cells when compared to the non-transduced 

parental cells. However, the sGluc signal is quickly decreasing in the circulation in vivo. 

4T1.2 cells were injected into immunocompetent mice, therefore, an immunogenic response 

against a non-self-protein were observed (64, 79). However, further investigation is required 
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to distinguish between counter selection of sGluc expressing cells, vector silencing or 

production of anti-Gluc antibodies.  

Additional problems were observed with respect to the co-expression of the Fluc and 

mCherry genes. In vitro culture of cells sorted for high levels of mCherry (HA++) resulted in 

loss of mCherry expression (Figure.4D and Figure.5) but not of Fluc expression as measured 

by BLI in their cell extracts (Figure.7). More importantly, cells that were selected as 

mCherry negative (HA+), indeed expressed high levels of Fluc (Figure.7). These data 

suggest that the mCherry cassette is easily silenced in vitro and cannot be used as a reporter 

gene for the co-expression of Fluc. These results were further confirmed in vivo where the 

Fluc and mCherry signals were rarely co-localising (Figure.10B). This inconsistent co-

expression agreed with some recent studies that reported possible cryptic transcripts activity 

within the Fluc coding region (63) which might explain our results. 

Fluc analysis. In vivo, the Fluc and mCherry signals were used for localization and 

quantification of growing tumors (Figure.10). In agreement with preliminary data from our 

laboratory, the Fluc signals were not always correlated with the presence and growth of 

primary and especially metastatic tumors. More often mice with heavy tumor metastatic 

burden, as shown by post-mortem examination, did not have any Fluc signal in the lungs or 

bones (Figure.10C). Similarly, no consistent correlation was found between primary tumor 

growth and Fluc signal. Only few tumors were and remained positive for Fluc and had a 

signal that was increasing with tumor growth. Other tumors never showed any signal, and 

some lost the signal (Figure.10A, E).  

The in vivo mCherry fluorescent assays had a much higher background than the BLI assay. 

Such a high background obscured or lowered the actual signal, even when using specific 

optical filters, which are, however, not ideal to discriminate between excitation and emission 

wavelengths. Also, it was not clear if the presence of CFP fluorescent protein could interfere 
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with the mCherry signal and contributed to the observed background. This was not the case in 

the Fluc bioluminescence assay that did not require photons for the excitation, and therefore 

Fluc did not establish a strong background. Moreover, the in vivo results with inconsistent 

Fluc signals in tumors and metastasis as well as the decreasing sGluc signals in the blood 

require further investigation to discriminate between counter-selection of expressing cells 

versus partial or complete silencing of the vectors.  

Fluorescence is practically indicated for analysis via fluorescent microscopy (80) and flow 

cytometry. We will, therefore, test the presence of CFP protein (the reporter for sGluc) and 

mCherry (the reporter for Fluc) in the primary tumor tissue and metastatic organs. Anti-HA 

tag antibodies can also be used to monitor the expression of sGluc by western blot analysis on 

tissue extracts or immunostaining on tissue sections. If the CFP protein and the HA tag are 

expressed in HA+, and HA++ tumors or metastasis, it would suggest that anti-Gluc 

antibodies production and not counter selection against the sGluc+ cells or silencing of the 

vector has happened. Similarly, the presence/absence of mCherry will help understanding the 

inconsistency between mCherry and Fluc signals. Another option is the ex vivo quantification 

of the metastatic burden in the collected organs by qPCR for the mCherry DNA in lungs and 

bones. The presence of mCherry DNA in the absence of mCherry and/or Fluc signals would 

strongly suggest silencing of the vector. 

 

Bone metastases. Although the bone metastases may be established anywhere in the skeletal 

system, the majority of lesions occur in the axial skeleton. In human, it commonly affect the 

vertebrae, proximal parts of the femur or humerus, pelvis, ribs, and skull (81).  

Bone metastases lesions can be of many different types that vary according to the type of 

cancer, location and developmental stages. In breast cancer they are known to be mainly 
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osteolytic. Other types of bone metastasis can be sclerotic or mixed lesions, depending on the 

relationship between the osteoblastic and osteoclastic remodeling progressions. Lesions in the 

medullary cavity, extend to medullary bone, and then the cortex (82). The sclerotic rim of 

affected bone is an initial indicator of osteolytic lesion healing, that grow and develops from 

periphery to the lesion center, making the lesion shrink and resolve (81) (Figure.11). This 

development therefore could help monitoring healing response to assess therapeutic efficacy. 

For example, increasing osteolysis indicates disease progression, while a uniform lesional 

sclerosis shows healing. We could not identify these different developmental stages because 

only a very low number of mice were showing bone lesions, and we killed the mice once this 

affect the mice movement at very early stages.   

Radiographic imaging could be used for a possible diagnosis of bone metastases. However, if 

bone metastases are assumed or existing, further imaging-guided techniques such as MRI, or 

CT scans should be done to approve the diagnosis, and understand the disease extent. This is 

important because radiographs are somewhat insensitive to recognize small or early 

metastatic foci. However, CT scanning has limited skeletal coverage, and is also insensitive 

for small intramedullary lesions (83).  

Radiography is relatively insensitive in detecting bone metastases, especially subtle lesions 

without cortical involvement, and advanced cancellous bone destructive lesions. Generally, 

only lesions larger than 2 cm in human are radiographically visible, and after 50% loss of 

bone mineral content (84). Moreover, osteolytic metastases can mimic spine Schmorl nodes 

and subchondral cysts that make the diagnosis much difficult. Also, osteolytic lesions could 

look similar to cystic angiomatosis, amyloidosis, and infiltrative bone marrow lesions (81). 

For these reasons, MRI bone scintiscans is considered the best imaging strategy to detect 

metastatic lesions before changes in bone metabolism (84), although expensive and not 

widely available. 
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The number of mice that showed metastasis in lungs and bones were relatively low for both 

HA and parental 4T1.2 cells. This happened because the primary tumor developed rapidly to 

large size (>1cm2) and extended into the peritoneum and sometimes internal organs, which 

made the excision the primary tumor by surgical laparotomy difficult, and many mice were 

euthanized post-surgery for ethical reasons, thus compromising long-term analysis of 

metastasis development.  

For the analysis of spontaneous metastasis we need to optimize time of primary tumor 

resection and mice recovery post-surgery. We will also set up and optimize intracardiac 

injection of 4T1 and/or 4T1.2 cells to obtain lung and bone experimental metastasis in the 

same mouse. To optimize this, we need to identify the number of cells to inject, and the time 

of metastasis development. In vivo monitoring of bone metastasis will be further improved by 

comparing PET-CT imaging versus X-ray for in vivo localization and follow up. 

The bone resorbing cytokines such as PTHrP (58), IL-6 (85) and IL-11 (86), and also the 

calcium levels in bones (58) were found to contribute in enhancement for the metastasis to 

the bone. The release of these cytokines as well as changes in the levels of calcium can be 

easily monitored in the blood of tumor bearing mice. Therefore, their measurements in the 

blood of 4T1.2 tumor bearing mice versus wildtype mice and mice injected with non-

metastatic breast cell lines such as 66cl4 or 67NR could be a good indicator for bone 

metastasis development.  

 

Aim2. Autologous transplantation of HSCs is not always an option, moreover insertional 

mutagenesis associated with vector integration and stable engraftment of HSCs might 

represent a long-term risk. For this reason we are testing whether adoptive transfer of mature 
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engineered monocytes could be used as an alternative to HSCs transplantation for the 

delivery of IFN-α,  

One of the first steps in developing this new strategy is the identification of an experimental 

source of mature mouse monocyte that would provide us with a sufficient number of cells to 

inject several recipient mice in our experiments. Towards this goal we identified spleen of 

tumor bearing mice as a promising source of murine monocytes. 

Splenic monocytes. The main functions of spleen are to eliminate the aged RBCs for iron 

recycling, provoke the immune system, and provide the RBCs in emergency (87). Whereas 

DCs and macrophages are mainly sessile as a tissue-resident cells, the monocytes are 

considered blood circulating cells (88).  

Splenic monocyte populations included Ly-6Chi and Ly-6Clow subtypes in similar ratios to the 

circulating monocytes (89). While the main role of Ly6Clow monocytes is to recruit 

neutrophils to maintain and repair the blood vessel endothelial surface, Ly6Chi monocytes are 

quickly recruited by extravasation into sites of tissue remodeling and inflammation, where 

they differentiate into monocyte-derived macrophages and monocyte-derived DCs (90). 

Monocytes express CD115 and CD11b (Figure.16) and are low or negative for Ly-6G, 

CD90, NK1.1, B220, and CD49b surface markers. They can be easily distinguished from 

DCs and macrophages in terms of the CD11c, F4/80 glycoprotein, and MHC I expression. 

The spleen could be a great compartmental storage of extramedullary monocytes that 

increased in number in response to stress stimuli such as during wound healing (89) or tumor 

progression. 

The splenic monocytes are distinguishable from tissue-resident macrophages and contribute 

in inflammatory responses (91). Because blood monocytes resembled their splenic 

counterparts morphologically in terms of cell size and nucleus shape, as well as functionally 
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in terms of phagocytic activity, differentiation potency, transcriptomes, and protein analysis 

(89), we are currently optimizing a purification protocol for the isolation and characterization 

of  CD11b+Ly6G−CD115+ splenic monocyte as potential candidate for  our adoptive transfer 

strategy.  

Because in tumor-bearing mice the myeloid compartment is increasing markedly with a 

decrease in erythroid and lymphoid populations (71), we analyzed the blood, bone marrow 

and spleens for the presence, percentage and absolute numbers of CD115+ monocytes and 

identified spleens as the most abundant source of monocytes.  

Sorting problems with CD115+ cells. Single antibody is not sufficient for splenic 

monocytes and macrophages demarcation, because of the distinct splenic myeloid 

compartment that contains eosinophils, neutrophils, and dendritic cells which share common 

expression patterns for myeloid specific antigens (92). Based on the surface expression of 

CD11b, CD115 and Ly6G, we designed a purification protocol consisting in a Ly6G+ cell 

depletion step followed by sorting of CD115+ cells (Figure.14 and Figure.15), 

Unexpectedly, we could not sort a significant number of CD115+ monocytes to be injected 

into tumor bearing mice. We still need to investigate whether this happens because of 

monocyte activation resulting in CD115 receptor downregulation or internalization, or a 

technical problem with the MACS step. CD115 is still our ideal marker in terms of 

monocytes specificity, however, recent reports described similar problems in using CD115 

for isolation purposes, with a 33% decline in CD115 expression in monocytes after storing at 

room temperature for 0 to 4 hours. To maintain CD115 stable expression on the cell surface, 

researchers recommended to treat samples with EDTA and store them at a low temperature 

before processing (93).  

As an alternative, we are considering to combine a depletion step in which we deplete most 

lineages using a cocktail of lineage-specific antibodies including antibodies targeting T, B 
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and NK cells as well as granulocytes, followed by a sorting of the remaining CD11b+ cells. 

These remaining CD11b+ cell will be strongly enriched in monocytes. This protocol will 

avoid the use of CD115 as a purification marker.  

CD11b is expressed by different cells such as activated T cells, NK cells, myeloid cells, and 

B cells (94-96). According to Rose et al. (92) a panel consisting of mPDCA-1, CD11b, 

CD11c, Ly6C, Ly6G, B220, and NK1.1 could be the best solution to sort out the mouse 

splenic monocytes whose purity could be confirmed by some other restricted markers like 

Siglec F, CD115, and MHC Class II. 

Another option is to use a transgenic animal with a genetic knock-in to fluorescent protein 

gene that should allow monitoring leukocyte trafficking and recruitment (97). By using the 

CD68-GFP mice that express high-level GFP reporter gene in monocytes of blood, bone 

marrow, and spleen, we can track the monocyte and macrophages trafficking, recruitment and 

differentiation in vivo to the tumor tissues (98). 

Other monocytes delivery routes. Recent publications have shown that macrophages 

injected systemically are pooled in the liver and spleen after being retained in the lungs 

firstly, and then eventually move to metastatic locations, while macrophages delivered 

intraperitoneally persisted in the peritoneal cavity for a week before accumulating within 

rapidly growing tumors (99). Thus, to improve the outcome of our therapy by reducing 

monocytes accumulation in healthy tissues and increasing their accumulation in tumors, it 

might be necessary to test alternative monocytes administration routes other than the 

intravenous injection such as intratumoral, intratracheal, and osteal administrations, 

depending on the type of tumor and metastasis. Careful analysis of the biodistribution, 

invasive nature, therapeutic potential, circulation kinetics, accessibility, and dosage-limiting 

toxicities in tumor and healthy surrounding tissues will be required. Moreover, the 
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combination of two or more approaches may have substantial effect for further improving our 

anticancer therapy.  

Monocytes alternatives. As an alternative to monocytes, we will consider 

isolation/generation of macrophages. Both bone marrow and blood derived macrophages can 

be efficiently generated in vitro from myeloid precursor of the bone marrow or circulating 

monocytes. 

The monocytes are limited in the blood, and show antitumor response and may be potentially 

beneficial for adoptive cellular immunotherapy (100). However it was reported recently that 

monocytes can be derived from the human venous blood and expanded in vitro by using 

modified Rosewell Park Memorial Institute medium (RPMI)-1640 that supplemented with 

10% non-inactivated autologous serum and avian feeder cells (101). 

It was reported that the number of the monocytes in blood increased by two to fourfold upon 

injection of recombinant human GM-CSF (rhuGM-CSF).  After in vitro overnight incubation 

with IFN-ɣ, the mobilized monocytes differentiated into macrophages with no treatment 

related toxicities, and high phagocytic and cytotoxicity profiles (102). In another study, the 

peritoneal macrophages were collected after thioglycollate induced inflammation. To 

sensitize the macrophages to the tumor, they were cultured in vitro with lymphocytes and 

tumor supernatants. Upon administration in vivo, the macrophages were highly active in 

preventing pulmonary metastases, while those exposed only to tumor supernatants were not 

functional (103). Those studies and others (104, 105) proves the macrophages feasibility and 

safety in adoptive transfer for tumor inhibition. 

The protocols described above mainly generate pro-inflammatory M1-like macrophages 

characterized by an anti-tumoral activity.  Although after injection into tumor bearing mice, 

the tumor might polarized the macrophages phenotype more towards an M2-like phenotype. 
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We know that M1 macrophages do not express Tie2 (106) and therefore they would not 

express and deliver IFN-α. In vitro treatments with different combinations of cytokines such 

as TNF, IL4, and IL6 (103) will be explored for the generation of more M2-like 

macrophages. 

Future directions.  

Enriched characterization and understanding of the leading genetic modifications and 

different molecular subtypes of breast cancer and signaling pathways have identified several 

novel targets that will enable the health care providers to give each patient the appropriate 

therapy (7). Targets such as angiogenesis inhibitors, intracellular signaling inhibitors, 

tyrosine kinase inhibitors, rapamycin analogs, poly (ADP-ribose) polymerase inhibitors, and 

DNA repair inhibitors have revealed outstanding clinical efficacy (107-109), and some of 

these agents are studied owing to initial clinical trials response. Unfortunately, many 

therapeutic strategies are associated with development of resistance, relapse of the primary 

tumor and/or dissemination and growth of treatment resistant metastasis. Many of these 

evasive mechanisms are mediated by responses with in the tumor microenvironment like for 

example increased recruitment of pro-angiogenic and immunosuppressive bone marrow 

derived myeloid cells upon anti-angiogenic therapy. 

Here, we are suggesting different directions to develop more effective anti-tumor therapies. 

We are using a component of the tumor microenvironment as a vehicle to deliver an anti-

tumoral biomolecule that is mainly targeting the tumor microenvironment by rendering it less 

permissive for the tumor cells. For this purpose we used tumor infiltrating Tie2-expressing 

monocytes/macrophages for the delivery of IFN-α. 

More recently, we developed a human IFN-α delivery platform and a preclinical model in 

human hematochimeric mice to test the efficacy of our strategy on human breast cancer 
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tumors in the presence of a human hematopoietic system. Together, these results indicated 

development of a functional human immune system within the mouse that can reject 

allogeneic human tumor, but only after reversion of the immunosuppressive 

microenvironment mediated by the tumor targeted delivery of IFN-α (45, 46). 

Mesenchymal stem cells and humanized models. By applying the same strategy, human 

hematochimeric NSG mice will be challenged with MDA-MB-231 variants that show 

different organ tropism (62, 110), upon intravenous versus intracardiac injection. Luciferase 

expressing variants are also available to us (111) for bioluminescent analysis of in vivo tumor 

localization, progression and quantification. This humanized model will be further explored 

in collaboration with the laboratory of Prof. D. Hutmacher (QUT) who recently developed a 

technique to engineer human-derived bone in immunodeficient mice, which can be applied to 

mimic human-specific mechanisms of bone metastatic disease (112, 113).  Injection of breast 

cancer cells into the bloodstream of these mice leads to the development of bone-destructive 

metastases in the humanized bone implants that closely reproduce clinical bone lesions in 

breast cancer patients (114). 

The bone marrow (BM) environment encompasses different types of non-hematopoietic cells 

such as chondrocytes, osteocytes, adipocytes, and fibroblasts. Despite human genetically 

modified HSCs can be transplanted into immunocompromised mice, the engraftment and 

multilineage reconstitution of human cells are suboptimal due to lack of a human BM niche. 

Thus, the subcutaneous implantation of humanized bone generated using human MSCs might 

provide the missing environment for an efficient engraftment oh human HSCs (115). Human 

MSCs can work as precursors of various subsets of BM non-hematopoietic cells (116), and 

accordingly generating scaffolds with stem cell niches similar to human HSC niches in terms 

of self-renewal, differentiation, and proliferation capacities. This would imitate the in vivo 

physiological positive and negative regulatory aspects (117). For these reasons, we 
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hypothesize that using this vivo extramedullary bone model in NOD/SCID/IL-2rɣ null mice 

(116) can be helpful to test our therapy efficacy in bone metastasis. 

The ability of the MSCs to differentiate into pericytes and endothelial precursors through the 

PDGF-B-NRP-1 signaling pathway is a challenge because this might help to improve the 

tumor angiogenesis (118). Also the MSCs ability to inactivate T-cell functions for inducing 

immunoregulatory effects and control the tissue damage (119) can be a great challenge for 

our therapy that aims to activate the immune system. 

Using the MDSCs as a blood indicator for bone metastasis. It was recently shown that 

Ly6Ghi CD11b+ MDSCs are more abundant in the bone marrow of mice carrying 4T1.2 bone 

metastasis models than in the primary tumors or metastatic lungs in the same animals, or the 

corresponding organs in the native mice. Those cells act against the tumor 

immunosurveillance through inhibition of CD4+ and CD8+ T lymphocytes proliferation. 

However, the forced expression of IRF7 in 4T1.2 cells enhanced the IFN pathway that 

directly stimulate the T cell and NK cell effector proliferation and prevented the expansion of 

Ly6Ghi CD11b+ MDSCs probably by inhibiting the expression of G-CSF a cytokine known 

to promote expansion and mobilization of MDSCs (22). Therefore the MDSCs levels could 

be used as an indicator for the efficacy of our IFNα therapy. 

Combining therapies. Individual agent therapies that targeted tumor vasculature rarely 

results in the eradication of tumors, despite efficient inhibition of tumor growth in preclinical 

mouse models. Drug combinations in the past were alleged to be more toxic and not practical 

than monotherapy. However, recently it became clear that the sequential application and 

combination of different treatments is more effective in metastatic breast cancer patients due 

to the ability to target tumor cells heterogeneity. For example, different types of 

immunotherapies such as adoptive cellular therapy, cytokine therapy, and vaccines as well as 

radiotherapy and chemotherapy could be is used in combinations with more conventional 
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chemotherapy (120). Recent gene profiling studies showed that metastatic breast cancer cells 

are transitional in their gene expression levels form stem cell and epithelial-to-mesenchymal 

transition-associated genes in low-metastatic burden tumors, toward luminal differentiation-

associated genes in high-metastatic burden tissues to look similar to the heterogeneous 

primary tumor cells (121). This would suggest that when developing new therapies, not only 

the type of combinations and cancer heterogeneity are important, but also the tumor cells 

hierarchical progression is essential to decide proper time for intervention. 

1. Check point inhibitors. Among the different types of immunotherapies, monoclonal 

antibodies directed against immune checkpoint molecules are of particular interest. 

Antibodies against inhibitory checkpoint molecules, for instance, can bind and block the T 

cell regulatory pathways.  Antibodies against the cytotoxic T lymphocyte antigen 4 (CTLA-

4), programmed cell death protein 1 (PD-1) and programmed cell death 1 ligand 1 (PD-L1) 

inhibitors promote T cell activation, and decrease the levels of intratumoral Tregs (120). 

Therefore, monoclonal antibodies against inhibitory checkpoint molecules and IFNs have 

diverse synergistic mechanisms which could overcome the immunosuppressive 

microenvironment and initiate strong favorable clinical impacts, especially in case of CNS 

metastases because activated T cells can traffick to the brain, even though antibodies cannot 

cross the blood–brain barrier (122). 

2. Type II interferons. Unlike type I interferons that targeted host hematopoietic cells, IFN-

gamma only targets the tumor cells. Therefore, type II interferons does not entirely overlap 

the functions of IFN-alpha/beta. In contrast to the IFNGR1 (IFN type II receptor) deficient 

sarcomas that were rejected only upon IFNGR1 re-establishment, the IFNAR1 knocked out 

sarcomas (insensitive to type I IFN) were rejected upon injection into naive wild-type 

syngeneic mice and was not converted into regressor tumors after expression of IFNAR1 was 

restored. On the other hand, the sarcoma cells derived from IFNAR1 and IFNGR1 knockout 
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mice (insensitive to both type I and II IFN) were rejected only by restoring the IFN 

sensitivity, but not type I IFNs. Moreover, IFNAR1 knockout mice could not react against the 

transplanted tumors except after being lethally irradiated and transplanted with wild-type 

bone marrow (123). These findings clarify that the immunogenicity of tumor cells is 

controlled by IFN, but not type I IFN, and therefore Type II interferons might be helpful in a 

combination therapy.  

3. RANK and RANKL. Receptor Activator of Nuclear Factor κ B (RANK) and its ligand 

(RANKL) are potent inducer of osteoclast formation and normal breast lobuloalveolar 

structures development in pregnancy. However, RANKL-RANK interaction was found to 

enhance mammary tumor development (20). Therefore, we hypothesize that a combination of 

our IFN-α targeted therapy and RANKL monoclonal antibody can inhibit the osteoclast and 

improve the immune function simultaneously.  

4. Use the CSF1 for the monocytes pretreatment. The human CD14+ monocytes pre-

treatment with Macrophage Colony-Stimulating Factor (CSF1) give rise to the Tie2 receptor 

expression and TEMs migratory ability. Culturing the human umbilical vein endothelial cells 

(HUVECs) with conditioned supernatants from these TEMs resulted in a substantial increase 

in branch points. Anti-CSF1R and Tie2 receptor knockdown on monocytes abolished the 

CSF1 and ANG2 synergistic effect (124). Therefore, we can propose that treating the IFN-α 

transduced monocytes with CSF1 will help their recruitment to tumor tissues and enhance 

their productivity. On the other end, expression of IFN-α might counteract their protumoral 

activity induced by CSF1. 
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VI. Conclusion 

Breast cancer has important economic and social drawbacks, with significant deaths among 

the Australian women. The up-regulation of the TIE2 promoter expression in TEMs upon 

homing to tumor tissue enabled us to increase IFN-α local targeted delivery to tumor tissues 

in distant organs such as bones and lungs, with low systemic levels to overcome the 

significant systemic toxicity of IFN-α (51, 125). This strategy is aimed to enhance the 

immune responses against the metastatic breast cancer by successfully reprogramming the 

tumor microenvironment to counter its immune evasive feature. Both permanent engraftment 

of engineered HSCs that continuously supply new monocytes progeny, as well as adoptive 

transfer of mature engineered monocyte have been considered in this project.  

Utilizing a clinically pertinent in vivo model of breast cancer metastasis to bones was not 

only valuable for metastatic burden quantification but it is also of huge significance in 

defining the correlation with other diagnostic tools. This has not been likely previously, and 

may be in charge for the shortage of molecular markers as prognostic indicators for 

immunotherapies and targeted therapies efficacy. In this study we are testing the use of an 

immunocompetent in vivo model of spontaneous breast cancer metastasis to bones and lungs 

with the adoptively transferred adult monocytes. Adoptive transfer of autologous immune 

cells permits the interaction between a compatible and functional immune system and the 

tumor cells within the tumor microenvironment. Such an interaction is known to be 

fundamental in the modulation of tumor development and progression.  

We expect that sustained research will confirm the clinical convenience of tumor targeted 

IFN-α cellular therapy, setting the platform for eventual FDA approval. Furthermore, clinical 

trials combining this therapy with other immunotherapies like checkpoint inhibitors will 

revive fruition, allowing innovative succeeding combination strategies. 
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