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ABSTRACT 

 
Despite considerable progress in conventional cancer therapies, major challenges persist 

in the treatment of patients with advanced stage malignancies. Cancer immunotherapy 

(harnessing the immune system against tumors) has demonstrated limited success to date, 

partially due to the immunosuppressive environment generated by tumors. The 

mechanisms of cancer-induced immune suppression are multiple and include the 

promotion of immunosuppressive cells such as regulatory T cells (Treg) and myeloid-

derived suppressor cells (MDSC). MDSC expand in tumor-bearing hosts and play a 

central role in cancer immune evasion by inhibiting adaptive and innate immunity. 

Different approaches have been explored to negatively impact MDSC, each associated 

with specific pitfalls. In this study, we demonstrated that the anthracycline doxorubicin 

selectively eliminates MDSC in the spleen, blood and tumor beds. Furthermore, five days 

after doxorubicin treatment residual MDSC exhibited impaired suppressive function, 

which correlated with reduced reactive oxygen species (ROS) production, and down-

regulation of arginase-1 and indoleamine 2,3-dioxygenase (IDO) expression. Of 

therapeutic relevance, the frequency of effector lymphocytes (CD4+ and CD8+ T cells) or 

natural killer cells (NK) to suppressive MDSC ratios was significantly increased 

following doxorubicin treatment of tumor-bearing mice. Importantly, the proportion of 

natural killer (NK) and cytotoxic T cells (CTL) expressing perforin and granzyme B and 

of CTL producing IFNγ was augmented following doxorubicin administration. The 

mechanism of doxorubicin-mediated elimination of MDSC was partly mediated by the 
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increase of ROS production in MDSC at earlier time points after doxorubicin treatment. 

Consistently, MDSC isolated from gp91-/- mice were less sensitive to doxorubicin in 

vitro, and doxorubicin effects on MDSC in gp91-/- tumor-bearing mice were reduced. Of 

clinical significance, this drug efficiently combined with Th1 or Th17 lymphocytes to 

suppress tumor development and metastatic disease, resulting in better overall survival. 

MDSC isolated from patients with different types of cancer were also sensitive to 

doxorubicin-mediated cytotoxicity in vitro. Our results therefore indicate that 

doxorubicin may be used not only as a direct cytotoxic drug against tumor cells, but also 

as a potent immunomodulatory agent that selectively impairs MDSC-induced 

immunosuppression, thereby fostering the efficacy of T cell-based immunotherapy.  
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1. CHAPTER 1- INTRODUCTION: IMMUNOTHERAPY AND ITS 
ASSOCIATED CHALLENGES 

  

 

1.1. Reciprocal interactions between cancer and the immune system 

Disregarded for years, the immune system is now well-accepted as a fundamental 

constituent of the tumor microenvironment. The complex interaction between cancer 

cells and the host immune cells has been extensively investigated in the past few decades. 

In this section, I review the seminal concept that the immune system can not only prevent 

cancer occurrence and development (that is, cancer immunosurveillance) but it can also 

shape the molecular and cellular identity of tumors that have escaped 

immunosurveillance (immunoediting), which would lead to further establishment of 

tumor induced immunosuppression. 

 

1.1.1. Immunosurveillance  

For years, the notion that the immune system may regulate cancer development 

was subjected to intensive debates. In the early 1900’s the idea that the immune system 

protected the host from neoplastic disease was first proposed by Paul Ehrlich (1909). 

Similarly, William B. Coley reported that examples of tumor regression were observed in 

some cancer patients who concomitantly developed bacterial infections. Subsequently, 



 20 

Coley showed that some patients experienced tumor regression and prolonged survival 

when injected with heat-inactivated bacteria cultures or their supernatants (1891). 

‘‘Coley’s toxins’’ (1) have later been identified and shown to induce strong immune 

response. However, this concept of possible immune control of cancer was not 

extensively pursued until 40 years later. In the late 1950s, Burnet and Thomas proposed 

the cancer immunosurveillance hypothesis, predicting that as neoplastic cells arise they 

can be detected and eliminated by efficient immune response before they develop into 

clinically detectable tumors (2, 3). Syngeneic mice immunized against a given tumor 

rejected a secondary challenge with the same tumor, but did not raise any response 

against the corresponding non-transformed cells; this at the time was a hint that tumor-

specific immune responses can, indeed, be mounted in immunocompetent hosts (4). A 

logical prediction of the tumor immunosurveillance hypothesis was that individuals with 

impaired or suppressed immune systems should display higher cancer incidences than 

their immunocompetent counterparts (5, 6). Early on, several groups tried to test this 

prediction using mice that had undergone neonatal thymectomy to induce 

immunosuppression but the results were inconsistent (7-10). These immunodeficient 

mice demonstrated an increased susceptibility to virus-induced tumors and spontaneous 

lymphomas compared to immunocompetent mice, which was linked to higher 

susceptibility of these immunocompromised animals to infections by oncogenic viruses 

rather than to a lack of tumor immunosurveillance. Additionally, it was demonstrated that 

CBA/H strain nu/nu (nude athymic) mice did not form carcinogen methylcholanthrene 

(MCA)-induced tumors either earlier or more frequently than their immunocompetent 
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littermates (11) and the incidences of spontaneous, non-viral tumors were similar 

between nude and wild-type mice (12-15). These results prompted the rejection of the 

cancer immunosurveillance hypothesis. However, we now know that there were several 

pitfalls associated with those studies. Firstly, nude mice are not completely 

immunocompromised (16-18) and actually possess detectable levels of αβ T cells and γδ 

T lymphocytes and have a highly functional natural killer (NK) cell compartment. 

Secondly, CBA/H strain mice produce high levels of the isoform of aryl hydroxylase 

enzyme for the conversion of MCA into its carcinogenic form making them more 

sensitive to chemical carcinogen‐induced tumor formation (19), and thus, immunity to 

sarcoma may have been overwhelmed in this strain. Finally, the tumor monitoring 

periods of 3–7 months were too short to detect spontaneous tumor formation.  

The concept of tumor control by immune cells has been revisited and significantly 

refined to a large extent by the group of R. Schreiber. Using transgenic mice with 

targeted mutations of key components of the immune system, Schreiber has provided 

compelling evidence that the frequency of tumor occurrence is significantly higher in 

immunocompromised hosts. For instance, RAG-1 or 2 knockout mice (deficient in the 

Recombination Activating Gene-1 and 2 enzyme responsible for the somatic 

rearrangement of the T Cell Receptor genes, and critical for the generation of the T 

lymphocyte repertoires) develop cancers of all types more frequently than their wild-type 

counterparts. Similar results hold true with mice deficient in IFNγ or its receptor.  A 

plethora of other profoundly immunocompromised transgenic animals have been 

developed and also demonstrated increased susceptibility to both chemically-induced and 
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spontaneous tumor development (20-24). However, despite undeniable evidence of a 

functional cancer immunosurveillance, immunocompetent individuals still develop 

cancers that are refractory to many treatment approaches. This clinical reality may be 

explained by the failure of the initial host innate and adaptive immune responses to 

eradicate all the transformed cells. This failure in the face of continued immune pressure 

fosters the outgrowth of tumors with reduced immunogenicity.  

Studies in immunodeficient patients have shown increased incidences of virus-

induced malignancies such as non‐Hodgkin’s lymphoma and Kaposi’s sarcoma compared 

to immunocompetent individuals (25, 26). In addition, transplant patients have higher 

relative risk ratios for a broad subset of tumors with no apparent viral origin (e.g., colon, 

lung, bladder, pancreas, kidney, ureter carcinomas, melanomas, squamous cell carcinoma, 

and endocrine tumors) (26). Immunosuppressive interventions predispose transplant 

patients to either form tumors de novo or allow the growth of tumors that had been in a 

state of equilibrium. One study reported the occurrence of metastatic melanoma 1–2 

years post-transplant in two allograft recipients who had each received kidneys from the 

same donor (27). Subsequently, it was found that the donor had been treated for primary 

melanoma 16 years before her death, but was considered tumor free at the time of organ 

donation. Overall, these results argue for the existence of cancer immunosurveillance also 

in human, although formal experimental proofs are still needed. 
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1.1.2. Cancer Immunoediting: 

The fact that the immune system cannot only play an essential role in elimination 

of tumor cells, but may conversely promote tumor development has been an ongoing 

challenge, which has led to the concept of ‘‘cancer immunoediting’’, a refined vision of 

tumor immunosurveillance. The idea of immunoediting reflects the dual roles of 

immunity in both eliminating and shaping neoplastic cells (22, 23). Cancer 

immunoediting occurs in three sequential phases: elimination, equilibrium and escape 

(the three “Es” of immunoediting). The elimination, equilibrium and escape phases of 

this process are described in more detail in the following sections. 
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Figure 1.1 The three phases of the cancer immunoediting process (adapted from 

Dunn et al. 2004). 
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Elimination: 

Elimination represents cancer immunosurveillance in its original definition 

proposed by Burnet and Thomas. During this stage, innate and adaptive immunity 

cooperate to detect and destroy cancerous cells before they become clinically apparent. 

Studies on the immunogenicity of tumors derived from immunocompromised versus 

immunocompetent mice revealed the complexity of the immune system/tumor cell 

interaction. Indeed, it has been established that MCA-induced sarcomas, which develop 

in immunodeficient mice (RAG-/-, SCID, nude, or NKT cell-deficient mice) are, as a 

group, far more immunogenic than tumors that develop in immunocompetent hosts (28-

31). Similarly, lymphomas from perforin-/- (pfp-/-) mice grow rapidly when transplanted 

into pfp-/- recipients, but are mostly rejected when transplanted into wild-type mice (32). 

These results show that the immune system shapes and sculpts tumor cells, resulting in 

the elimination of immune sensitive tumor cells. Tumor cell variants resistant to immune 

attack pass the elimination phase of the immunoediting process, and subsequently enter 

into two phases in their interactions with the host’s immune system: equilibrium, 

followed by escape (21-23). 

Equilibrium: 

During the equilibrium phase innate and adaptive immunity restricts the 

outgrowth of some tumor cell variants while new arising mutant cancer cells slowly 

develop due to increased genetic instability of tumors. Equilibrium is usually the longest 

of the three phases, and often takes many years in humans. In fact, for many solid human 
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tumors, it has been hypothesized that there may be a 20-year gap between the initial 

carcinogen exposure and clinical detection of the tumor (33). Even though many of the 

original tumor cells are destroyed, new clones arise carrying more mutations that provide 

them with increased resistance to immune attack. Eventually, the vigorous interaction 

between immunity and cancer in the equilibrium phase generates new populations of 

tumor cells that are better suited to survive in the immunocompetent host. During this 

period, the heterogeneity and genetic instability of cancer cells are the main factors that 

enable tumor cells to eventually resist host immunity (33).  The equilibrium phase is 

arguably the least understood phase of cancer immunoediting (20, 34) 

Escape: 

In the escape phase, some of the cancer cell clones that emerge from the 

equilibrium phase develop the capacity to grow in an immunologically intact 

environment (Figure 1.1), leading to the development of clinically detectable tumors. At 

this stage, edited tumor cells with reduced immunogenicity outgrow and establish 

immunosuppressive tumor microenvironment (35). This last stage of tumor 

immunosurveillance, immune escape, is now well-accepted as one of the hallmarks of 

cancer (the “seventh” hallmark of cancer) (36). 

The escape phase most likely occurs when genetic and epigenetic changes in the 

tumor cell either presents resistance to immune detection and/or elimination or when the 

tumor induces a state of immunological suppression or tolerance in the host allowing the 

tumors to expand and become clinically detectable. Individual tumor cells may employ 
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multiple strategies to evade the innate and/or adaptive anti-tumor immune responses. 

Thus, it is likely that several different mechanisms of tumor-sculpting events occur 

before the final malignant phenotype is ultimately established. The degree of tumor 

immunogenicity may be dependent on the type of the immune subsets functioning during 

the equilibrium phase. Additionally, the tissue surrounding the tumor presents further 

challenges for tumor sculpting and mechanistically feasible tumor escape routes. 

Therefore, it may be reasonable to assume that metastatic lesions may experience the 

most significant immunologic sculpting. These mechanisms of tumor 

escape/immunosuppression employed by cancer to avoid immune elimination are 

covered in more detail hereafter. 

 

1.2. Mechanisms of tumor escape 

It is established that tumor escape mechanisms fall into two basic categories: 1) 

tumor intrinsic mechanisms associated with tumor cells and tumor-associated antigens 

and 2) tumor extrinsic mechanisms associated with the host immune system.  

Tumor intrinsic mechanisms involve: 1) down-regulation or loss of expression of 

MHC class I molecules (37); 2) down-regulation of expression of genes associated with 

antigen presentation which leads to down-regulation or loss of MHC class I (38); 3) low 

expression level of tumor associated antigens (39); 4) physical barrier preventing effector 

cells accessing tumors; 5)  lack of expression of MHC class II and costimulatory 

molecules; 6) loss of response to IFNs or cell death pathways (40-42); and 7) resistance 
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to apoptosis.  

The down-regulation or loss of expression of MHC Class I molecules by cancer 

cells results in the lack of recognition and, therefore elimination, by CTL (35).  

Additionally, tumor cells can alter antigen processing and presentation pathways so that 

tumor specific antigens are no longer presented to immune cells. The release of soluble 

MHC Class I by tumor cells that act as “decoy” for CTL and can bind to the NK 

inactivating receptor NKG2A (thereby inducing NK inactivation) has been described as 

an additional mechanism of tumor immune escape (38, 43, 44).  

Besides circumventing the recognition ability of immune system, cancer cells can 

also evade killing by cytotoxic T cell (CTL), NK, Macrophages (MP), neutrophil, γδ T 

cell or NKT through resistance to cell death. Tumor cells evade the killing activity by 

immune cells through several mechanisms; overexpression of anti-apoptotic factors (Bcl2 

of anti-apoptotic family), deficiencies in the apoptosis pathway, deficiency in death 

receptor expression or function, lack of release or cell surface expression of DAMP 

(Dammage Associated Molecular Pattern), or blockade of perforin/granzyme (45-51). A 

study by Medema et al. has shown that tumor cells overexpress a serine protease inhibitor 

PI-9/SPI-6 to block the perforin/granzyme B pathway and avoid CTL-mediated killing 

(49). Various intracellular molecules such as calreticulin (CRT), heat-shock proteins 

(HSPs), high-mobility group box-1 (HMGB1) (known as DAMPs) are translocated to the 

plasma membrane or released as soluble factors and induce immunogenic cell death. 

Release of endogenous danger signals results in a more efficient APC function. One 
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mechanism of tumor escape is the down-regulation or lack of membrane translocation of 

these molecules leading to tolerogenic tumor cell death and inactivation of the immune 

system. Some chemotherapeutic drugs such as doxorubicin have been shown to overcome 

this mechanism of tumor escape by inducing the translocation of CRT/ERP57, HMGB1 

and HSPs leading to immunogenic cell death and activation of antitumor immunity (52). 

Tumor extrinsic mechanisms include: 1) ignorance; 2) tolerance of T cells to 

tumor-specific antigens resulting from anergy or deletion caused by host APC, myeloid 

cells or regulatory T cells; 3) suppression of T cells caused by tumor derived factors such 

as tumor growth factor beta (TGFβ), IL‐10, vascular endothelial growth factor (VEGF), 

indoleamine 2,3‐ dioxygenase (IDO), or the promotion of immunosuppressive cells such 

as M2-polarized tumor infiltrating macrophages, tolerogenic dendritic cells (DC), 

myeloid-derived suppressor cells (MDSC) or regulatory T cells (Treg) (35, 53, 54); 4) 

secretion of soluble ligands that block lymphocyte activation (e.g., NKG2D‐ L) (55); and 

5) impairing APC maturation or function (defects in antigen presentation) (46). 

Cancer cells produce immunosuppressive molecules that negatively affect the 

function of DC, T, and NK cells (46).  Nitric oxide (NO), IL-6, IL-10, TGFβ, IDO, 

arginase-1, prostaglandine E2 (PGE2), VEGF and cyclooxygenase-2 (COX-2) are 

examples of such molecules that can impede the proliferation and function of CD4+ and 

CD8+ T cells (47, 48, 56).  IL-10 and VEGF are known to inhibit DC differentiation, 

recruitment, antigen processing function, maturation and ability to produce pro-

inflammatory cytokines (57, 58). TGFβ can down-regulate the expression of co-
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stimulatory molecules on DC (59, 60).  This impairment of DC function results in the 

failure to induce robust immune responses and leads to T cell suppression.  

For the purpose of this dissertation, we will primarily focus on one of the 

mechanisms of tumors escape: the induction of immunosuppressive cells. 

 

1.3. Induction of immunosuppressive cells: 

The immunosuppressive tumor environment represents a major obstacle for the 

establishment of anti-tumor immunity. Immunosuppressive cells such as MDSC, Treg, I 

tumor-induced DC (TiDC), and tumor associated macrophages (TAM) are important 

contributing factors promoting cancer escape from recognition and elimination by anti-

tumoral effector cells.  Here we will review the role of these immunosuppressive cells 

and major mechanisms of action. 

 

1.3.1. Tumor associated macrophages (TAM) 

Macrophages are tissue-resident cells derived from monocytes circulating in 

peripheral blood. The macrophage population includes a broad range of cells, the markers 

and functions of which reflect their tissue microenvironment. Their function in healthy 

individuals is to remove infectious agents, foster wound healing and regulate adaptive 

immunity (61). 

The terminology ‘M1 macrophage’ and ‘M2 macrophage’ was coined to describe 
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the different functional states of macrophages, and was originally based on mouse 

macrophages studies (62). M1 or ‘classically activated’ macrophages are activated by 

IFNγ and bacterial products, express high levels of IL-12 and low levels of IL-10, and are 

tumoricidal. By contrast, M2 or ‘alternatively activated’ macrophages are activated by 

IL-4, IL-10, IL-13 and glucocorticoid hormones, express high levels of IL-10 and low 

levels of IL-12, and facilitate tumor progression (63, 64). There is extensive literature 

demonstrating that, in both mice and humans, in most case, macrophages facilitate tumor 

growth (65). Their presence is associated with poor clinical outcome (65). TAM are 

related to M2 type macrophages. They are endowed with the ability to promote tumor 

angiogenesis, foster tumor survival, proliferation and metastatic potential through the 

production of suppressive cytokines, metalloproteinase, VEGF or TGFβ (66-68). 

TAM inhibit anti-tumor immunity through multiple mechanisms. TAM 

production of IL-10 promotes the development of Th2 cells. Unlike Th1 cells, Th2 cells 

do not promote the development of CTL responses, and their IL-4 production drives the 

development of TAM as an amplification loop (69). In addition, IL-10 produced by TAM 

may promote Treg cell activity (70).  TAM also produce CCL22, which attracts Treg 

cells that inhibit T cell activation (71). The secretion of prostaglandin E2 (PGE2) and 

TGFβ (72) by TAM further contributes to immune suppression. TAM can also cause T 

cell apoptosis through their expression of PD1 ligand (PDL1), which binds to its receptor 

programmed cell death protein 1 (PD1) on activated T cells (73), and mouse 

macrophages produce arginase-1, which deprives T cells of L-arginine that is necessary 

for their growth (74).   
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1.3.2. Tumor associated dendritic cells (TiDC) 

DC are terminally differentiated myeloid cells specialized in antigen processing 

and presentation. DC differentiate in the bone marrow from various progenitors. 

Differentiated DC reside in tissues as ‘immature’ cells that actively take up antigens but 

are poor antigen presenters and cannot effectively prime naïve lymphocytes. DC 

activation, triggered primarily by pathogen molecular patterns (PAMPs) or damage 

associated molecular patterns (DAMPs), which both are recognized by pattern 

recognition receptors (PRR), leads to profound changes in their gene expression profile. 

This results in increased expression of co-stimulatory molecules and cytokines that pro-

mote T cell activation, and also in the up-regulation of chemokine receptors that drive the 

migration of DC to lymphoid tissues.  

Profound defects in DC antigen presenting function have been described in 

multiple tumor models and in patients with different types of cancer such as breast (75), 

non-small cell lung (76), pancreatic (77), cervical (78), hepatocellular (79) or prostate 

cancer, or glioma (80). Abnormal DC differentiation is one major mechanism responsible 

for DC deficiency in cancer. This leads to 1) a decreased production of mature 

functionally competent DC; 2) an increased accumulation of immature DC at the tumor 

site; and 3) an increased production of immature myeloid cells (81).  

Many tumor-derived soluble factors are responsible for this abnormal DC 

differentiation, such as VEGF, macrophage colony-stimulating factor (M-CSF) and IL-6. 

In addition, the tumor microenvironment is predominantly characterized by hypoxia, 
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which significantly impairs DC migration and function (82).  

Some DC in tumor-bearing hosts actively suppress the function of T cells, and 

both immature and mature DC may be affected by the environment to support immune 

tolerance or immunosuppression (83). MHC-II+CD11b+CD11c+ tumor-infiltrating mouse 

DC have shown to suppress CD8+ T cells and anti-tumor immune responses through 

arginase-1 production (84). Interestingly, plasmacytoid DC (pDC) infiltrating prostate 

tumors also use arginase-1 and IDO to alter the functions of intratumoral CD8+ T cells 

(85). Human lung tumor cells can convert mature DC into TGFβ-producing cells (86), 

and mouse lung cancer can drive DC to express high levels of IL-10, nitric oxide, VEGF 

and arginase-1 (87). DC expression of TGFβ leads to differentiation and expansion of 

CD4+CD25+Fopx3+ Treg (86). The accumulation of IDO-expressing DC in tumor-

bearing mice and in some patients with cancer (88, 89) provides another possible mecha-

nism of immune suppression, since IDO activity limits T cell growth by depleting L-

tryptophan. 

 

1.3.3. Regulatory T cells (Treg) 

Initial reports related to a population of T cells with the ability to suppress 

immune responses was made more than 30 years ago (90, 91). Later reports characterized 

these populations of T cells as regulatory T cells (Treg) with a phenotype of 

CD4+CD25+Foxp3+ but most importantly based on their ability to suppress T cell 

proliferation (92, 93). Originally characterized as CD4+CD25+ lymphocytes, they were 
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later found to express the forkhead/winged helix family transcription factor (Foxp3), 

which is critical for the cell lineage commitment, the development and suppressive 

capacity of Treg (92, 94). CD4+CD25+FoxP3+ Treg can be produced in the thymus 

(natural Treg; nTreg) or they can be induced at the periphery (adaptive or inducible 

iTreg) (95). While the nTreg population is considered to be endowed with a relatively 

stable Foxp3 expression (96), plasticity within the iTreg compartment has been identified. 

In some models, loss of Foxp3 expression and acquisition of effector lineage defining 

cytokines occurs- a term known as “Treg reprogramming” (97), although in other 

experimental settings such instability has not been observed (98). A recent study by 

Sharma et al. has shown that Treg reprogramming is controlled by down-regulation of the 

transcription factor Eos (Ikzf4), a corepressor for Foxp3 and down-regulation of Eos 

requires IL-6 (99). Presence of IL-6 with low levels of TGFβ promotes the differentiation 

of another CD4+ T cell, Th17 cells. Treg and Th17 have been reported to possess 

plasticity to each other. Both the stability of Treg and potential CD4+ T cell effector 

conversion within the tumor context may have important implications on therapeutic 

strategies. There are no specific cell surface markers to distinguis the Treg population. 

The main identifier of this population is the expression of Foxp3 transcription factor and 

evaluation of their suppressive activities.  

It is likely that tumor-specific tolerance relies on both nTreg and iTreg 

populations, and independent contributions of these two populations have been shown in 

a murine tumor-induced tolerance model (100). However, others (101) have shown that 

the Treg population in renal cell carcinoma patients co-expresses Foxp3 and Helios, an 
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Ikaros family transcription factor expressed by nTreg, but not iTreg (102, 103). However, 

in our hands the expression of Helios may not have been restricted to the nTreg 

compartment (Figure 1.2). 

 

 

 

Figure 1.2. Expression of Helios by CD4+ T cells in naïve tumor-free and tumor-
bearing mice.  

The expression of Helios was measured from spleen and lymph nodes of naïve and 
tumor-bearing mice (4T1).  Samples were harvested and labeled for surface (CD4) and 
intercellular markers (Foxp3 and Helios) and analyzed using flow cytometry.  
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frequency of Treg both in the periphery and within tumor microenvironment from various 

types of cancer, including melanomas, lung, esophageal, breast, ovarian, gastric, 

colorectal and lymphomas (94, 104-106). Furthermore, there is a strong positive 

correlation between increased number or frequency of Treg and poor prognosis in a 

variety of cancers, including ovarian (71), breast (107), non-small cell lung (108), 

hepatocellular (109), renal cell (110, 111), pancreatic (112), gastric (113) and cervical 

(114) carcinomas. Additionally, in experimental models, adoptive transfer of Treg 

resulted in reduced anti-tumor immune responses (115, 116). Tumors have been 

described to promote Treg expansion by three main mechanisms: 1) increased trafficking 

(homing to the tumor site); 2) Induction of nTreg and iTreg proliferation; and 3) 

polarization of naïve CD4+CD25-FoxP3- T lymphocytes into CD4+CD25+FoxP3+ Treg, 

where the latter two can occur either locally within the tumor microenvironment or in the 

tumor-draining lymph nodes (TDLNs). It has been suggested that Treg display an 

enhanced capacity for infiltration, and accumulation within, the tumor in comparison to 

effector T cells (94, 95). Treg recruitment has been observed in ovarian (71) and breast 

carcinomas (117), and also Hodgkin’s lymphoma (118). Several chemokines and their 

receptors have been implicated in the recruitment of Treg. For example, CCR4 expressed 

by Treg and its ligand CCL22, has been shown to be produced by tumor cells (119). 

Blockade of CCL22 reduced Treg infiltration into ovarian tumors and induced tumor 

rejection in a murine xenograft model (71).  

A second mechanism could be through expansion of Treg within the tumor mass 

(in situ) or in the TDLNs. IL-2 has been shown to be essential for Treg development and 
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homeostasis (119). Furthermore, IL-2 administration has been shown to cause expansion 

of Treg with potent suppressive capacity in peripheral blood of metastatic melanoma or 

renal cell carcinoma patients (120) as well as within the tumor mass of patients with renal 

cell carcinoma (110). A third mechanism involving de novo conversion of FoxP3- T cells 

into Treg may play an important role in Treg accumulation in tumor-bearing hosts (97). 

The critical role of TGFβ in the differentiation of Treg from naïve CD4+ cells has been 

well-established (121-123).  

Different mechanisms have been proposed for Treg mediated immune 

suppression. CD25, the alpha subunit of IL-2 receptor (IL-2R) is up-regulated on effector 

T cells and is constitutively expressed at a high level on Treg cells.  High-level IL-2R 

expression on Treg cells could deprive effector T cells of IL-2 leading to inhibition of 

their proliferation (competition for IL-2 available in the milieu) (124). CTLA-4 

expression by Treg may also play a role in the suppressive function of these cells (125) 

(126). Proliferation of T cells is blocked through cross-linking of CTLA-4 together with 

the CD3–TCR complex and CD28. Additionally, this cross-linking also triggers TGFβ 

production in naive/resting T cells. Furthermore, the production of TGFβ contributes to 

differentiation and expansion of Treg (127). Other cell-surface molecules such as CD39 

and CD73, two ectoenzymes highly expressed on Treg cells, have also recently been 

shown to take part in Treg cell–mediated suppression by facilitating the elaboration of 

adenosine and the extrusion of cAMP (128-130). As a consequence, adenosine signaling 

initiated by Treg cells not only directly inhibits the proliferation of effector T cells, but 

also negatively impacts the function of dendritic cells.  
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In addition to functionally important transmembrane molecules, several secreted 

proteins identified in gene expression studies have been implicated in Treg cell–mediated 

suppression, including IL-10, granzyme B, IL-9, and TGFβ (131, 132). Selective ablation 

of IL-10 in Foxp3+ Treg cells revealed that IL-10 production by Treg cells is essential for 

keeping the immune response in check at environmental interfaces such as colon and 

lungs (133). Furthermore, TGFβ produced by Treg cells can suppress Th1 responses 

(134). Several reports identified granzyme B as being highly up-regulated in mouse Treg 

cells. Upon activation, Treg cells can kill either responder T cells or APC in a granzyme 

B–dependent manner in vitro (135, 136).  

 

1.3.4.Myeloid-derived suppressor cells (MDSC): 

MDSC represent a heterogeneous population of immature cells at different stages 

of differentiation including early myeloid progenitors and immature macrophages, 

monocytes, neutrophils and DC (137). Murine MDSC express both the αM integrin 

CD11b and the myeloid lineage differentiation Gr-1 (Ly6G and Ly6C). Two subsets of 

murine MDSC have been identified: CD11b+Ly6Chigh Ly6G‐ mononuclear cells, which 

are termed monocytic MDSC and CD11b+ Ly6Clow Ly6G+ cells, which have multi‐lobed 

nuclei and are termed granulocytic MDSC. In addition to their specific markers, mono-

cytic MDSC express variable levels of classic monocyte markers, such as F4/80 (also 

known as EMR1) and CD115 (also known as M-CSFR) (138, 139). Human MDSC are 

generally defined as cells that express CD11b and the common myeloid marker CD33, 
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but have low or no expression of mature myeloid and lymphoid markers and the MHCII 

molecule HLA-DR (140, 141). In human, MDSC with the phenotype CD33+CD11b+ 

LIN–HLA-DRlow/– have been isolated from the blood of patients with glioblastoma, breast, 

colon, lung or kidney cancer (140-144). The frequency of this immature cell population 

correlates with tumor burden, and increase proportion correlates with a poor prognosis 

and progression in patients with breast or colorectal cancer (145). In addition, the type of 

cancer influences the type and proportion of each MDSC subset. For example, the 

immunosuppressive CD11b+CD14–D15+CD66b+VEGFR1+ granulocytic MDSC were 

detected in patients with renal cancer (74), while CD14+CD11b+HLA-DRlow/– monocytic 

MDSC circulate in the blood of patients with melanoma (146), prostate cancer (147), or 

hepatocellular carcinoma (148) (Table1.1).  
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Table 1.1 Phenotypic characterization of myeloid cell population(149). 

    

Mouse Population  Phenotype 
 Monocytic-MDSC  CD11b+Gr-1midLy6ChiLy6G–CD49d+ 

Granulocytic-MDSC 
 

 CD11b+Gr-1hiLy6ClowLy6G+CD49d– 

M1 macrophages  F4/80+CD11b+Gr-1– 
iNOS+IL-12+CD86+MHC-IIhi 

   M2 macrophages  F4/80+CD11b+Gr-1– 

CD206+Arg1+MHC-IIlowIL-10+IL-4R+ 
Dendritic cells 
 

 CD11c+F4/80–GR1–MHC-II+ 

Monocytes  CD11b+Ly6C+Ly6G–CD11c–CD115+ 

    
Human Population  Phenotype 
 Monocytic-MDSC 

 
 CD33+CD14+HLA-DRlow/– 

Granulocytic-MDSC 
 

 CD15+CD14–CD66b+CD16+ 

LIN–CD11b+ HLA-DR– CD33+ 
 M1 macrophages  

CD14+CD68+ 
   iNOS+IL-12+CD86+HLA-DR+ 
 M2 macrophages   CD14+CD68+ 

CD206+CD163+CD36+ 

HLA-DRlowIL-10+CD124+ 
Dendritic cells 
 

 LIN–HLA-DR+CD209+ 

Monocytes  CD14+HLA-DR+CD15– 

 

In tumor-bearing mice, the granulocytic MDSC subset is the prevalent population 

of MDSC. Granulocytic MDSC suppress antigen-specific CD8+ T cells predominantly by 

producing reactive oxygen species (ROS). Granulocytic MDSC have been reported to 

exhibit less immunosuppressive function than monocytic MDSC on a per cell basis. In 

human studies, the number of monocytic MDSC, but not of granulocytic MDSC, 

correlated directly with suppression of in vitro T cell activation. These cells suppress 
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CD8 T lymphocytes predominantly via expression of the enzymes arginase-1 and 

inducible nitric oxide synthase (iNOS), while granulocytic MDSC mainly suppress T 

cells through expression of arginase-1 and production of ROS (144).  

One of the most challenging problems in the biology of MDSC is their high 

degree of heterogeneity. A number of different combinations of markers have been 

suggested to more specifically identify murine and human MDSC, but none are restricted 

to MDSC (Table 1.1). Moreover, although immature myeloid cells from tumor‐free mice 

lack the immunosuppressive activity of MDSC they express similar levels of these 

proposed markers (139, 150). Therefore, the only reliable identification of these cells is 

based on the analysis of their immunosuppressive function. 

Despite their morphological similarity, granulocytic MDSC and neutrophils are 

functionally and phenotypically different. First, granulocytic MDSC, but not neutrophils, 

are immunosuppressive (151). Second, granulocytic MDSC express higher levels of 

CD115 and CD244 than neutrophils but lower levels of CXC-chemokine receptor 1 

(CXCR1) and CXCR2 (151, 152). Finally, compared with neutrophils, granulocytic 

MDSC are less phagocytic, express higher levels of arginase-1 and have increased ROS 

production and exhibit reduced chemotaxis towards supernatants from human carcinomas 

(151). 

Similarly, although monocytic MDSC and inflammatory monocytes share a 

common phenotype and morphology, these two cell populations are functionally distinct. 

Monocytic MDSC are highly immunosuppressive, as they express, among other factors, 
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high levels of iNOS and arginase-1. By contrast, in monocytes, iNOS and arginase-1 are 

not up-regulated. Furthermore, although iNOS is expressed in M1 macrophages and is a 

marker for their antitumor phenotype, in monocytic MDSC iNOS expression is a marker 

for their suppressive activities (62). Although there are differences in the expression of 

arginase-1 and iNOS among mouse and human myeloid cells, evidence indicates that 

human MDSC can also co-express these enzymes (153). 

The fate of MDSC in tumor bearing hosts is unclear. Early studies have shown 

that if tumor-derived MDSC were cultured in the absence of tumor-derived factors, or the 

transfer of MDSC to tumor-free recipients, it resulted in the generation of mature 

macrophages and DC (154, 155). By contrast, the presence of tumor-derived soluble 

factors or adoptive transfer into tumor-bearing hosts promotes the differentiation of 

MDSC into immunosuppressive macrophages (155, 156). MDSC can also differentiate 

into DC following transfer into tumor-bearing recipients (157), but whether these DC are 

immunosuppressive is not currently known. Additionally, in a hypoxic tumor 

microenvironment MDSC are preferentially differentiated into TAM (155, 156).  

MDSC utilize several mechanisms to influence both innate and adaptive immune 

responses. These mechanisms can be grouped into four classes: 1) deprivation of 

nutrients; 2) induction of oxidative stress; 3) inhibition of lymphocyte trafficking and 

survival and 4) promotion of Treg expansion.  

The first mechanism of action is through depletion of essential nutrients needed 

by lymphocytes specifically, L-arginine depletion through arginase 1-dependent 
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consumption (74) and L-cysteine deprivation via its consumption and sequestration (158). 

The depletion of these amino acids results in the down-regulation of the ζ-chain of the T 

cell receptor (TCR) complex and leads to the proliferative arrest of antigen-activated T 

cells. Additionally, the shortage of L-arginine prevents up-regulation of the expression of 

the cell cycle regulators cyclin D3 and cyclin-dependent kinase 4 (CDK4) leading to 

inhibition of T cell proliferation (154). 

The second mechanism of action is through induction of oxidative stress, which is 

caused by ROS production and reactive nitrogen species by MDSC. Peroxynitrites and 

hydrogen peroxide are produced by the combined and cooperative activities of NADPH 

oxidase, arginase-1 and iNOS in different MDSC subsets. These reactive oxygen or 

nitrogen species drive several molecular blocks in T cells, ranging from the loss of TCR 

ζ-chain expression (159) and interference with IL-2 receptor signaling (160), to the 

nitration and subsequent desensitization of the TCR (149, 154). Additionally, ROS is 

thought to play a role in induction of apoptosis in T cells mainly through decreasing Bcl2 

expression (161). 

The third type of mechanism utilized by MDSC to blunt immune responses is 

interference with lymphocyte trafficking and viability. Expression of ADAM17 

(disintegrin and metalloproteinase domain-containing protein 17) at the plasma 

membrane of MDSC decreases CD62L expression on the surface of naive CD4+ and 

CD8+ T cells, thereby limiting T cell recirculation to lymph nodes (162). Another 

example is the modification of CCL2 by MDSC-derived peroxynitrites, a process that 
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impairs the migration of effector CD8+ T cells to the tumor site (163). Furthermore, 

MDSC express galectin 9, which binds to T cell immunoglobulin and mucin domain-

containing protein 3 (TIM3) on lymphocytes and induces T cell apoptosis (164). MDSC 

also decrease the number and inhibit the function of mouse and human NK cells, mostly 

through interaction with the NK cell receptor NKp30 (165-167). In the lymphoid organs, 

MDSC suppress CD8+ T cells through direct contact which requires antigen presentation 

by MDSC (161, 168). By contrast, in the periphery (169) and at the tumor site (157, 170), 

the activity of MDSC is enhanced by activated T cells, and as a result, MDSC are able to 

suppress nearby T cells in an antigen-nonspecific manner.  

The fourth mechanism of action is the activation and expansion of Treg 

population. There are several reports indicating that MDSC promote the clonal expansion 

of antigen-specific natural Treg cells and also induce the conversion of naive CD4+ T 

cells into induced Treg cells. The mechanisms are not completely understood, but may 

involve cell-to-cell contact (including CD40–CD40L interactions) (171), the production 

of soluble factors (such as IFNγ, IL-10 and TGFβ) (172) and the expression of arginase-1 

by MDSC (173). Additionally, human CD14+HLA-DRlow/– MDSC promote the trans-

differentiation of Th17 cells into Foxp3+ induced Treg cells by producing TGFβ and 

retinoic acid (174). Contrary to these studies, we reported that MDSC isolated from 

tumor-bearing mice not only failed to promote Treg expansion or function, but also 

suppressed their activity leading to down-regulation of Foxp3 expression and 

immunosuppressive function. It was further reported that the mechanism underlying 

MDSC negative effects on Treg was predominately mediated through arginase-1 and 
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ROS production (175).  Different reasons may explain the divergence observed in these 

reports. It is possible that the expansion of both populations is induced by tumor-derived 

factors in vivo. Even though MDSC may induce negative signals hindering Treg 

generation, the immunosuppressive tumor environment may provide other positive 

signals, which may promote Treg differentiation in the context of growing tumors. 

Although MDSC-mediated negative regulation of Treg is controversial and requires 

further investigation, our preliminary data has shown that in the context of progressing 

tumors an increased frequency of MDSC correlated with a decreased frequency of Treg 

(Figure 1.3). 

 

A) 
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B) 

 

 

Figure 1.3. Inverse correlation between MDSC and Treg frequency in the context of 
growing tumors. 

A) The frequency of MDSC (CD11b+Gr-1+) and Treg (CD4+CD25+Foxp3+) during tumor 
progression in mice injected with 1 x 106 4T1 tumors.  B) Tumor-bearing mice were 
treated with Anti-Gr-1 antibody (100 ug; intraperitoneally) on days 5, 7, and 9 post-tumor 
injection. Three days after the last antibody treatment, spleen samples were analyzed for 
the MDSC and Treg frequency using flow cytometry.  

 

 

MDSC regulation of cells in the myeloid lineage such as mature DC and 

macrophages is also reported. Through an IL-10- and cell contact-dependent mechanism, 

MDSC skew macrophages towards an M2 phenotype by decreasing macrophage 

production of IL-12 (176). The down-regulation of IL-12 is exacerbated by the 

macrophages themselves, as macrophages promote the production of IL-10 by MDSC. 

MDSC also impair DC function by producing IL-10, which prevents the production of 

IL-12 by DC and inhibits DC-mediated activation of T cells (177). As MDSC suppressive 
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activity is increased by inflammation (178), it is not surprising that inflammation 

enhances the crosstalk between MDSC, macrophages and DC. 

It is worth noting, that although MDSC have been most commonly studied in the 

context of cancer, they are induced in a number of chronic and acute inflammatory 

conditions, including autoimmune disease, trauma, burns, parasitic infections, and sepsis 

(179). The factors that generate a normal immune response and mobilization of mature 

macrophages, neutrophils, and immature populations to inflammatory sites, also induce 

expansion of MDSC (180). MDSC are recruited from the bone marrow to the tumor site 

and secondary lymphoid organs (i.e. spleen, lymph nodes) via the bloodstream (139, 181). 

In addition, there is evidence that MDSC can also home to and accumulate in the liver 

(182), as well as other sites including the kidneys, bones, and lungs (183). Related to this, 

the expansion, accumulation and function of MDSC are driven by pro‐inflammatory 

factors produced by the tumor, tumor stroma and infiltrating T cells. Cytokines such as 

granulocyte–macrophage colony-stimulating factor (GM-CSF), G-CSF, M-CSF, stem 

cell factor (SCF; also known as KIT ligand), and VEGF promote MDSC expansion and 

blockade of myeloid cell maturation (154).  Tumor-derived soluble factors such as IL-1β, 

IL-6, S100A8 and S100A9 (184, 185), or cytokines released by activated T cells (such as 

IFNγ, IL-4, IL-10 and IL-13) (186), trigger the immunosuppressive pathways controlling 

the commitment of immature myeloid cells to MDSC and then further promote the 

differentiation of MDSC towards immunosuppressive macrophages and DC. Tumor-

derived CCL2, CCL12, CXCL5, S100A8 and S100A9 recruit immature myeloid cells to 

the tumor stroma (187, 188). Immature myeloid cells are also attracted by CCL2 in the 
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tumor environment (163). TGFβ secreted by tumor cells also promote MDSC 

accumulation and neutrophil polarization (189). In addition, both tumor and surrounding 

stromal cells release (into the bloodstream) components known as exosomes. Exosomes 

carry signal peptides, mRNAs, microRNAs and lipids, which further foster MDSC 

expansion (190). 

At the molecular level, tumor-derived soluble factors regulate MDSC through a 

variety of transcription factors (154, 178). The signal transducer and activator of 

transcription 3 (Stat3) plays a central role in this process. Stat3 is up-regulated in MDSC 

populations (191). Stat3 not only prevents apoptosis and promotes cell proliferation by 

up-regulating the anti-apoptotic or pro-proliferative factors (BCL-XL, MYC, cyclin D1 

and surviving) (191), but also induces the expression of key proteins involved in myeloid 

cell differentiation. One such pathway involves the calcium-binding pro-inflammatory 

proteins S100A8 and S100A9 (192). Up-regulation of S100A8 and S100A9 proteins (by 

activated Stat3) in myeloid progenitors blocks DC differentiation and promote the 

accumulation of MDSC (193). S100A8 and S100A9 also enhance the suppressive activity 

of MDSC and recruit MDSC to the tumor site (185). NADPH oxidase is another 

important target of Stat3. Stat3-mediated up-regulation of the NADPH oxidase 

components p47phox and gp91phox increases ROS levels, thereby enhancing the 

suppressive potential of MDSC (194).  
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1.4. Cancer Immunotherapy 

Cancer immunotherapy has emerged as an attractive alternative strategy to 

promote tumor elimination. The objective of cancer immunotherapy is to promote tumor 

elimination through the activation of immune responses. This approach relies on the 

induction of highly specific and long lasting memory immune responses. There are 

multiple cancer immunotherapy approaches either under investigation or already 

approved for treatment of specific cancers. These immunotherapy strategies fall into the 

following categories: antibodies, cytokines, adoptive cell transfer, vaccines, or 

elimination of immunosuppressive cell populations.  

 

1.4.1. Antibodies 

One of the most effective cancer immunotherapies are monoclonal antibodies 

directed against specific tumor surface markers. The development of chimeric or 

humanized antibodies has greatly increased the efficacy of this therapeutic approach 

(195). Some of the most well-known FDA approved antibodies include Herceptin 

(against Her2+ breast cancers), bevacizumab (which targets VGEF-R+ cells, primarily in 

colon cancer), Rituximab (against CD20+ lymphomas), and anti-disialoganglioside 

(against GD2+ neuroblastomas). Antibody therapy promotes tumor cell elimination 

through several mechanisms: 1) binding to specific receptors expressed by tumor cells, 

which negatively affects specific intracellular signaling cascades leading to cell cycle 

arrest or apoptosis; 2) complement dependent cytotoxicity (CDC), an immune process 
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which antibody-antigen complex activates a cascade of proteolytic activities resulting in 

tumor cell lysis (196); 3) antibody dependent cell-mediated cytotoxicity (ADCC): in the 

last case, the Fc domain of the antibodies interacts with Fc receptors on effector immune 

cells, primarily macrophages and NK and to some extent granulocytes, which leads to the 

killing of target tumor cells (197, 198). Our own results have shown that human PBMC 

mediate lymphoma cell killing following incubation of the tumor cells with rituximab 

(Figure 1.4). Interestingly, preliminary data indicated that the non-conventional cytotoxic 

function of DC against lymphoma cell lines can be enhanced by pre-incubation of the 

cells with rituximab (Alizadeh, pilot experiments, unpublished results, Figure 1.5). 
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C) 

 

D) 
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Figure 1.4. ADCC of human CD20+ lymphoma cells.   

A) Flow cytometry analysis of CD20 expression by the indicated human lymphoma cell 
lines. B) Non-toxic concentrations of rituximab were determined (MTT assay). C) 
Sudkh-4 cells were treated or not with rituximab (50 ug/ml) for 3 hours. Cells were then 
washed and incubated with complete medium, with or without PBMCs for 24 hours. 
Flow analysis gated on PKH26-labeled lymphoma cells to determine cell death using TO-
PRO-3 Iodide as a dead cell marker; D) Quantification graph showing percent dead cells.  
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B) 

 

 

Figure 1.5. KDC-mediated ADCC of human CD20+ lymphoma cells.   

A) Sudkh-4 cells were treated or not with rituximab (50 ug/ml) for 3 hours. Cells were 
then washed and incubated with complete medium, with or without KDC for 24 hours. 
Flow analysis gated on PKH26-labeled lymphoma cells to determine cell death using TO-
PRO-3 Iodide as a dead cell marker; B) Quantification graph showing percent dead cells.  
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1.4.2. Cytokines 

Different interleukins (e.g. IL-2, IL-12), interferons (e.g. IFNα, IFNβ), colony 

stimulating factors (e.g. G-CSF, GM-CSF) and other cytokines have all been evaluated 

for their ability to promote anti-tumoral immune responses (199).  For example, IL-2 has 

been the basis for the treatment of advanced kidney cancer and melanoma. Patients 

receiving this treatment obtained a substantial, durable benefit from it, that in some 

patients, translated into cures with no ongoing therapy or chronic toxicity. Administration 

of IFNα for the treatment of melanoma and chronic myelogenous leukemia (CML) 

patients has proven to be effective. IFN-induced activation of tumor-specific cytotoxic T 

cells enhanced the overall response (200). The use of IL-2 in combination with GM-CSF 

as adjuvant therapy has enhanced the response rate of neuroblastoma patients (201). 

 

1.4.3. Adoptive Transfer of T Lymphocytes 

Adoptive cell transfer (ACT) is based on the administration of immune cells into 

the recipient to boost anti-tumor immunity. Specifically, ACT involves expansion and 

activation of autologous tumor-reactive T lymphocytes ex vivo that are then re-infused 

back into the patient (202-204). Early ACT attempts focused on tumor-infiltrating 

lymphocytes (TIL) consisting mainly of CD8+ CTL (205). The first report of ACT in 

1988, using TIL with IL-2, described objective regression in over 40% of patients with 

metastatic melanoma (206). The process has since been refined to include 

lymphodepleting chemotherapy, using agents such as cyclophosphamide and fludarabine 



 56 

or low-dose irradiation before transfer of tumor-reactive T cells (207).  However, one 

limitation of utilizing TIL is the difficulty to produce large amounts of these cells. The 

use of genetically modified lymphocytes with an engineered TCR that recognizes specific 

tumor antigens such as MART-1, gp100, or NY-ESO-1 is also a strategy being explored 

to generate large amounts of autologous, antigen-specific T cells (208, 209). Patients with 

metastatic melanoma refractory to other treatments, 50% experienced an objective 

response to ACT with some experiencing complete responses (210).  Consequently, ACT 

has emerged as one of the most effective approach for the treatment of metastatic 

melanoma (211). ACT has also been associated with durable regressions in renal cell 

carcinoma patients and it holds promise in several other cancer settings (212).  

Another ACT approach is based on the use of tumor-reactive helper CD4+ T cells 

rather than total TIL (213).  Our laboratory has reported on the therapeutic efficacy of 

type 1 T helper lymphocytes (Th1) for the treatment of leukemia/lymphoma in mouse 

models (214). Further analyses of Th1 cells have demonstrated their ability to activate 

DC non-conventional tumoricidal activity through an IFNγ dependent mechanism (215).  
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1.4.4. Vaccines 

 A plethora of cancer vaccines have been evaluated over the last decades and 

include: 1) DNA vaccines encode tumor-specific antigens which once expressed in the 

immunized hosts can be taken up and processed by APCs and presented on MHC I and II 

to both CD4+ and CD8+ T cells. Different strategies have been considered: the DNA 

vaccine(s) may encode the full-length protein or single or multiple epitopes of an 

identified tumor-specific antigens. 2) Peptide/protein vaccines. A protein (or short 

peptide sequences) specifically expressed by tumor cells are administered and captured 

by APC, eventually leading to presentation onto MHC Class I or II molecules to T cells. 

3) Whole tumor cells or tumor lysate vaccines, which delivers many tumor-associated 

antigens simultaneously resulting in a polyclonal immune response. This technique is 

often advantageous over peptide or individual protein vaccines as there is no MHC 

restriction and multiple tumor antigens may be targeted at once, initiating a polyclonal 

immune response and decreasing chances of cancer cells evading the immune system 

through the down-regulation of one antigen targeted by the immune system. This 

approach also avoids the identification of tumor-specific antigens. 4) DC vaccine; many 

techniques for loading DC with cancer antigens have been evaluated. DC can be pulsed 

with tumor lysate, tumor protein or peptide, apoptotic or necrotic tumor cells or tumor 

cell components. However, the type of cancer cell death that best stimulates efficient 

anti-cancer immune responses is still being discussed (216). Our laboratory has 

developed a tumor vaccine utilizing chaperone-rich cell lysate (CRCL). Chaperone 

proteins carry a broad repertoire of antigenic peptides, which offers better advantage over 
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individual peptide vaccines. Several chaperone proteins such as heat shock proteins 

(HSP) or calreticulin have been shown to efficiently induce DC activity (52). We have 

obtained results indicating that the combination of CRCL with T helper 17 lymphocytes 

promote survival of mice bearing metastatic melanoma (Alizadeh, unpublished data, see 

chapter 2, page 83). 

 

1.5. Effectiveness and limitations of the immune system against cancer 

Although compelling evidence has provided that the immune system is endowed 

with the ability to eliminate cancer cells, it is also able to promote the generation of 

tumor cell variants of enhanced tumorigenicity capable of escaping immune destruction. 

These immune escape variants have developed various mechanisms to suppress or 

subvert anti-tumoral immune cells to their benefit. It thus appears clear that any 

immunotherapy intervention is unlikely to be efficient in a heavily immunosuppressive 

environment in vivo. Therefore, it is imperative that any immunotherapeutic approaches 

for cancer are designed not only to foster anti-tumoral effector immune cells but also to 

concomitantly impair the major mechanisms of tumor-induced immunosuppression.  

This dissertation focuses predominately on combination strategies associated with 

conventional chemotherapeutic drugs with immunomodulatory activities and 

immunotherapeutic strategies. Therefore, the next two chapters will provide an overview 

of the concept of chemo-immunomodulation and background information on T helper 

lymphocytes specifically Th17 as a candidate for immunotherapy approach. 
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2. CHAPTER 2- T HELPER LYMPHOCYTES: Th17 AND ASSOCIATED 

CYTOKINES IN CANCER 
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2.1. Abstract 

While the role of T helper 17 lymphocytes (Th17) in the pathogenesis of 

autoimmune diseases and in infectious immunity has been relatively well-defined, the 

impact of these cells and their associated cytokines on cancer development is still under 

debate.  Although multiple reports have indicated that Th17 can promote anti-cancer 

immunity, others have argued that Th17 may exhibit tumor-promoting properties. This 

dichotomy in the function of Th17 lymphocytes in cancer may be related to the versatile 

nature of these cells, capable of differentiating into either pro-inflammatory Th1 or 

suppressive FoxP3-expressing Treg cells or hybrid T cell subsets depending on the 

underlying environmental conditions. In the current review, we examine the role of Th17 

and Th17-associated cytokines in cancer and discuss how factors that control their final 

lineage commitment decision may influence the balance between their tumor-promoting 

versus tumor-suppressing properties. 
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2.2. Introduction:  

CD4+ T helper (Th) lymphocytes are essential for the regulation of immune 

responses as they are endowed with the ability to modulate the function of CD8+ 

cytotoxic T lymphocytes (CTLs) (217, 218), B cells (219), NK cells (220), macrophages 

and dendritic cells (69, 221). Following triggering of their T cell receptor (TCR) and in 

the presence of appropriate co-stimulatory signals and specific cytokines, naïve CD4+ T 

lymphocytes differentiate into various effector or regulatory cells characterized by 

distinct functions and specific cytokine production profiles. For many years, it was 

believed that the expression of two mutually exclusive differentiation programs led to the 

polarization of naïve CD4+ T cells towards either Th1 or Th2 lymphocytes (222, 223). 

Terminally differentiated Th1 cells are characterized by the expression of the 

transcription factor Tbet and the production of IFNγ (224). Th1 activate CTLs, 

macrophages and are required for the elimination of intracellular pathogens (222, 225). 

Th1 cell lineage commitment is primarily triggered by IFNγ and IL-12 (226, 227). Th2 

lymphocytes, defined by transcription factor GATA3 expression and the secretion of IL-4, 

IL-5, IL-10 and IL-13, play an essential role in B cell-mediated humoral responses 

against extracellular pathogens and can inhibit Th1-dependent cellular immunity (228-

230). More recently, several subsets of CD4+ T cells exhibiting immunosuppressive 

activity have been described (extensively reviewed in (104, 106, 231-234)). These so-

called “regulatory” T lymphocytes (Tregs) may be generated during T cell development 

in the thymus (naturally occurring Treg) or may be induced in the periphery from naïve 

CD4+T cells (induced/adaptive iTreg) (94, 235-238). Treg generation essentially depends 
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on transforming growth factor β (TGFβ), together with TCR, co-stimulatory signals and 

IL-2 (239-241). Extensive studies have demonstrated that the forkhead/winged helix 

transcription factor FoxP3 is fundamental for the development and function of Treg and 

remains one of the most specific molecular markers for these cells (234, 236). Treg 

efficiently suppress effector T lymphocytes and may inhibit the function of B, NK, 

dendritic cells or macrophages through different mechanisms (235). They are therefore 

essential components of the regulatory networks controlling autoimmunity, infection or 

cancer (242, 243).  

In recent years, T helper 17 lymphocytes (Th17) have emerged as a new distinct 

effector CD4+ T helper cell subset, prompting revision of the Th1/Th2 paradigm. Th17 

produce large quantities of IL-17 and exhibit effector functions distinct from Th1 and 

Th2 lymphocytes. They play an important role in the clearance of pathogens that are not 

adequately handled by Th1 or Th2 lymphocytes. Th17 are potent inducers of tissue 

inflammation and have been identified as major contributors to the pathogenesis of 

multiple autoimmune conditions in animals and humans (244-246). However, the role of 

Th17 in cancer is still being intensively discussed, with conflicting reports related to the 

pro- versus anti-tumoral effects of these cells. This discordance may be explained by 

different cytokine signature profiles inherent in the high degree of plasticity of these cells. 

We provide an overview on the requirements for Th17 development and the direct or 

indirect impact of Th17 and the cytokines they produce on anti-tumor responses.  
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2.3. T helper 1 and 17 lymphocytes: cytokine signature and differentiation 

profile(s) 

 

2.3.1. Th17 differentiation 

Th17 cells are defined as CD4+ T lymphocytes secreting substantial amounts of 

interleukin 17A (IL-17A) and expressing the transcription factor retinoic acid receptor-

related orphan receptor gamma t (RORγt), which seems to act as a molecular determinant 

for their polarization (247, 248). In addition, Th17 produce IL-21 and IL-22 (249) and, 

depending on the differentiation/environmental conditions, secrete variable amounts of 

TNFα, IFNγ and/or GM-CSF (244, 250-253). Th17 foster B lymphocyte-mediated 

immunity (219), contribute to the migration and activation of macrophages (254), 

neutrophils (255) and regulate the activation and expansion of CD8+ T cells (253, 256). 

Th17 can be generated in vitro from naïve CD4+ T lymphocytes using specific 

cytokines. In mice, the combination of TGFβ, IL-6 and IL-23, in presence of TCR and 

CD28 signals (antigen presenting cells, plate-bound anti-CD3 plus anti-CD28 or anti-

CD3/anti-CD28 coated microbeads) is required and sufficient to drive the differentiation 

of naïve CD4+CD25- T cells into Th17 (Figure 2.1) (257). Studies have indicated that IL-

6, by inhibiting TGFβ-driven induction of FoxP3, impairs Treg differentiation, leading to 

IL-17-producing RORγt+ lymphocyte generation. However, other reports have also 

shown that in IL-6−/− mice, Treg depletion increases the susceptibility of the animals to 

experimental autoimmune encephalomyelitis (EAE) as a result of enhanced pathogenic 

Th17 responses (251, 258). These last observations suggest that Th17 lymphocytes can 



 64 

be generated in absence of IL-6. IL-21 was further identified as an alternative pro-

inflammatory cytokine capable of suppressing TGFβ-mediated induction of FoxP3 

expression in the absence of IL-6 (251, 259). IL-21, produced in large amounts by Th17, 

promotes an autocrine amplification feed-back loop enhancing Th17 generation 

especially in the absence of IL-6 (260). The IL-23 receptor (IL-23R) is composed of 

IL23R and IL-12Rβ2 (261). Naïve CD4+ T lymphocytes express very low levels of IL-

23R. Conversely, Th17 are characterized by the expression of the IL-23R.  It is therefore 

not surprising that although IL-23 is not required for the initial Th17 lineage commitment, 

this cytokine fosters Th17 expansion and survival and contributes to their stabilization 

and pro-inflammatory properties (262). Indeed, in animals lacking IL-23 (IL-23p19-

deficient mice), the number of Th17 is substantially decreased compared to their wild-

type counterparts (263, 264). In addition IL-23 appears essential for the pathogenic 

properties of Th17 as demonstrated in collagen-induced arthritis (CIA) and EAE models 

(263, 265). IL-23 is also essential for the generation of Th17 in prolonged in vitro 

cultures (262). The pro-inflammatory cytokine IL-1β has also been reported as another 

important factor in the polarization of Th17 cells in pro-inflammatory environments.  IL-

1β induces interferon regulatory factor 4 (IRF4), which is a critical regulator of the IL-21 

autocrine signaling loop (266, 267).  

In humans, the conditions that would drive optimal Th17 differentiation remain 

unclear. Several reports have indicated that TGFβ may not be necessary for the 

generation of these cells (268-270) while other studies have argued for a critical role of 

this cytokine in Th17 differentiation (259, 271, 272). A study by Yang et al. indicated 
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that the combination of TGFβ with IL-21 but not IL-6 was effective in inducing Th17 

differentiation (259). Other reports have suggested that IL-1β alone or in combination 

with TGFβ is also required for human Th17 production (273). Similar to the observations 

made in mice, the addition of IL-23 supports Th17 proliferation and stabilization (274). 

 

2.3.2. Th17 plasticity 

Th1 and Th2 cells are relatively stable and terminally differentiated subsets: they 

essentially do not trans-differentiate into other specialized CD4+ T helper cell lineages.  

On the other hand, one of the most striking characteristics of Th17 is their high degree of 

plasticity and their remarkable ability to give rise to other populations of either pro-

inflammatory effector cells such as Th1 (275) or immunosuppressive FoxP3+ Treg (276). 

Interestingly, Th17 may themselves originate from FoxP3+ Treg cells that have 

undergone so-called “reprogramming” in specific environmental conditions (277). 

Intermediary cell subpopulations expressing both FoxP3 and RORγt and demonstrating 

immunosuppressive activity have been identified (278). 

TGFβ appears as a master regulator of the balance between Th17 and suppressive 

Treg differentiation. The role of TGFβ in Th17 polarization has however been questioned. 

Although some studies have indicated that TGFβ is required for the production of IL-17 

by Th17 cells (272), others have reported that TGFβ may not be essential for the 

induction of Th17 (270). Additional reports have indicated that the generation of Th17 

and the development of Th17-mediated EAE are impaired in transgenic animals with T 
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lymphocytes deficient in functional TGFβ receptor (279) or when TGFβ expression is 

ablated in T cells (134). TGFβ alone induces the expression of FoxP3 and RORγt (280). 

However, in the presence of IL-6, IL-21 or IL-23, FoxP3 expression is inhibited while 

RORγt expression is induced, resulting in Th17 generation instead of Treg. While it has 

been established that TGFβ is required for the initial production of IL-17 and for the 

induction of IL-23R expression (259, 269, 272) high concentration of TGFβ conversely 

impairs the expression of IL-23R (280). Therefore, the outcome of the balance between 

Treg versus Th17 generation is likely dictated by the strength of the signals provided by 

TGFβ and thus depends, at least partially, on the concentration of this cytokine in the 

environment of the differentiating cells. Large amounts of TGFβ primarily promotes the 

development of cells endowed with immunosuppressive activity (possibly even in the 

presence of low doses of IL-6 or IL-21), while intermediary or low concentration of 

TGFβ in combination with the pro-inflammatory cytokines IL-6 or IL-21 drive primarily 

the differentiation of naïve CD4+ T cells into Th17 (Figure 1). This scenario may explain 

the observed Th17-Treg plasticity. Recent reports have also indicated that in specific 

conditions, fully differentiated FoxP3+ Treg may undergo “reprogramming” into effector 

helper T cells. These reprogrammed Treg are not immunosuppressive, produce 

proinflammatory cytokines (among which IL-2, TNFα, or IL-17) and may play an 

important role in anti-tumoral CD8+ T cell activation (281). Importantly, it has been 

shown that reprogrammed Treg may lose or maintain FoxP3 expression (281, 282). 

Additionnal studies have reported that, in presence of IL-2 and IL-1β, human Th17 may 

be preferentially differentiated from naïve FoxP3+CD25-CD4+ Treg rather than from 
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naïve FoxP3-CD25-CD4+ T cells (283, 284).  In these studies, Th17 differentiation was 

enhanced by IL-23 and TGFβ (284). 

Th17 may also re-differentiate into Th1 lymphocytes. Indeed, IL-17-producing 

CD4+ T lymphocytes expressing the Th1 lineage-specific transcription factor Tbet and 

producing IFNγ have been described (Figure 1) (285). Tbet+ Th17 cells have been 

identified in patients with multiple sclerosis (250) and IFNγ- producing human Th17 cells 

have been described (269). These intermediary Th17/Th1 lymphocytes have been 

reported as pathogenic (244, 286) and as outlined in section 3 can exhibit anti-tumoral 

activity (253, 285). Initially, the recognition that IL-23 and IL-12 shared the common IL-

12p40 (IL-12β) subunit and the observation that IL-23 induced not only IL-17 but low 

amounts of IFNγ led to the speculation that Th17 cells developed as a distal branch of the 

Th1 lineage. However, a recent study reported that Th17 precursors may produce IFNγ, 

independently of IL-23 and IL-12 signaling. These Th17 precursors are also capable of 

responding to IL-23 and IL-12 and, in the absence or in presence of low concentrations of 

TGFβ, can differentiate into cells characterized by enhanced production of IFNγ and 

minimal IL-17A and IL-17F secretion (287). These studies confirmed that Th17 

lymphocytes belong to a distinct cell lineage susceptible however to reprogramming into 

Th1 cells. This observed stability or plasticity of Th subsets seems controlled by 

epigenetic modifications regulating the expression of key transcription factors and 

cytokines specific for a dedicated Th lymphocyte lineage.   
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Thus, Th17 lymphocytes represent a highly heterogeneous cell population with a 

remarkable flexibility in their ability to differentiate into immunosuppressive pro-tumoral 

Treg or effector pro-inflammatory Th1 depending on the environmental conditions.  

Since Treg are known to suppress anti-tumor immune responses and promote cancer 

development while Th1 enhance anti-tumoral immunity, it is therefore not surprising that 

Th17 have been reported to exhibit both pro- and anti-tumor activities. 

 

Figure 2.1. Schematic representation of T helper lymphocytes polarization under 
the influence of various cytokines.  

Naïve CD4+ T helper lymphocytes upon activation and in the presence of specific 
cytokines differentiate into Th1, Th2, Th17 and Treg. Plasticity of Th17 and Treg enables 
them to polarize into a Th17/Treg population. Th17 cells also can acquire Th1 phenotype 
and form a Th17/Th1 subset. The balance of cytokines and the activation of distinct 
signaling cascades and transcription factors determine the degree of polarization. 
Th17/Treg and Th17/Th1 “hybrids” are known to share phenotypes from both lineages.   
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2.4. IL-17-producing cells, Th17-associated cytokines and Th17 lymphocytes in 

cancer 

 

2.4.1. IL-17-producing cells, IL-17 and major Th17 associated cytokines and 

IL-17-producing cells 

IL-17A belongs to the IL-17 family, composed of 6 members (IL-17A-F) (288). 

Although IL-17A and IL-17F are the signature cytokines defining CD4+ Th17 cells, it 

should be noted that IL-17 is also produced by γδT cells (289), natural killer (NK) T cells 

(290), CD8 T cells (291), macrophages (292), neutrophils and eosinophils (293). The role 

of IL-17 expressing non-CD4+ T cells in cancer has been examined in several studies 

(292, 294, 295). For instance, the adoptive transfer of in vitro generated CD8+ T cells 

producing IL-17 (Tc17) in mice promoted anti-tumor immunity against B16 melanoma 

by fostering the recruitment of other inflammatory anti-tumoral cells such as CTL, Th1, 

neutrophils or macrophages (296, 297). In another report, mast cells accumulating in a 

murine hepatocellular carcinoma fostered the recruitment of myeloid-derived suppressor 

cells (MDSC) and induced IL-17 production by these MDSC.  In turn, IL-17 secreted by 

MDSC attracted Treg to the tumor site and enhance their suppressive function therefore 

promoting tumor growth (295). Additionally, tumor associated macrophages expressing 

IL-17 were detected in human breast cancer tissues and their presence was directly 

associated to the degree of invasiveness of the tumor (292). Whether these IL-17-

producing non-Th17 cells may mediate pro- versus anti-tumoral effects does not solely 

depend on IL-17 as they produce variable amounts of a plethora of other cytokines with 
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different activities. The above mentioned reports however underline the importance of 

distinguishing Th17 from IL-17 producing cells in general, as IL-17 targeting does not 

solely affect the role and function of Th17.   

 

2.4.2. IL-17 

IL-17A and IL-17F have been involved in pro-inflammatory cytokine and 

chemokine release by neutrophils, leading to tissue inflammation (293, 298). The specific 

role of this cytokine in the development of malignancies remains elusive. Multiple 

reports have provided evidence that IL-17 promotes angiogenesis (299-301) and tumor 

development (300, 302, 303). However, results from IL-17 deletion or ectopic expression 

remain conflicting. Several studies using IL17-/- mice have demonstrated that the absence 

of IL-17 may promote tumor progression in mouse B16 melanoma (253) and MC38 

colon carcinoma models (304). The growth and propensity to give rise to lung metastases 

of MC38 tumors is augmented in IL-17-deficient mice, which is associated with 

decreased IFNγ+ NK and IFNγ+ tumor-specific T cells in the tumor draining lymph nodes 

and at the tumor sites (304). IL-17-/- mice bearing B16 melanoma also exhibit increased 

lung metastases associated with reduced numbers of CD4+, CD8+ T cells, granulocytes, 

and CD11c+CD11b+ and CD11c+CD8a+ DCs at the tumor sites. Additionally, the 

activation status of CD4+ T lymphocytes isolated from lung metastases was reduced 

(253). Conversely, other studies performed with both B16 melanoma and MB49 bladder 

cancer models have argued that IL-17 deficiency resulted in reduced tumor burden (303). 

A recent study has demonstrated that the growth of various tumors (EL4 lymphoma, 
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Tramp-C2 prostate cancer and B16-F10 melanoma) is significantly impaired in IL-17R-/- 

mice compared to their wild-type counterparts. In this study, IL-17R deficiency resulted 

in an increase in intra-tumoral CD8+ T cells and reduced MDSC numbers in the tumor 

microenvironment. Interestingly, systemic pre-treatment of animals with murine IL-17A 

exacerbated tumor growth (302).   

Several human studies have highlighted the correlation between the level of IL-17 

and poor prognosis in cancer patients (305, 306). Increased numbers of IL-17-producing 

cells directly correlated to microvessel density in tumors and overall poor survival in 

hepatocellular carcinoma patients (305), as well as in non-small cell lung cancer patients 

(306). Consistent with these results, another study showed an increase in the level of IL-

17 (most of which being secreted by CD4+ T cells) in melanoma, breast and colon cancer 

patients. Further characterization revealed that these tumor-derived IL-17 expressing cells 

were not immunosuppressive, but promoted tumor growth in an in vitro culture system 

(307). Additionally, in colorectal carcinoma patients, a significantly higher frequency of 

IL-17-producing CD4+ and CD68+ cells were detected within the tumors when compared 

to the normal tissues. High expression of IL-17 was associated with increased 

microvessel density (299). 

The angiogenic property of IL-17 has been an additional subject of debate. Indeed, 

several studies have linked IL-17 production to the induction of pro-angiogenic factors 

(299, 300, 303). An early study conducted by Numasaki et al. demonstrated that the 

retroviral transduction of the IL-17 gene in cancer cells (MCA205 fibrosarcoma and 

MC38 colon adenocarcinoma) resulted in enhanced tumor growth in vivo while it had no 
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effect on tumor cell proliferation in vitro. Tumors transduced with IL-17 exhibited 

significantly higher vascular density when compared to controls. IL-17 also enhanced the 

formation of vascular endothelial cells. Together these results indicate that IL-17 can 

participate in neo-angiogenesis (300). Nonetheless, it is important to underline that while 

it can directly act as an angiogenic factor, IL-17 in combination with IFNγ increases the 

secretion of potent anti-angiogenic factors such as CXCL9 and CXCL10 by cancer cells. 

The levels of CXCL9 and CXCL10 were associated with tumor-infiltrating effector T 

cells and improved outcomes in patients with ovarian cancer (249).   

 

2.4.3. IL-21, IL-22, TNFα  and IFNγ  

As outlined, the cytokine secretion profile of Th17 cells is variable in nature and 

amount. We will therefore focus on the key factors produced by Th17 lymphocytes, 

which may influence anti-tumor immunity.  

As mentioned in the previous section, IL-21 is involved in the generation of Th17 

lymphocytes, but is also produced by these cells. IL-6 induces IL-21 production in a 

STAT3-dependent and RORγ-independent manner. IL-17 and IL-21 production is 

impaired in vivo in IL-6 deficient mice (260). IL-21 can synergize with IL-12 to enhance 

the cytotoxicity of peripheral blood mononuclear cells (PBMC) in patients with cervical 

intraepithelial neoplasia III and cervical cancer. In this study, the PBMC incubated with 

IL-21 and IL-12 effectively induced apoptosis of SiHa tumor cells (308).  Additionally a 

report by Sondergaard et al. demonstrated that the administration of IL-21 significantly 

hindered the growth of established subcutaneous B16 melanomas or Renca renal cell 
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carcinomas. The anti-tumoral effect of IL-21 was mediated in this case by CD8+ T 

lymphocytes (309). 

IL-22 belongs to the IL-10 family and has often been reported as a cytokine 

produced by Th17 lymphocytes (310, 311). In humans, IL-22 was initially characterized 

as a Th1 cytokine (312).  It was also reported that IL-22 could be secreted by CD4+ T 

cells in the absence of IL-17 production (313). The possibility for the existence of a 

dedicated IL-22 secreting CD4+ T cell lineage (Th22) has been raised and whether “Th22” 

may belong to the Th17 family is currently being discussed (313-316). Actually, it 

appears that naïve CD4+ T lymphocytes in the presence of IL-6 but in the absence of 

exogenous TGFβ express high levels of IL-22 but minimal amount of IL-17 while IL-6 in 

combination with TGFβ triggers the polarization of “conventional” Th17 lymphocytes 

expressing large amounts of IL-17 but minimal levels of IL-22 (317). These IL-22 

secreting cells have been described for their protective function against infections (318). 

However, the presence of IL-22-producing CD4+ T cells has been correlated with poor 

survival in patients with gastric cancer (319). IL-22 by itself has been described for both 

its pro- and anti-tumoral effects (314, 315, 320-322). 

GM-CSF (granulocyte macrophage-colony stimulating factor) is endowed with 

anti-tumoral properties (323, 324). It has been documented that GM-CSF is produced by 

highly pathogenic and pro-inflammatory Th17 cells in the setting of autoimmune diseases 

(325, 326). GM-CSF production was dependent on the activity of the IL-12-IL-23 

receptor complex and RORγt. Conversely, IFNγ, IL-12 and IL-27, known to inhibit 

RORγt expression, impeded GM-CSF secretion (325). 
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Th17 or hybrid Th17/Th1 lymphocytes can produce TNFα and IFNγ (250, 269) 

Human tumor-infiltrating Th17 cells have been reported to produce high levels of TNFα 

and IFNγ (249). These two cytokines are endowed with direct cytotoxic or cytostatic 

effects against tumor cells, but are also involved in the activation of innate and adaptive 

immune cells, thus promoting anti-cancer immunity. Although TNFα is not essential for 

Th17 generation, it synergizes with IL-6 and IL-1β to amplify Th17 responses (279). A 

significant positive correlation between the expression of genes involved in the TNFα 

signaling and those involved in Th17 pathways in patients with ovarian cancer was 

reported (254). IFNγ is the hallmark of Th1 lymphocytes while Th17 cells generated in 

vitro typically produce minimal amounts of IFNγ. However, Th17 generated in vivo, 

especially during the development of autoimmune diseases, or adoptively transferred IL-

17+ Th17 cells can evolve towards IL-17+ IFNγ+ cells (248, 252, 327). It should however 

be emphasized that conclusions drawn from the studies focusing on the effects of IL-17 

should not be confused with those of Th17 cells since, as outlined above, several other 

non-CD4+ T cell populations can produce this cytokine. Similar considerations hold true 

for other Th17-related cytokines such as IL-21, IL-22, GM-CSF, TNFα or IFNγ. 

 

2.5. Th17 in cancer: foes or allies? 

As previously outlined, the role of Th17 in cancer is still highly controversial. An 

important distinction should be made between “endogenous” Th17 present in cancer 

patients or mouse tumor models, which develop under the pressure of the complex tumor 
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environment, and the adoptively transferred Th17 generated in vitro under well-defined 

cytokine conditions.  

Th17 have been detected in patients with different types of malignancies, such as 

ovarian, pancreatic or gastric cancers, but the role of these cells in disease progression 

and their prognosis value has been controversial (249, 328, 329). Whether Th17 are 

induced de novo from naïve CD4+ T cells, or recruited at the tumor site or originate from 

“reprogrammed Treg” (see previous section and below) remains to be elucidated. In a 

report evaluating the nature of tumor-associated Th17 in ovarian cancer patients, it was 

demonstrated that the percentage of these cells correlated with the number of IFNγ+ CD4+ 

T cells, IL-17+ IFNγ+, IFNγ+ CD8+ T cells as well as NK cells and inversely correlated 

with the frequency of immunosuppressive Treg cells (249). In another report focusing on 

prostate cancer patients, highly differentiated Th17 cells correlated with slower disease 

progression (330), which was contradicted by results from others obtained in hormone 

resistant prostate cancer patients (331). In additional studies, an association between 

increased numbers of tumor-associated Th17 and survival was observed (249, 332). 

Similarly in tumor-bearing mice, a significant increase in Th17 numbers in the tumor 

tissues has been reported (254, 333-335). The physiological significance of this increase 

has been disputed. In an ovarian cancer model, TNFα-mediated induction of IL-17 

producing CD4+ cells led to the recruitment of myeloid cells into the tumor 

microenvironment and resulted in enhanced tumor growth (254). In contrast, induced 

production of IL-6 in the tumor microenvironment, as a result of either indoleamine 2,3-

dioxygenase (IDO) inhibition or of the transduction of tumor cells with the IL-6 gene, led 
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to the conversion of Treg to Th17 cells, and regression of mouse B16 melanoma (335) or 

PanO2 pancreatic tumors (333), respectively. 

Multiple studies have investigated the impact of in vitro generated Th17 on tumor 

growth following adoptive transfer, with variable outcomes. Initial studies by Muranski 

et al. have evaluated the effects of Th17 generated from CD4+ T cells isolated from TCR 

transgenic mice specific for the TRP-1 melanoma epitope. Administration of these Th17 

lymphocytes led to the eradication of established B16 melanoma. The therapeutic effects 

of these cells were however substantially mediated by IFNγ (334). In line with these 

results, subsequent studies indicated that adoptive transfer of in vitro generated Th17 

impaired tumor development by eliciting robust tumor-specific CD8+ T cell responses. 

Th17 cell therapy promoted the homing of dendritic cells to the tumor site and the 

draining lymph nodes (253). Supporting the anti-tumoral role of in vitro polarized Th17, 

in a more recent study Muranski et al. demonstrated that adoptive Th17 cell therapy has 

the potential to eliminate established tumors. The anti-tumoral efficacy of these Th17 

lymphocytes was dependent on their ability to produce both IFNγ and IL-17. Interestingly, 

the administered Th17 differentiated into cells, which exhibited a stem cell-like 

phenotype and Th1 properties (Tbet, IFNγ expression) but retained their ability to 

produce IL-17. Importantly, the therapeutic efficacy of Th17 lymphocytes generated from 

Tbet-/- or IFNγ-/- or IL17-/- mice was severely impaired (285). In agreement with these 

reports, our own results have suggested that the adoptive transfer of Th17 efficiently 

combined with chemotherapy to treat established murine mammary carcinoma (Alizadeh 

D et al, unpublished data). In one study, the possibility that in vitro generated Th17 cells 
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may exhibit immunosuppressive function and promote tumor progression through the 

expression of endonucleotidases has been proposed (336). 

It should however be emphasized that in the majority of these studies, the 

generated populations of CD4+ T cells were heterogeneous in nature and were not a pure 

subset of Th17 lymphocytes, advocating for a cautious interpretation of the above results. 

 

2.6. Conclusion: manipulating the differentiation status of Th17 for cancer 

therapy 

Although the role of Th17 in autoimmune diseases and infection has been 

relatively well-documented, the impact of Th17 in cancer remains difficult to ascertain. 

The plasticity of the developmental program of these cells confers them with the ability 

to re-differentiate into suppressive Treg hindering anti-tumor immunity or alternatively 

into pro-inflammatory T helper cells such as Th1-like lymphocytes capable of activating 

tumor killer effector immune cells. This lack of clear lineage commitment explains the 

propensity of Th17 cells to be influenced in many different ways by the complex tumor 

microenvironment. The direction of Th17 eventual polarization is likely dictated by the 

concentration and ratio of cytokines and chemokines present in the tumor milieu, and by 

the presence and influence of other tumor-infiltrating immune cells. Since the tumor 

environment depends on the type, location and stage of cancer, it is to be expected that 

Th17 function may vary according to these conditions. The degree of plasticity of these 

cells and their unpredictable behavior in vivo makes the prospect of Th17-based cancer 

immunotherapy highly challenging. The recent discovery of the stem cell-like properties 
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of Th17, which enables them to self-renew with the capacity to differentiate into Th1-like 

or Treg progeny, could have significant implications on the outcome of Th17-based 

therapy. However, although IFNγ-expressing Th17 lymphocytes mediate potent anti-

tumor effects both in human and animals, it will conceivably be challenging to 

consistently and reproducibly redirect Th17 differentiation towards IFNγ-expressing Th1-

like cells following adoptive transfer in vivo. Further studies are therefore required to 

more clearly understand the driving forces sustaining Th17 polarization into potent anti-

tumor effector cells. 

 

2.7. Unveiling the anti-tumoral activity of Th17 lymphocytes 

As mention above the role of Th17 in cancer is still highly controversial. This is 

partially due to their highly plastic nature. It is not unusual that Th17 developed under the 

influence of different complex tumor environment would exhibit a broad range of 

phenotypic characteristics in different systems. Nevertheless, ex vivo generated Th17 

cells have also been reported to have anti- or pro-tumoral role. This is due to variations 

among the different protocol used for generating these cells as well as the influence of the 

tumor microenvironment they are adoptively transferred into. In order to qualify Th17 

cells as a candidate for the immunotherapy arm of our study, we first wanted to 

investigate and confirm their anti-tumor activity.  Th17 cells from OT-II mice were 

generated from naïve T cells ex vivo following a 6-day protocol with the required 

cytokines and growth factors (Figure 2.2). Th17 cells were characterized for the key 

cytokine and transcription factors (Figure 2.4, 2.5). CRCL vaccine was generated from 
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B16-OVA bearing mice as described in chapter 1 (pages 56-57).  Mice were injected with 

5 x 105 B16-OVA cells intravenously. As shown in figure 2.6, Th17 cells alone treatment 

showed some level of efficacy; however, their anti-tumoral function was enhanced as an 

adjuvant therapy with the CRCL vaccine.  

 

 

 

Figure 2.2. Schematic of the in vitro generation of Th17 cells.  

Naïve CD4+CD25-CD62L+ T cells were isolated and cultured in the presence of anti-CD3 
and anti-CD28 coated activation beads. For Th17 polarization, IL-6 (40 ng/ml) and TGF-
β (1ng/ml), anti-IFN-γ (5 µg/ml) and anti-IL-4 Ab (5 µg/ml) were added to the culture. 
After 72 hours, cells were cultured in fresh medium containing 40 ng/ml IL-23 for an 
additional 3 days. The differentiation process was monitored daily by microscopy.  
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A) 

 

 

 

B) 

 

 

Figure 2.3. Development of CRCL vaccine.  

A) Schematic of the procedures for the generation of CRCL. Tumor cells (melanoma; 
B16-OVA) grown in vivo were harvested and homogenized. Homogenate cells were 
centrifuged to obtain the supernatant. Samples were fractionated using an isoelectric 
focusing technique (FS-IEF). B) Fractions containing the key chaperone proteins were 
identified with Western blot analysis.  
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Figure 2.4. Detection of key lineage-specific transcription factors at RNA and 
protein level.  

RORγt, FoxP3, GATA3 and Tbet A) mRNA expression and B) protein level was 
determined by RT-PCR and flow cytometry, respectively. Th0, Th1, Th2 and Treg, were 
used as positive controls for Tbet, GATA3 and FoxP3 detection, respectively. Data are 
represented as mean ± SEM of 3 different experiments. (***, p<0.001) 
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A) 

 
 
 
B) 

 
 

Figure 2.5. Detection of key cytokines in Th1 and Th17 lymphocytes.  

A) IFNγ and B) TNFα were analyzed by flow cytometry of Th1 or Th17 
lymphocytes generated in vitro.  Cells were stimulated or not with leukocyte 
stimulating cocktail for 4 hours. Cells were stained for CD4 and IFNγ or TNFα.  

 

CD4+ 

IF
N
!+

 

Unstimulated Stimulated 

Th1 

Th17 

CD4+ TN
F!

+ 

Unstimulated Stimulated 

Th1 

Th17 



 84 

A) 

 

 
 

 
B) 

 
 

 
 
 
 
 
Figure 2.6. Effect of Th17 lymphocytes combined with a tumor-derived CRCL 
vaccine on the survival of mice with experimental metastatic melanoma (B16-OVA).  
 
A) Six-week-old C57BL/6 mice (n=6) were injected intravenously (i.v.) with 0.5×106 
B16/F10 melanoma cells expressing ovalbumin as a model antigen (B16-OVA). Mice 
were then injected with PBS (Control), or B16-OVA-derived CRCL (25µg/injection) or 
2×106 Th17 lymphocytes generated from OT-II mice, or CRCL plus Th17 on day 3, 5, 7, 
and 9 post-tumor injection. CRCL was given footpad (f.p.) and i.v on days 3,5,7, and 9. 
Th17 were administered f.p. and i.v. on day 5 and 9. B) Kaplan–Meier analysis 
demonstrates improved survival of mice treated with Th17 lymphocytes plus CRCL. (**, 
p<0.01; *, p<0.05; each group was compared to the control) 
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Based on the data presented in this section, we conclude that Th17 lymphocytes 

generated in our lab fit the phenotypic characteristics of Th17 cells from a standpoint of 

key lineage-specific transcription factors and cytokines with strong anti-tumor activities. 

Therefore, we proposed adoptive transfer of Th17 lymphocytes as a strong candidate for 

the immunotherapy arm of the combination chemo-immunotherapy study presented in 

chapter 4. Since our lab previous has shown the efficacy of Th1 lymphocytes with anti-

tumoral activity, we selected Th1 lymphocytes for control and a proof of principal in this 

study. 

The next chapter will provide an overview of the concept of “chemo-

immunomodulation” and the role of chemotherapy in negative regulation of the 

immunosuppressive. 
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3. CHAPTER 3- OVERCOMING IMMUNOSUPPRESSION USING 

CHEMOTHERAPEUTICS DRUGS 

 

 

3.1. Chemo-immunomodulation: Inhibiting immunosuppressive cells with 

chemotherapeutic drugs 

 It has been traditionally thought that chemotherapeutic agents antagonize the 

immune system, however; recent evidence has challenged this view. Research shows that 

a restricted number of selective chemotherapeutic drugs (particularly anthracyclines) are 

actually endowed with positive immunomodulatory effects. The positive influence of 

these molecules primarily results from: 1) their ability to induce an “immunogenic type” 

of tumor cell death, associated with the release or translocation to the cell membrane of 

“danger signals” or DAMPs (damage associated molecular patterns); 2) the promotion of 

the function of dendritic cells, T lymphocytes or NK cells and 3) the reduction of tumor-

induced immune suppressive cells (Figure 3.1). Several recent studies have demonstrated 

that a number of chemotherapeutic agents are able to induce “immunogenic cell death”. 

In general, apoptotic cell death induces less inflammation than necrotic cell death. It was 

discovered that doxorubicin, mitoxanthrone, oxaliplatin and other drugs induce apoptotic 

cell death, which leads to a more efficient antigen uptake by dendritic cells (DC) and DC 

maturation. Of considerable importance, the anti-tumoral effects of these drugs were 

substantially reduced in immunocompromised hosts. The molecular mechanism is related 

to the exposure of calreticulin “a danger signal” on the cell surface that promotes DC 
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antigen uptake and maturation through binding to TLR4 (52, 337, 338).  Other DAMPs 

include the release of High mobility box group 1 (HMGB1), or HSP or Uric Acid, which 

bind on dedicated PRR (Pattern recognition receptors) such as TLR4.  A recent study has 

indicated that the protective anti-tumoral effects of doxorubicin and mitoxantrone are 

related to the activation of intratumoral myeloid cells by ATP released by dying tumor 

cells. ATP binds to purinergic receptor P2Y2 leading to differentiation of monocytic cells 

to potent antigen presenting cells capable of activating tumor-specific T lymphocytes 

(339). Further supporting these studies, it has been shown that in patients with indolent 

non-Hodgkin’s lymphoma treated with DC loaded with apoptotic and necrotic bodies and 

tumor cells undergoing immunogenic cell death in vitro, experienced improved clinical 

and immunological response while these responses were not observed when tumor cells 

underwent non-immunogenic cell death (340). 

 The second immune modulating mechanism induced by chemotherapy agents is 

the enhancement of the function of NK or T cells. Whereas high-dose cyclophosphamide 

exerts immunosuppressive effects by targeting the lymphoid compartment, low-dose 

favors T helper type 1 anti-tumor response and restores the functions of T and NK cells. 

(341). Additionally, doxorubicin has been widely reported for its immune modulatory 

effects.  Doxorubicin enhances the proliferation of tumor-specific CD8+ T cells while 

promoting the expansion of IL-17 expressing γδT cells. Interestingly, in mice lacking the 

γδT cell receptor chain or IL-17A, the therapeutic efficacy of doxorubicin was 

compromised, and mice failed to induce tumor infiltration by CTLs indicating that IL-17 

expressing γδT cells synergized with CD8+ T cells (342, 343). A study by Gabrilovich’s 



 88 

team reported that doxorubicin, paclitaxel or cisplatin increase the permeability of tumor 

cells to granzyme B, thereby sensitizing them to CTL-mediated lysis even if the tumor 

cells were not expressing antigens recognized by CTL (344).  

 Chemotherapeutic molecules can also impede immunosuppressive cells. It has 

been reported that immunosuppressive Treg and MDSC may be more sensitive to anti-

cancer drugs than effector T cells (345-349). Therapies that target cancer cells as well as 

negatively regulate immunosuppressive cells have been the focus of intense research. 

This chapter will focus on the therapeutic approaches and recent advances made to target 

immunosuppressive cells with a specific emphasis on Treg and MDSC.  
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Figure 3.1. Schematic representation of anti-tumor immune response.  

Tumor cells are targeted by innate and adaptive immune system. Direct killing by NK 
and macrophages results in release of tumor antigens. Immature DC uptake and process 
the tumor antigens. Fully mature DC present tumor antigens through MHC class I and II 
to CD8+ cytotoxic and CD4+ helper T cells, respectively. CD8+ cytotoxic and CD4+ 
helper T cells are primed to identify and target cells expressing specific tumor antigens. 
As tumor progresses, an immunosuppressive environment develops (secretion of 
immunoinhibitory molecules and/or induction of immunosuppressive cells). Some 
chemotherapeutic drugs enhance anti-tumor immunity by inducing 1) immunogenic 
cancer cells death and release of antigens; 2) activation of T cell and NK cells; and 3) 
targeting immunosuppressive cell populations (MDCS, Treg, TAM, and etc).  
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3.2. Regulatory T cells (Treg): 

As mentioned in previous chapters, Treg represent a major population of 

immunosuppressive cells expanded in cancer hosts that blunt anti-tumor immunity and 

impair the efficacy of immunotherapeutic approaches. Therefore, negative targeting of 

these cells (either by elimination, inactivation or reprograming) appears as an appealing 

strategy to restore, at least partly, the responsiveness of the immune system. One of the 

major pitfalls in this field is the lack of a specific approach to target Treg as they do not 

express specific cell surface markers. Nonetheless, selective chemotherapeutic drugs that 

preferentially affect this immunosuppressive cell population have been evaluated (176, 

347, 350, 351) (352). 

 

3.2.1. Elimination/inactivation of Treg with conventional chemotherapeutic 

drugs: 

Cyclophosphamide, an alkylating agent, was first reported to selectively target 

Treg cells (353, 354). Cyclophosphamide is used for the treatment of lymphoma, 

leukemia, multiple myeloma, neuroblastoma, retinoblastoma, and breast or ovarian 

cancers. The effect of cyclophosphamide on Treg was first reported 26 years ago. North 

and his team first documented that cyclophosphamide targets a specific population of 

CD4+ T cells with suppressive function (355). A significant reduction in Treg number 

and an impairment of their suppressive function after treatment with cyclophosphamide 

has been reported. Immediately after cyclophosphamide, a drop in number of total T cells 
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following a quick rebound in CD8+ and effector CD4+ populations was detected. 

Although the relative number of CD4+ T cells increased, the amount of Treg as a 

percentage of the CD4+ population remained low (353, 354, 356). One report further 

demonstrated that Treg were more sensitive to cyclophosphamide than CD4+ T cells. 

Additionally, down-regulation of Foxp3 and GITR expression was suggested as possible 

mechanisms accounting for reduced immunosuppressive function of these cells (354). In 

line with mouse model studies, cyclophosphamide was proven effective in reducing Treg 

number and restoring T and NK cell effector functions in patients with advanced stage 

cancer (357). Induction of apoptosis was proposed as the main mechanism of Treg 

elimination by cyclophosphamide; however, the reason for the preferential targeting of 

Treg by cyclophosphamide compared to other immune cells remains unknown. One 

speculation is that cyclophosphamide targets tumor cells; therefore, by reducing the 

source of Treg induction and expansion, it indirectly leads to decreased number of Treg. 

Furthermore, cyclophosphamide is a conventional chemotherapy that targets highly 

proliferative cells. Since Treg are highly proliferative cells in the context of growing 

tumor, their relatively selective targeting by cyclophosphamide is not surprising. Lastly, 

cyclophosphamide may promote Treg differentiation into Th17 cell. In fact, a recent 

study has reported an increase in circulating Th17 after cyclophosphamide treatment in 

cancer patients suggesting that cyclophosphamide induces Th17 differentiation (358), 

possibly through promoting Treg conversion to Th17 cells.  

Paclitaxel, a widely used anti-neoplastic drug has also been shown to selectively 

target Treg while sparing other lymphocyte subsets including effector T cells in the 
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setting of advanced non-small cell lung cancer (NSCLC) patients (345). Although 

paclitaxel is a mitotic inhibitor, the mechanism underlying its selective targeting of Treg 

did not involve tubulin. Paclitaxel treatment induced the down-regulation of Bcl-2 and 

up-regulation of Bax in the Treg population suggesting that Bcl-2 rather than tubulin 

contributes to the distinctive effect of paclitaxel on Treg cells (359). In line with these 

studies, Banissi et al. showed that treatment with low-dose temozolomide, another 

alkylating agent, reduced Treg to total CD4+ ratios as well as increased Treg suppressive 

function in rats bearing temozolomide-resistant glioma cells. Interestingly, resembling 

the mechanism of cyclophosphamide, only low-dose temozolomide reduced Treg to total 

CD4+ ratios suggesting a more selective target. High dose temozolomide ablated both 

Treg and effector CD4+ T cells (360). These results further support the concept of using 

low-dose chemotherapeutic drugs to impair immunosuppressive cells thus enhancing 

anti-tumor immunity (361). 

 

3.2.2. Effect of Nonconventional therapeutic agents on Treg 

Nonconventional therapeutic agents have also been shown to selectively target 

Treg populations. A study by Wada et al. showed that treatment with bevacizumab (anti-

VEGF antibody) decreased the percentage of Treg in patients with colon cancer. This is 

not surprising since vascular endothelial growth factor (VEGF) has been shown to 

contribute to the induction and/or maintenance of Treg in vitro and an increase in VGEF 

concentration positively correlates to increased percentage of Treg in cancer patients 
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(362). There are several explanations for the effect of bevacizumab on the Treg 

population. Because tumor cells represent a major source of VEGF, their elimination 

would reduce VEGF levels, thus reducing VEGF-mediated promotion of Treg. 

Additionally, Treg cells express VGEF-R (362), which further makes them a direct target 

of bevacizumab.  

Sunitinib and Sorafenib are tyrosine kinase inhibitors (TKIs) that induce an 

objective clinical response in patients with metastatic renal cell carcinoma RCC (mRCC) 

(363, 364). Studies have demonstrated that Treg frequency is increased in RCC in both 

peripheral blood and in the tumor beds, which is inversely correlated with overall 

survival (363). Multiple studies have reported that both Sunitinib and Sorafenib reduce 

Treg number in patients with mRCC (363, 365). Our team has also reported that the 

BCR-ABL tyrosine kinase inhibitor, imatinib mesylate, impairs Treg function and 

promotes the efficacy of dendritic cell-based vaccination in a BCR-ABL+ lymphoma 

mouse model. Deciphering of the mechanism of imatinib action on Treg indicated that 

this molecule negatively interferes with TCR/CD28 signaling leading to reduced 

phosphorylation of the transcription factors Stat3 and Stat5, and consequently to the 

reduction of Treg FoxP3 expression (366). 

 

3.3. Myeloid-derived suppressor cells 

Since MDSC are potent inhibitors of anti-tumor immunity, strategies to reduce 

MDSC number are essential for restoring an anti-tumor immune response (367) and 
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improve the efficacy of cancer vaccines or other immunotherapies in vivo (351, 368, 369). 

Below is an overview of some of the research on MDSC targeting (176, 347, 350, 351 

352). 

 

3.3.1. Targeting MDSC using conventional chemotherapeutic drugs: 

In recent years, it has been shown that anti-cancer drugs can eliminate, inactivate 

or promote the differentiation of MDSC towards pro-inflammatory cells. An early study 

by Suzuki et al., showed that gemcitabine selectively targeted the MDSC splenic 

population. Gemcitabine is an anti-metabolite used for the treatment of pancreatic, breast, 

ovarian, and lung cancers. The loss of MDSC was associated with enhanced anti-tumoral 

activity of CD8+ T cells and NK cells that fostered the efficacy of immunotherapy against 

larger tumors (347). Although it was demonstrated that gemcitabine triggers MDSC 

apoptosis, no specific mechanism for the selective targeting of MDSC was proposed in 

the above mentioned study. Additional reports have indicated that 5-Fluorouracil (5-FU, 

another anti-metabolite) can selectively induce the apoptosis of MDSC (370). As 

gemcitabine and 5-FU are from the same family of drugs, it is reasonable to postulate that 

they exert their effects through similar mechanisms. In fact, a recent study demonstrated 

that both gemcitabine and 5-FU activated the pro-apoptotic protein Bax (Bcl2-associated 

X protein) in MDSC leading to lysosome destabilization and subsequent release of 

cathepsin B. Cathepsin B, a lysosomal protease, activated the inflammasome NLRP3, 

resulting in the production and release of immunomodulatory cytokines through caspase-
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1 activation (371). In line with these studies, docetaxel, (semi-synthetic analogue of 

paclitaxel) a mitotic inhibitor, was shown to impair MDSC suppressive function 

predominately by blocking Stat3 phosphorylation and by promoting MDSC 

differentiation into M1 macrophages (pro-inflammatory). Similarly the loss of MDSC 

suppressive function correlated to increased CD4+ and CD8+ T lymphocyte function 

(372). In a more current study, Shurin et al. reported that low-dose paclitaxel (mitotic 

inhibitor) promoted MDSC differentiation into dendritic cells in vitro (373). Paclitaxel 

directly binds and inactivates Bcl-2 (374). Bcl-2 expression is also regulated by pStat3 

(191, 375). Paclitaxel and docetaxel may thus share similar mechanisms of action both 

promoting MDSC differentiation into mature myeloid cells such as macrophages or DC. 

 

3.3.2. Other approaches to eliminate/inactivate of MDSC using: 

The negative regulation of MDSC by non-conventional anti-cancer drugs has 

been reported. For example, sunitinib, a tyrosine kinase inhibitor of several tyrosine 

kinases involved in tumor angiogenesis, has been shown to directly reduce MDSC 

number and function in renal cell carcinoma (RCC) patients. Sunitinib-mediated 

reduction in MDSC correlated with impaired T cell suppression (349). Since 

immunosuppressive MDSC exhibit increased VGEFR1 expression (376) and sunitinib 

interferes with tyrosine kinases of the VGEFR1-3 family (377), it is tempting to 

hypothesize that the observed effects may result from the modulation of the VGEFR 

pathway in MDSC. In line with this idea, treatment of patients with metastatic renal cell 
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cancer with a VEGF-specific blocking antibody, avastin resulted in a decrease in 

frequency of MDSC in the peripheral blood (376).  

COX2 has been implicated in the proinflammatory pathways leading to MDSC 

induction in the context of chronic inflammation and cancer (178). COX2 inhibitors were 

shown to reduce MDSC suppressive function mainly through down-regulation of 

arginase-1 expression, leading to anti-tumoral T cell responses and enhanced efficacy of 

immunotherapy (378). Similarly, sildenafil, a phosphodiesterase-5 inhibitor, was shown 

to down-regulate the expression of arginase-1 and iNOS expression in MDSC, thereby 

inhibiting their suppressive function resulting in the induction of anti-tumor immune 

responses and tumor progression delay in several mouse models (379).  

All-trans retinoic acid (ATRA), a vitamin A metabolite, also negatively regulates 

MDSC number and suppressive function. ATRA induced MDSC differentiation to DC 

and MP both in vitro and in vivo. Decrease in MDSC was not due to direct anti-tumor 

effects of ATRA or decreased production of growth factors by tumor cells. In vitro 

ATRA-treated MDSC (CD33+HLA-DRneg-depleted) stimulated differentiation by 

acquisition of HLA-DR and CD40 (costimulatory molecule) molecules. Low MDSC 

number in tumor-bearing mice resulted in increased tumor-specific T cell responses, and 

the combination of ATRA and cancer vaccine prolonged the anti-tumor effect of the 

vaccine treatment in tumor models (350, 351, 380). 

In summary, the multifaceted mechanisms of cancer-mediated 

immunosuppression represent major obstacles for the development of protective anti-
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cancer immunity and are major hurdles preventing efficient immunotherapy. Therefore, it 

is evident that therapeutic interventions aimed at boosting anti-tumor immune responses 

should be associated with strategies to impair immunosuppression, and should result in 

an increase in the effector to suppressor immune cell ratio.  

 

3.4. Research Objectives 

As previously mentioned, myeloid-derived suppressor cells (MDSC) expand in 

tumor-bearing hosts and play a central role in cancer immune evasion by inhibiting 

adaptive and innate immunity. They therefore represent a major obstacle for successful 

cancer immunotherapy. The objective of this project was to identify a novel and more 

selective approach to impair MDSC-mediated immunosuppression while directly 

targeting tumor cells. The overall goal of this strategy is to revert the immunosuppressive 

tumor environment associated with developing tumor thereby creating a favorable 

context allowing for efficient immunotherapy. 

 

Our approach has been segmented into the following specific aims: 

Specific aim 1: Determine the effects of the antracycline doxorubicin on MDSC. 

Rationale: Doxorubicin has been widely studied for its immunomodulatory effects. It is 

one of the most unique chemotherapeutic agents endowed with a potent reported 

influence on diverse immune cells, substantially fostering the activity of anti-tumoral 

CTL. In addition, doxorubicin is a rare component capable of promoting the release or 
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surface exposure of DAMP signals by tumor cells leading to immune activation.  

Substantiating the peculiar ability of doxorubicin to positively influence the immune 

system, multiple studies have demonstrated that the therapeutic efficacy of this drug is 

partially lost in immunocompromised hosts (52, 337, 342, 344, 381). However, whether 

and how this drug may affect tumor-induced immunosuppressive cells has not been 

investigated. Our study focuses on the influence of this molecule on tumor-induced 

MDSC using a murine breast cancer model and MDSC isolated from the peripheral blood 

of patients with different types of cancer. 

Hypothesis: Doxorubicin selectively targets MDSC population. 

 

Specific aim 2: Elucidate the possible mechanisms underlying doxorubicin-mediated 

MDSC elimination. 

Rationale: Elucidating the mechanism by which doxorubicin affect MDSC population 

will provide valuable information for future drug designs or combination therapy options 

aimed at targeting this immunosuppressive cell population. 

Hypothesis: Doxorubicin targets MDSC through induction of apoptosis through induction 

of ROS. 

Specific aim 3: Evaluate a chemoimmunotherapeutic regimen consisting in doxorubicin 

combined with Th1 or Th17. 

Rationale: Recent studies of chemotherapeutic drugs have demonstrated that negatively 
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targeting immunosuppressive populations enhance the efficacy of subsequently 

administered immunotherapy (337, 347, 349, 353, 356, 357, 366, 370, 372). Therefore, 

we sought to evaluate the synergistic effect of doxorubicin with Th lymphocytes. In this 

context we further evaluated the therapeutic potential of Th17, a recently described 

population of T helper lymphocytes. 

Hypothesis: Doxorubicin may enhance the antitumoral effects of adoptively transferred 

Th1 or Th17. 
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4.1. Abstract 

Myeloid-derived suppressor cells (MDSC) expand in tumor-bearing hosts and 

play a central role in cancer immune evasion by inhibiting adaptive and innate immunity. 

They therefore represent a major obstacle for successful cancer immunotherapy. 

Different strategies have thus been explored to deplete and/or inactivate MDSC in vivo. 

Using a murine mammary cancer model, we demonstrated that doxorubicin selectively 

eliminates MDSC in the spleen, blood and tumor beds. Furthermore, residual MDSC 

from doxorubicin-treated mice exhibited impaired suppressive function. Importantly, the 

frequency of CD4+ and CD8+ T lymphocytes and consequently the effector lymphocytes 

or natural killer (NK) to suppressive MDSC ratios were significantly increased following 

doxorubicin treatment of tumor-bearing mice.  In addition, the proportion of natural killer 

(NK) and cytotoxic T cell (CTL) expressing perforin and granzyme B and of CTL 

producing IFNγ was augmented by doxorubicin administration. Of therapeutic relevance, 

this drug efficiently combined with Th1 or Th17 lymphocytes to suppress tumor 

development and metastatic disease. MDSC isolated from patients with different types of 

cancer were also sensitive to doxorubicin-mediated cytotoxicity in vitro. These results 

thus indicate that doxorubicin may be used not only as a direct cytotoxic drug against 

tumor cells, but also as a potent immunomodulatory agent that selectively impairs 

MDSC-induced immunosuppression, thereby fostering the efficacy of T cell-based 

immunotherapy.  
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4.2. Introduction  

Myeloid-derived suppressor cells (MDSC) have been described as a heterogeneous 

population of immature myeloid cells that, in different pathological conditions, are 

impaired in their ability to terminally differentiate into mature myeloid lineages such as 

macrophages, dendritic cells or granulocytes (154, 178). MDSC are functionally defined 

by their capability to inhibit both innate and adaptive immunity. They are potent 

suppressors of T cell proliferation and activation in humans and mice (154, 178, 184, 

382).  Phenotypically, mouse MDSC express the markers Gr-1 and CD11b. Two main 

populations have been described in mice based on the relative expression of two epitopes 

of Gr-1 (Ly6G and/or Ly6C): granulocytic MDSC are CD11b+Ly6G+Ly6Clow, while 

monocytic MDSC are CD11b+Ly6G-Ly6Chigh (139, 150). In human, MDSC are generally 

identified as CD14- CD33+CD11b+HLA-DRneg/low cells (150). The immunosuppressive 

function of MDSC depends on multiple mechanisms, including the production of nitric 

oxide (NO), peroxynitrites, reactive oxygen species (ROS), and the expression of 

inducible nitric oxide synthase (iNOS), indoleamine 2,3-dioxygenase (IDO) and/or 

arginase-1 (139, 383, 384).  

A substantial expansion of MDSC in the blood, lymph nodes, bone marrow and 

spleen has been detected in multiple mouse cancer models (139, 181). Similarly, 

accumulation of MDSC has been reported in the blood, lymph nodes and tumors of 

patients with various types of cancers, including breast, which correlates with tumor 

burden and disease stage (140). Tumor-induced MDSC expansion significantly 

contributes to the mechanisms of cancer-induced immune suppression, and therefore 
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significantly impedes the efficacy of immunotherapeutic approaches (149, 154, 385). Not 

surprisingly, multiple reports in humans and animal models have indicated that MDSC 

elimination or inhibition promotes anti-tumor immunity and enhances the response to 

immunotherapy (385). Different approaches have thus been explored to target these cells, 

which include the use of specific antibodies (386), all-trans retinoic acid (ATRA) (350, 

351, 369), or chemotherapeutic molecules such as gemcitabine (347, 387), 5-

fluorouracile (5-FU) (370) or docetaxel (372).  

Doxorubicin, is an anti-neoplastic drug broadly used in the treatment of 

hematological malignancies, soft tissue sarcomas and several types of carcinomas 

including breast cancer (388). Extensive evidence has been provided that besides its 

direct tumoricidal activity, doxorubicin also promotes anti-tumor immunity (337, 342, 

381, 389, 390). This drug has indeed been shown to induce an “immunogenic type” of 

tumor cell death leading to the stimulation of dendritic cell (DC) antigen presenting 

function (337). Doxorubicin administration has also been reported to enhance the 

proliferation of tumor-specific CD8+ T cells (52), and to increase the permeability of 

tumor cells to granzyme B produced by cytotoxic T lymphocytes (CTL) (344). However, 

whether this drug may impact tumor-induced immunosuppression, specifically by 

negatively targeting MDSC, remains unclear. In the current study, we investigated the 

effects of doxorubicin on MDSC in the murine breast cancer model 4T1 and explored the 

possibility of combining this chemotherapeutic drug with immunotherapy. We 

demonstrated for the first time that doxorubicin eliminated MDSC by triggering 

apoptosis of these cells. ROS may contribute to doxorubicin-mediated elimination of 
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MDSC.  In addition, residual MDSC from doxorubicin-treated mice were impaired in 

their suppressive function. Of importance, doxorubicin administration led to improved T 

and NK cell function. The proportion of T and NK cells expressing perforin and 

granzyme B was indeed significantly augmented following treatment of tumor-bearing 

mice with doxorubicin. In addition, doxorubicin increased the proliferation status of T 

lymphocytes and NK cells.  Substantiating these observations, doxorubicin exhibited 

selective cytotoxic effects on MDSC isolated from cancer patients. Furthermore, the 

combination of doxorubicin with T helper (Th) 1 or with recently identified Th17 

lymphocytes impaired tumor development and metastatic spreading. These findings 

therefore highlight a novel property of doxorubicin as a potent selective MDSC-targeting 

agent, which may be used to enhance the efficacy of immunotherapeutic regimens.  
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4.3. Materials and Methods 

Patients 

A total of n=10 patients with confirmed solid cancers (two patients with lung, one patient 

with ovarian, one patient with prostate, one patient with bladder, one patient with colon, 

one patient with stomach, one patient with kidney, one patient with pancreatic and one 

patient with breast cancer) were enrolled in the study before treatment after giving 

written informed consent in accordance with the Declaration of Helsinki.  The study was 

approved by the Ethic Committee of the University Hospital of Dijon. None of the 

patients had received chemotherapy or any other immunosuppressive treatment during 

the previous 3 months.  

Animals and tumor cell lines 

Six to eight week-old Balb/c and C57BL/6 mice were purchased from the National 

Cancer Institute (NCI). Six to eight week-old gp91phox-/- (C57Bl6-Cybbtm1Din) were 

purchased from Jackson Laboratory. The mice were housed and cared for according to 

the University of Arizona Institutional Animal and Care Guidelines and Use Committee 

(IACUC).  The 4T1 and EMT6 murine mammary tumor cell lines (Balb/c origin) and the 

EL4 thymoma cell line (C57BL/6 origin) were obtained from the American Type Culture 

Collection (ATCC). 4T1-luc was generated using luciferase reporter plasmid (PGL4-51) 

(InvivoGen). Briefly, the transfection was performed using Fugene6 reagent (Promega) 

according to the manufacturer's protocol. Stably transfected cells were clonally selected 

in presence of G418 (800µg/ml) and luciferase expression was confirmed using the 
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luciferase reporter assay system and a luminometer (Femtomaster FB12, Berthold 

Detection System), according to the manufacturer’s recommendation (Promega). 

Bioluminescence imaging 

Tumor-bearing animals were injected (i.p.) with D-luciferin (4.29 mg/mouse; Xenogen). 

Mice were anesthetized using isoflurane (1.5 L/min oxygen, 4% isoflurane) and kept in 

an induction chamber. Images were captured with an AMI1000 imager (Spectral 

Instruments Imaging). Light emission was measured over an integration time of 1 minute, 

10 minutes after injection of luciferin. Luciferase activity was analyzed using the 

AMI1000 Software (Spectral Instruments Imaging) to quantify tumor region flux 

(photons per second) and to assess tumor growth. 

Generation of Th1 and Th17 

Naive CD4+CD25-CD62L+ T lymphocytes were isolated from the spleen of 6 to 8 week- 

old Balb/c mice according to the manufacturer’s instructions (Miltenyi Biotec). Cells 

were subsequently cultured at a concentration of 106 cells/ml in RPMI 1640 medium 

supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin sulfate, 0.5 × 

MEM nonessential amino acids, and 1 mM sodium pyruvate. Cells were stimulated with 

anti-CD3 and anti-CD28-coated beads (Invitrogen). Th1 cells were generated in the 

presence of IL-12 (10 ng/ml), IL-2 (10 ng/ml), IL-7 (20 ng/ml) and blocking anti-IL-4 

antibodies (5 µg/ml) (3 day culture). For the generation of Th17 cells, naive T cells were 

cultured with IL-6 (40 ng/ml), TGFβ (0.5 ng/ml), blocking anti-IFNγ (5 µg/ml) and anti-

IL-4 (5 µg/ml) antibodies for 3 days. Th17 cultures were then prolonged in fresh medium 
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containing IL-23 (40 ng/ml) for an additional 3 days. All cytokines were purchased from 

R&D Systems or Peprotech.  

Chemotherapy and chemoimmunotherapy  

4T1 or 4T1-Luc cells were injected (1×106 cells) orthotopically (mammary fat pad). In 

some experiments, seven and twelve days after tumor injection, mice were administered 

with doxorubicin (2.5 or 5 mg/kg; intravenously), cyclophosphamide (50 mg/kg; 

intraperitoneally), fludarabine (50 mg/kg; intraperitoneally), melphalan (5 mg/kg; 

intraperitoneally), vincristine (1 mg/kg; intravenously), etoposide (5 mg/kg; 

intraperitoneally) or control PBS. Spleens, blood and tumors were collected 14, 17 and 23 

days after tumor cell injection. For evaluating the effects of doxorubicin plus T helper 

lymphocyte combination therapy, mice were injected with doxorubicin (5 mg/kg) on days 

7 and 12 and with Th1 or Th17 cells (1×106 intravenously; 2×106 intratumorally) on days 

9 and 14 after tumor cell injection. Mice were euthanized for ethical reasons when they 

exhibited severe morbidity signs due to overwhelming metastatic spreading (endpoint at 

4-4.5 weeks) in compliance with IACUC regulations. 

MDSC isolation  

Spleens were harvested, dissociated and red blood cells were lysed in lysis buffer (BD 

biosciences).  MDSC were purified using a mouse MDSC isolation kit according to the 

manufacturer's instructions (Miltenyi Biotec). The purified cells were used in other 

experiments. 



 108 

Flow cytometry analysis 

Cell suspensions from blood, spleens or tumors were filtered and red blood cells were 

lysed. For extracellular staining cells were incubated with the indicated combinations of 

antibodies (CD11b, Ly6C, Ly6G (Gr-1), CD8, CD49b, CD4, CD25, F4/80, CD11c, 

CCR7 and CD206) or isotype controls (1 hr, 4°C). For intracellular staining, cells were 

fixed and permeabilized immediately after cell surface staining according to the 

manufacturer’s description (Affymetrix eBioscience). For IFNγ staining, cells were 

incubated with a leukocyte stimulating kit (BD biosciences) for 4 hours. For perforin or 

granzyme B staining, cells were incubated with anti-CD3 and anti-CD28-coated beads 

(Invitrogen) and IL-2 (4 ng/ml) for 24 hours. The proliferation status of the cells was 

assessed by staining with Ki67 according to the manufacturer’s protocol (Ki67 detection 

protocol; BD biosciences). All antibodies and isotype controls were purchased from BD 

Biosciences or Affymetrix eBioscience.  For the detection of apoptosis, spleen and blood 

samples from tumor-bearing mice, untreated or treated with doxorubicin, were 

dissociated and processed as described above. Cells were then stained with Annexin V 

and propodium iodide (PI) according to the manufacturer's protocol (Apoptosis detection 

kit; Affymetrix eBioscience). Fluorescence data were collected on a FACSverse or 

LSRFortessa (BD biosciences). The data was analyzed using FlowJo software (Tree star 

Inc.). 

Suppression assays 

Spleens from naïve mice were collected, dissociated and cells were incubating on nylon 
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wool columns (37oC, 45 minutes) after red blood cell lysis.  More than 90% of the eluted 

cells were T lymphocytes based on TCRαβ expression. These T cells were labeled with 

5mM CellTrace™ Violet according to the manufacturer’s instructions (Invitrogen) and 

were plated in 96-well plates with anti-CD3 and anti-CD28-coated activation beads 

(Invitrogen). Isolated MDSC from 4T1 tumor-bearing mice, treated or not with 

doxorubicin, were then added to the culture (MDSC to T cell ratio= 1:2). After 4 days, 

cells were harvested, stained with anti-CD4, anti-CD8 and anti-CD25 (Affymetrix 

eBioscience). Cell proliferation was determined by measuring the dilution of cell trace 

violet by flow cytometry after gating on the CD4+ or CD8+ cell populations. The 

proliferation index (pi) was determined using the Modfit software (Verity Software 

House) and percent proliferation was calculated as follows:  proliferation (%)= (T+-T) – 

(S-T)/ (T+-T) × 100, with T+: pi of the control stimulated T cells without MDSC; T: pi of 

control non-stimulated T cells without MDSC; S: pi of stimulated T cells in the presence 

of MDSC). 

Western Blot analysis 

Cells were lysed in RIPA buffer and sonicated. Lysates were cleared by centrifugation at 

14,000 rpm and protein concentration was determined with the Thermo Scientific BCA 

protein assay using BSA as standard. Equal amounts of proteins (30 µg) were separated 

on 10% or 16% SDS-PAGE gels, transferred onto a polyvinylidene fluoride (PVDF) 

membrane (Millipore) and probed with primary Abs specific for P-STAT3, STAT3, 

Arginase-1, IDO, cleaved caspase-3 (Cell Signaling Company), S100A9, S100A8 (R&D 
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Systems) and actin (Sigma-Aldrich) followed by secondary antibody (Jackson 

ImmunoResearch). Reactive bands were visualized by exposure to film using Super 

Signal Chemiluminescent Substrate (Thermo Scientific). 

ROS detection 

Splenocytes from untreated or doxorubicin-treated mice were incubated for 30 min with 

the oxidation-sensitive dye Dichlorodihydrofluorescein diacetate (DCFDA, 5 µM, 

Molecular Probes/Invitrogen). Samples were then labeled with anti-Gr-1 and anti-CD11b 

antibodies. The level of ROS was detected using flow cytometry as described (391). 

Real-time PCR 

Cells were collected and total RNA was isolated using Trizol (Invitrogen). PCR reactions 

were set up in 96-well plates containing 10 µl 2x IQ Supermix (Bio-Rad), 1µL TaqMan® 

primer/probe set (ABI, Foster City, CA), 2 µL of the cDNA synthesis reaction (10% of 

RT reaction) and 7 µL of nuclease-free water. Reactions were run and analyzed on a Bio-

Rad iCycler iQ real–time PCR detection system. Primers for IFNγ and IL-17 were 

obtained from Applied Biosystems (Invitrogen). 

ELISA 

IL-17 and IFNγ concentration was detected in Th1 and Th17 cell culture supernatant 

using ELISA according to the manufacturer’s instructions (Affymetrix eBioscience).  
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Immunofluorescent staining 

Tumors and spleens were harvested and frozen.  Serial sections (5 µm) were performed 

from each tissue and mounted.  Frozen slides were first fixed in 100% cold methanol for 

10 min.  After blocking for 1 hour at room temperature (RT) (10% normal chicken serum 

in Tris-Buffered Saline and 0.1% Tween 20 (TBS-T) /1% BSA) slides were incubated 

(overnight, 4°C) with anti-Gr-1 (Affymetrix eBioscience) (0.02 mg/mL in TBS-T). Slides 

were washed with TBS-T and incubated with a secondary chicken anti-rat antibody 

conjugated with Alexa Fluor 647 for 45 min at RT (1:200 in TBST, Invitrogen).  Slides 

were washed and incubated (2 hours, RT) with a rat anti-mouse CD11b antibody 

conjugated with FITC (Affymetrix eBioscience) (0.02 mg/mL in TBS-T). Nuclear 

counterstaining was performed using Sytox orange according to the manufacturer’s 

instructions (Invitrogen). Slides were mounted with fluorescence mounting medium 

(Dako North America) and visualized using a confocal microscope (Zeiss LSM 510-

META NLO). 

Statistical Analysis 

Experiments were performed with 4-8 mice per groups as indicated. Mice were 

individually processed and analyzed separately unless specified otherwise. All analyses 

were carried out using GraphPad Prism software (GraphPad Software). Analyses were 

performed by one-way ANOVA or two-way ANOVA with a Bonferroni or Dunnett 

posttest, or a paired t test where appropriate. Statistically significant p values were 

labeled as follows: ***P <0.001; **P <0.01 and *P <0.05. 
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4.4. Results 

4.4.1. Doxorubicin selectively eliminates tumor-induced MDSC in mice 

bearing established 4T1 mammary tumors 

The immunomodulatory effects of doxorubicin have been extensively studied 

(337, 342). However, the possible impact of this chemotherapeutic agent on suppressive 

MDSC remains elusive. To address this question, Balb/c mice were injected with 4T1 

breast cancer cells and treated with doxorubicin (2.5 and 5 mg/kg; non-curative doses), 7 

and 12 days after tumor implantation (Figure 4.1A). We first confirmed that 4T1 tumor 

growth is associated with substantial MDSC expansion and determined the basal 

proportion of MDSC in the absence of doxorubicin therapy at different time points 

following injection of tumor cells (Supplemental Figure S4.1) (392, 393). Doxorubicin 

significantly reduced the proportion and absolute number of 4T1 tumor-induced MDSC 

in the spleen (Figure 4.1B and 4.1C) and blood (Figure 4.1D) of treated animals. It is 

noteworthy that while doxorubicin-mediated elimination of MDSC was prominent on day 

14 and 17 post-tumor cell injection, these cells were reconstituted by day 23. These 

results were further confirmed by confocal microscopy analysis of spleen sections 

(Figure 4.1E).  Furthermore, MDSC were also depleted within the tumor beds in mice 

treated with doxorubicin (Supplemental Figure S4.2A-C). 4T1 tumor development is 

primarily associated with the expansion of granulocytic MDSC (175, 392). Our results 

indicate that doxorubicin did not significantly affect monocytic MDSC, which were low 

in frequency even in untreated animals, but significantly depleted granulocytic MDSC 

(Supplemental Figure S4.2D). These results thus demonstrate that doxorubicin induced 
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elimination of tumor-induced MDSC.  
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Figure 4.1. Doxorubicin eliminates tumor-induced MDSC.  

A) Schematic of the experimental design followed to evaluate the effects of 
doxorubicin on MDSC in the 4T1 breast cancer model. Mice were injected 
orthotopically (mammary fat pad) with 4T1 tumor cells (1×106). Doxorubicin (2.5 
and 5 mg/kg) was administered intravenously on day 7 and 12 post-tumor injection. 
Spleen and blood samples were harvested and evaluated on days 14, 17 and 23. B) 
Proportion of MDSC (CD11b+Gr-1+) in the spleen of 4T1 tumor-bearing mice 
post-doxorubicin treatment (right panel) and representative flow cytometry 
analysis 17 days post-tumor injection (left panel). C) Absolute number of MDSC 
in tumor-bearing mice treated or not with doxorubicin. D) Proportion of MDSC in 
the blood of tumor-bearing mice after doxorubicin treatment. E) Confocal 
microscopy analysis of CD11b+Gr-1+ cells in the spleens from untreated or 
doxorubicin-treated mice 17 days after tumor injection (5 days after the last 
doxorubicin treatment). CD11b (green), Gr-1 (red) and sytox orange nuclear 
staining (Nuc, blue). Scale bar 20 µm. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. n=4 
mice per group. Data represent one of 3 experiments performed and analyzed 
independently. 
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4.4.2. Doxorubicin minimally affects effector immune cell populations 

To optimally promote anti-tumor immunity, immunomodulatory drugs should 

negatively target immunosuppressive cells while sparing immune effectors. We therefore 

sought to investigate whether doxorubicin may affect other immune cells, specifically 

anti-tumoral effector T lymphocytes and NK cells. Interestingly, the proportion of CD4+ 

and CD8+ T lymphocytes was significantly increased in the spleen and blood of 

doxorubicin-treated mice (Figure 4.2A and 4.2B). NK frequency increased in the blood 

and was not altered in the spleen of the treated animals (Figure 4.2C). Consistent with 

these results, the proliferation status of CD4+ and CD8+ T cells was augmented in 

doxorubicin-treated animals (Figure 4.2D). This preferential targeting of MDSC resulted 

in a significant increase in the ratios of effector CD8+ T, CD4+ T or NK cells to 

suppressive MDSC (Supplemental Figure S4.3A). Importantly, the proportion of NK 

cells and CD8+ T lymphocytes expressing perforin and granzyme B was significantly 

increased in doxorubicin-treated 4T1 tumor-bearing mice (Figure 4.2E and Supplemental 

Figure S4.3B). In line with these results, doxorubicin administration resulted in 

augmented frequency of IFNγ-producing CD8+ T lymphocytes (Figure 4.2F). However, 

no change in the proportion of IFNγ-producing CD4+ T cells was observed (Figure 4.2F).  

It is noteworthy that doxorubicin did not change immunosuppressive Treg frequency 

(Supplemental Figure S4.3C).  Together these results indicate that doxorubicin-mediated 

MDSC depletion was associated with augmented effector immune cell proliferation and 

function.  

Importantly, we further determined that doxorubicin was significantly more 
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potent at depleting MDSC than other chemotherapeutic agents such as cyclophosphamide, 

fludarabine, melphalan (Supplemental Figure S4.4A), vincristine or etoposide 

(Supplemental figure S4.4B) which exhibited limited effects on these cells. Of note, these 

drugs promoted a decrease in tumor volume similar to that induced by doxorubicin. 

Doxorubicin was also unique at substantially increasing the effector lymphocytes (or NK) 

to suppressor MDSC ratios, indicating that it is endowed with a higher degree of 

selectivity compared to these other drugs (Supplemental Figure S4A-B).  Furthermore, 

even in combination with cyclophosphamide, doxorubin significantly triggered MDSC 

elimination and increased T lymphocyte frequency (supplemental Figure S4.4C).  

The observations that doxorubicin reduces MDSC frequency and absolute number 

and increases effector lymphocyte proportion, resulting in an increased effector T cells to 

suppressor MDSC ratios, were further confirmed in the EL4 (thymoma) and EMT6 

(breast cancer) mouse models (Supplemental Figure S4.5A-B). Additionally, residual 

MDSC isolated from EL4 or EMT6 tumor-bearing mice treated with doxorubicin 

exhibited reduced suppressive function (Figure 5.4). 
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Figure 4.2.  Doxorubicin increases the frequency, proliferation and cytotoxic 
activity of effector T lymphocytes and NK.  

A similar experimental design as described in figure 1 was followed. A) 
Frequency of CD4+ T cells in the spleen (left panel) and blood (right panel) of 
tumor-bearing mice after doxorubicin treatment. B) Proportion of CD8+ T cells in 
the spleen (left panel) and blood (right panel) of tumor-bearing mice after 
doxorubicin treatment. C) NK cell frequency in the spleen (left panel) and blood 
(right panel) of doxorubicin-treated mice. D, Analysis of Ki67 expression after 
gating on CD4+, CD8+ T lymphocytes or NK (DX5+) cells as indicated (left 
panel) and related mean fluorescent intensity (MFI) (right panel) (day 17). E) 
Percent of CD8+ T and NK cells expressing granzyme B or perforin in the spleen 
of doxorubicin-treated mice 17 days post tumor cell injection. F) Percent of CD3+, 
CD4+ and CD8+ T lymphocytes expressing IFNγ in the spleen of tumor-bearing 
mice treated or not with doxorubicin (day 17). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001. n=4 mice per group. Data represent one of 3 experiments performed and 
analyzed independently. 
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4.4.3. Doxorubicin preferentially triggers MDSC apoptotic program 

We next investigated the mechanisms underlying doxorubicin-mediated 

elimination of MDSC and specifically explore whether this drug may trigger the MDSC 

apoptotic program.  Flow cytometry analysis after staining of spleen cells with anti-Gr-1, 

anti-CD11b antibodies, Annexin V and PI, and gating on the Gr-1+CD11b+ population 

indicated that doxorubicin increased the proportion of apoptotic (Annexin V+, PI-) and 

secondary necrotic (Annexin V+, PI+) MDSC (Figure 4.3A). Consistent with these data, 

caspase-3 cleavage was detected in MDSC isolated from 4T1 tumor-bearing doxorubicin-

treated animals (Figure 4.3B). Importantly, in line with the results depicted in Figure 

4.2A and 4.2B, the number of dead (apoptotic and necrotic) T lymphocytes (CD4+ or 

CD8+) was not significantly modified by doxorubicin (Figure 4.3C).  These data thus 

demonstrate that doxorubicin preferentially induced apoptosis of MDSC with no 

detectable toxic effect on effector T lymphocytes.   

MDSC isolated from untreated tumor-bearing mice were more sensitive to 

doxorubicin in vitro than the MDSC-depleted cell population or than 4T1 cells (Figure 

4.3D and data not shown). Treatment of these purified MDSC with N-acetylcysteine 

(NAC, a ROS scavenger) prevented their killing by doxorubicin, suggesting that ROS 

may play a role in this process (Figure 4.3D). Consistent with this result, the levels of 

ROS were increased in the immediate hours following doxorubicin treatment of MDSC 

in vitro (Figure 4.3E), and MDSC isolated from EL4 tumor-bearing gp91-/- mice (lacking 

the gp91phox glycosylated subunit of the NADPH oxidase flavocytochrome b558, 

responsible for the production of superoxide ion O2·-) were less sensitive to doxorubicin-
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mediated cytotoxicity in vitro (Figure 4.3F). Interestingly, in vivo, the effects of 

doxorubicin administration on MDSC were partially impaired in EL4 tumor-bearing 

gp91-/- mice compared to wild-type mice (Figure 5.2). 
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Figure 4.3. Doxorubicin selectively induces MDSC apoptosis. 

A similar experimental design as described in figure 1 was followed. Spleens were 
collected 5 days after the last doxorubicin administration. A) Spleen samples were 
labeled for MDSC (CD11b+Gr-1+) and Annexin V and PI. Representative flow cytometry 
analysis (left panel, gated on C11b+Gr1+ cells), and proportion of apoptotic and 
secondary necrotic MDSC (right panel). B) Detection of caspase-3 cleavage in MDSC 
isolated from mice treated or not with doxorubicin 17 days after tumor injection. C) 
Spleen samples were labeled with anti-CD4 or anti-CD8 and Annexin V and PI. Gated 
CD4+ or CD8+ T lymphocytes were then analyzed for their Annexin V and PI status. 
Percent of apoptotic or secondary necrotic CD4+ (upper panels) and CD8+ (lower panels) 
T lymphocytes in doxorubicin-treated or untreated mice. Similar experimental design as 
in A. D) Effects of doxorubicin used at the indicated concentrations on MDSC isolated 
from 4T1 tumor-bearing mouse spleens (or on the MDSC-depleted cell population) 
determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 
assays. Cells were cultured in quadruplicate for 30 hr with or without NAC (5 mM). % 
cell survival=(OD560[treated cells at the indicated doxorubicin 
concentration]/OD560[untreated cells] × 100). E) Analysis of ROS production by MDSC 
isolated from tumor-bearing mice and treated in vitro with the indicated concentrations of 
doxorubicin and for the indicated period of time. Cells were incubated with 
Dichlorodihydrofluorescein diacetate (DCFDA) and analyzed by flow cytometry. The 
mean fluorescent intensity representing ROS levels in MDSC is shown. F) Same as in D, 
but with MDSC isolated from EL4 tumor-bearing wild-type of gp91-/- mice. *P ≤ 0.05; 
**P ≤ 0.01; ***P ≤ 0.001. n=4 mice per group. Data represent one of 3 experiments 
performed and analyzed independently. 
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4.4.4. Doxorubicin impedes the suppressive activity of residual MDSC 

isolated from tumor bearing mice 

A cardinal characteristic of MDSC is their ability to suppress the activation and 

proliferation of T cells. MDSC depletion by doxorubicin was not complete as ~15% of 

residual MDSC could still be detected 17 days post doxorubicin administration. 

Therefore, it was important to determine whether the suppressive function of these 

remaining MDSC was affected by doxorubicin. As expected and previously reported 

(175), MDSC isolated from non-treated tumor-bearing mice significantly inhibited T 

lymphocyte (CD4+ and CD8+) proliferation (Figure 4.4A and Supplemental Figure S4.6) 

and activation (Figure 4.4B). The suppressive function of residual MDSC isolated from 

doxorubicin-treated tumor-bearing animals was significantly impaired (Figure 4.4A,B 

and Supplemental Figure 4.S6). Exposure of MDSC isolated from untreated 4T1 tumor-

bearing mice to non-cytotoxic concentration of doxorubicin in vitro impaired their 

immunosuppressive function (Figure 4.4C).  

Various mechanisms have been implicated in MSDC suppressive function 

including the production of reactive oxygen species or the expression of arginase-1 or 

indoleamine 2, 3-dioxygenase (IDO) involved in the catabolism of arginine or tryptophan, 

respectively (154).  Depletion of these amino acids from the microenvironment results in 

the inhibition of T cell proliferation, notably through the down-regulation of the ζ-chain 

of the T cell receptor (TCR) complex (154, 385). Similarly, ROS exhibit suppressive 

effects on T lymphocytes (154, 194). Five days after doxorubicin treatment of 4T1 

tumor-bearing mice, the production of ROS (Figure 4.5A) and the expression of arginase-
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1 (Figure 4.5B) and IDO (Figure 4.5C) by residual MDSC was impaired. Additional 

molecules reported for their role in MDSC development and/or immunosuppressive 

function such as CD73, CD39, S100A8/9, or STAT-3 were not significantly altered by 

doxorubicin treatment (Supplemental Figure S4.7A and S4.7B).  

Previous reports have indicated that some chemotherapeutic drugs such as 

docetaxel can promote MDSC differentiation into macrophages (M1) (372). To evaluate 

this possibility, MDSC from doxorubicin-treated mice were analyzed for the expression 

of markers expressed by M1 (CCR7) or M2 (CD206; Mannose Receptor) macrophages.  

The expression of these two cell surface markers was not detected on MDSC following 

doxorubicin treatment, indicating that this drug did not promote MDSC differentiation 

into macrophages (Supplemental Figure S4.7C).  Finally, further investigation indicated 

that the proliferation status (Ki67 expression) of residual 4T1 tumor-induced MDSC was 

reduced by doxorubicin therapy (Fiure 5.6). 

Altogether, these results indicate that 5 days after doxorubicin administration, 

MDSC that have not been eliminated by the drug exhibited reduced expression of 

arginase-1 and IDO, decreased ROS level and curtailed immunosuppressive activity.  
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Figure 4.4. Doxorubicin impairs MDSC immunosuppressive function.  

A-B) MDSC isolated from untreated or doxorubicin-treated mice were incubated for 4 
days with cell trace violet-labeled naïve T cells (MDSC: T cell ratio=1:2). A, Effects of 
MDSC from the indicated groups of mice on the proliferation of CD4+ (left panel) or 
CD8+ (right panel) T lymphocytes assessed by flow cytometry. B) Effects of MDSC on 
CD25 expression by gated CD4+ (upper panels) or CD8+ (lower panels) T lymphocytes. 
C) MDSC isolated from tumor-bearing mice were treated or not in vitro with doxorubicin 
(100 ng/ml, 24 hr) and their ability to impair the proliferation of cell trace violet-labeled 
naïve CD4+ T cells induced by anti-CD3 and anti-CD28-coated activation beads was 
evaluated by flow cytometry. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. n=4 mice per group. 
Data represent one of 2 experiments performed and analyzed independently. 
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Figure 4.5. Doxorubicin decreases ROS production and arginase-1 and IDO 
expression by MDSC.  

A similar experimental design as described in figure 1 was followed. Spleens were 
harvested five days after the last doxorubicin treatment (day 17). A) Analysis of ROS 
production by MDSC in tumor-free (Tumor-free) or in tumor-bearing (Tumor Bearing) 
mice treated with the indicated concentration of doxorubicin. Cells were incubated with 
Dichlorodihydrofluorescein diacetate (DCFDA). Representative flow cytometry analysis 
of gated CD11b+Gr-1+ cells positive for DCFDA (upper panels). Percent of MDSC 
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positive for DCFDA (left bottom panel). Mean fluorescent intensity representing ROS 
level in MDSC from the indicated groups (right bottom panel). B), C) Western blot 
analysis depicting expression of arginase-1 B)  or  IDO C) in MDSC isolated from 
doxorubicin treated or untreated mice. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. n=4 mice 
per group. Data represent one of 3 experiments performed and analyzed independently. 

 

 

4.4.5. Doxorubicin acts synergistically with Th1 or Th17 cell therapy 

Doxorubicin depleted tumor-induced MDSC and curtailed the suppressive 

function of residual MDSC, thereby averting one major mechanism of cancer-mediated 

immunosuppression. Moreover, the proliferation status and activation of responder 

effector lymphocytes and NK were restored in doxorubicin-treated mice. We therefore 

reasoned that this drug may create a favorable environment that may allow for successful 

combinatory immunotherapy. To address this hypothesis, we evaluated a chemo-

immunotherapy regimen consisting of doxorubicin followed by infusion of T helper 

lymphocytes.   

Th17 lymphocytes represent a recently described subset of T helper cells with 

controversial effects on tumor development. Recent reports have demonstrated that Th17 

generated in vitro have the potential to promote the development of CD8+ T lymphocyte-

dependent immune response and to impair tumor growth (253). Th1 can also promote 

antitumor immunity (214). In our current study, mice bearing established 4T1 tumors 

were treated with doxorubicin and received either Th1 or Th17 lymphocytes generated in 

vitro from naïve CD4+ T cells (Supplemental Figure S4.8A,B) as depicted in Figure 6A. 

The chemoimmunotherapeutic regimen significantly reduced the number of 4T1 
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metastatic nodules in the lungs and impaired tumor growth when compared to the 

monotherapies (Figure 4.6B and supplemental Figure S4.9C).  Importantly, MDSC 

depletion persisted in mice treated with doxorubicin plus Th1 or Th17 cells, while these 

cells eventually re-expanded post-treatment in mice receiving doxorubicin alone (Figure 

4.6C and 4.6D).  Consistent with these results, the frequency of CD8+ and CD4+ T 

lymphocytes was significantly increased in doxorubicin plus Th1 or Th17 -treated 

animals (Figure 4.6D), but NK proportion remained unchanged (data not shown). These 

data thus indicate that doxorubicin administration resulted in the promotion of a favorable 

environment fostering the anti-tumoral efficacy of Th1 and Th17 lymphocytes.  
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Figure 4.6.  The combination of doxorubicin and Th1 or Th17 impairs 4T1 tumor 
development.  

Mice were injected orthotopically (mammary fat pad) with 4T1 tumor cells (1×106). 
Doxorubicin (5 mg/kg) was injected intravenously on day 7 and 12 post-tumor cell 
injection. Th1 or Th17 lymphocytes were administered on day 9 and 14 post-tumor cell 
injection, intravenously (1×106) and intratumoraly (2×106). Tumor volume and number of 
metastatic nodules were evaluated on day 19 post-tumor injection. A) Schematic of the 
experimental design. B) Number of metastatic nodules (left panel) and tumor volume 
(right panel). C) Representative flow cytometry analysis of MDSC frequency in mice 
administered with the indicated therapies. D) Proportion of MDSC, CD4+ and CD8+ T 
cells in mice receiving the indicated therapies; n=8 mice per group. Data are 
representative of 3 independent experiments. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 
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4.4.6. Doxorubicin induces apoptosis of MDSC isolated from cancer patients 

To determine whether similar effects of doxorubicin can be observed on human 

MDSC, CD33+ cells were isolated from the blood of patients with different types of 

cancer (n=10). CD33+ cells exhibited a phenotype consistent with that reported for 

human MDSC (394) (Figure 4.7A) and importantly were endowed with significant 

suppressive capabilities (Figure 4.7B). Our results indicate that these immunosuppressive 

cells were sensitive to doxorubicin-induced cell death (Figure 4.7C,E). Importantly, 

CD33- depleted cells (CD33-) from the same patients were significantly less sensitive to 

doxorubicin (Figure 4.7D,E), indicating that this chemotherapeutic molecule 

preferentially targets MDSC. CD3+ T cells were also minimally affected by doxorubicin 

(not shown). These results thus suggest that doxorubicin exhibit effects on human MDSC 

comparable to those observed on mouse MDSC, thus supporting the implementation of 

this drug in clinical chemoimmunotherapeutic approaches. 
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Figure 4.7.  Doxorubicin selectively kills MDSC isolated from cancer patients.  

CD33+ cells were isolated from cancer patient PBMCs by magnetic cell sorting. A) 
Phenotypic analysis of the isolated cells. Representative results of n=10 patients. B) 
Ability of the CD33+ purified cells to impair the proliferation of cell trace violet-labeled 
T lymphocytes induced with anti-CD3 and anti-CD28-conjugated microbeads  (at the 
indicated MDSC to T cell ratios).  PI, proliferation index. C-D) Purified CD33+ MDSC or 
CD33- cells were exposed to the indicated concentrations of doxorubicin for 24 hrs and 
stained with Annexin V and PI. (% dead cells = % of PI+ + % AnnexinV+PI- cells). A 
total of n=10 patients were analyzed. E, Representative dot plots obtained with CD33+ 
MDSC or CD33- cells isolated from a cancer patient. (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001) 

*** *** 

!"#

Dox (ng/ml) 

%
 d

ea
d 

ce
lls

 
CD33+ MDSC 

Dox (ng/ml) 

%
 d

ea
d 

ce
lls

 

* ** 
** 

*** *** CD33+ MDSC 
CD33- 
cells 

!" #"

!"#

1.31 4.71 

!"##$%&'(()%%

!"##*%+",!%%

-.% /-.% -..%0..%.%

15.92 4.76 7.39 

0.57 1.61 2.54 4.95 7.16 7.20 7.00 8.88 

PI
 

122'342%5%

"63%7289:(;%

0.54 8.05 1.94 6.36 1.49 9.60 34.45 32.21 15.20 47.47 

67.44 

8.71 

15.25 

7.58 8.08 6.88 

23.96 

86.28 

76.45 

85.27 11.54 84.94 

72.99 28.98 

77.56 77.24 

29.94 

<%



 136 

4.5. Discussion 

 

The development of malignant tumors is commonly associated with the 

occurrence and persistence of an immunosuppressive environment. The expansion of 

MDSC, a main suppressive cell population (386), has been widely documented in many 

animal tumor models as well as in patients with different types of cancers and represents 

a major obstacle for efficient cancer immunotherapy (139, 140, 181). Several strategies 

have been explored to either eliminate or curtail the immunosuppressive function of 

MDSC. Depletion of Gr-1+ MDSC using anti-Gr-1 monoclonal antibody resulted in 

restored T cell anti-tumor activity. However, anti-Gr-1 also led to the elimination of 

mature granulocytes and was associated with severe immunosuppression (386). The 

promotion of MDSC differentiation using all-trans retinoic acid (ATRA), a natural 

metabolite of vitamin A, has also been considered. ATRA administration enhanced T 

lymphocyte function and fostered the efficacy of cancer vaccines (351). In recent years 

evidence has been provided that chemotherapeutic drugs can not only kill tumor cells, but 

also enhance anti-tumor immunity through different mechanisms (348). 

Chemotherapeutic agents can promote the function of antigen presenting cells, NK and T 

lymphocytes (337, 342, 348) but may also negatively target immunosuppressive cells 

such as Treg or MDSC (347, 353, 357, 370, 372). For instance, gemcitabine has been 

reported to deplete MDSC in tumor-bearing mice resulting in enhanced anti-tumor 

immunity (347, 370, 372, 387).  Additional reports have demonstrated that 5-Fluorouracil 

(370), or docetaxel (372) can eliminate, impede the suppressive function or promote the 
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differentiation of MDSC.  

Doxorubicin has been a key chemotherapeutic agent used against a variety of 

human cancers. More recently, this drug has been widely studied for its ability to 

modulate anti-cancer immunity (337, 342, 344, 381, 390). Reports have demonstrated 

that doxorubicin induces an “immunogenic type” of tumor cell death and promotes anti-

tumor immune responses (337). In the current study, we highlight a novel property of 

doxorubicin: its ability to avert a major mechanism of tumor-induced immunosuppression 

by eliminating and inactivating tumor-induced MDSC. We established that doxorubicin 

administration reduced the number of MDSC in the spleen, blood and in the tumor beds 

of animals bearing established 4T1 mammary tumors. Importantly, doxorubicin 

selectively eliminated MDSC while enhancing the proliferation status, activation, 

cytokine production of effector T lymphocytes and/or NK cells.  This primary targeting 

of MDSC while effector T cells (and NK) were spared translated into a substantial 

increase in effector lymphocytes to MDSC ratios. Compared to the other 

chemotherapeutic drugs that we evaluated, doxorubicin was endowed with the highest 

degree of selectivity. Indeed, although associated with a reduction of tumor volume 

comparable to that observed after doxorubicin treatment, most of these other agents had 

limited effects on MDSC and some of them, such as cyclophosphamide, even led to a 

slight increase in MDSC as they targeted T cells. Of therapeutic relevance, the addition of 

doxorubicin to cyclophosphamide resulted in a significant elimination of MDSC similar 

to that observed when doxorubicin was administered alone. This peculiar property of 

doxorubicin further highlights the interest and advantage of using this drug as a potent 
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immunomodulatory agent in chemoimmunotherapeutic approaches.  

Further investigation indicated that doxorubicin selectively triggered the apoptotic 

program of MDSC. No change in the apoptosis rate of T or NK cells was detected post-

doxorubicin treatment compared to untreated groups. This selective effect may be partly 

explained by the preferential targeting of highly proliferative cells by doxorubicin. Indeed, 

MDSC in untreated tumor-bearing mice expressed high level of Ki67, a marker of cell 

proliferation (Figure 5.6), while T lymphocyte proliferation was low in untreated tumor-

bearing mice. The triggering of apoptosis by doxorubicin through the induction of ROS 

production has been described in tumor and normal cells such as cardiomyocytes (395).  

In vitro, the ROS scavenger NAC impaired doxorubicin-mediated elimination of MDSC, 

and MDSC isolated from gp91-/- mice were less sensitive to doxorubicin. The effects of 

doxorubicin on MDSC were partially impaired in EL4 tumor-bearing gp91-/- mice.  These 

results strongly suggest that, early after its administration, doxorubicin may induce ROS-

dependent triggering of the MDSC apoptotic program, resulting in the rapid elimination 

of most of these cells. Of note, MDSC that were not eliminated and that were found later 

(5 days) after doxorubicin treatment exhibited an overall impaired suppressive activity 

which, at this time included a reduction of ROS production.   

A previous report has indicated that docetaxel reduced MDSC number by 

promoting their differentiation into M1 macrophages (372). We did not detect any 

changes in the expression of M1 or M2 macrophage markers on MDSC following 

doxorubicin treatment. Additionally, no change in the frequency of macrophages or DC 
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was detected in the treated mice.  However, as mentioned above, the suppressive function 

of the limited number of residual MDSC that were not depleted by doxorubicin was 

significantly impaired. 

Since doxorubicin administration induced MDSC depletion and was associated 

with restored T lymphocyte activity, we reasoned that it may create a favorable 

environment for efficient immunotherapy. Infusion of in vitro generated Th1 cells has 

been reported to promote anti-tumor immunity (214). Th17 lymphocytes have recently 

emerged as a new effector CD4+ T helper cell subset (396) exhibiting effector functions 

distinct from Th1 and Th2 lymphocytes (244). Th17 have been identified as major 

contributors to the pathogenesis of multiple autoimmune conditions in animals and 

humans (244).  However, the role of Th17 cells in cancer remains controversial. While 

some studies have documented the anti-tumoral efficacy of these cells (253, 285, 334, 

397) others have reported on their immunosuppressive properties (336). These conflicting 

results related to the pro- versus anti- tumoral properties of Th17 may be explained by the 

high degree of plasticity of these cells (245, 398, 399). Supporting the anti-tumoral role 

of in vitro polarized Th17, Muranski et al. demonstrated that adoptive Th17 cell therapy 

has the potential to eliminate established tumors. The anti-tumoral efficacy of Th17 

lymphocytes depended on their ability to produce both IFNγ and IL-17 (285, 334). 

Consistent with these studies, our own results indicated that Th17 generated from OT-II 

mice exhibit anti-tumoral effects against B16-OVA melanoma (Figure 2.6). In the current 

study, we demonstrated that the therapeutic efficacy of adoptively transferred Th1 or 

Th17 lymphocytes was significantly enhanced by doxorubicin administration, resulting in 
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impaired development of the highly metastatic 4T1 mammary carcinoma.   

Doxorubicin is widely used in chemotherapeutic regimen primarily for its 

conventional direct tumoricidal activity. Here we highlight a new application for this 

drug as a selective MDSC targeting agent, which can be used to overcome a major 

mechanism of tumor immune evasion. These results advocate for the implementation of 

doxorubicin in combination strategies to enhance the efficacy of immunotherapy. 
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Supplemental Figure S4.1. MDSC expansion positively correlates with 4T1 
tumor progression.  

Six to eight week-old Balb/c mice were injected with 1×106 4T1 cells (mammary 
fat pad). MDSC (CD11b+Gr-1+) frequency was analyzed 1, 2, 3, 4 and 4.5 weeks 
post-tumor injection. Percentage of CD11b+Gr-1+ cells in the spleen of mice 
bearing 4T1 tumors (upper panels). Bioluminescent imaging of 4T1 tumor 
progression and lung metastases at the same time points (lower panels). n=4 mice 
per time point. One representative mouse out of 4 is shown. Two independent 
experiments were performed. 
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Supplemental Figure S4.2. Doxorubicin eliminates MDSC in the tumor beds.  

Mice were injected orthotopically (mammary fat pad) with 4T1 tumor cells (1×106). 
Doxorubicin (2.5 or 5 mg/kg) was administered intravenously on day 7 and 12 post-
tumor cell injection. A) MDSC absolute number in the tumor of mice treated with the 
indicated doses of doxorubicin. B) Proportion of MDSC in the tumor of mice treated with 
the indicated doses of doxorubicin. C) Confocal microscopy analysis of 4T1 tumors from 
mice treated with the indicated doses of doxorubicin. Tumor sections were stained for 
CD11b (green), Gr-1 (red) and sytox orange (nuclear staining, Nuc, blue); Scale bar: 50 
µm. D) Analysis of monocytic MDSC by flow cytometry in mice treated with the 
indicated doses of doxorubicin after gating on CD11b+ cells. *P ≤ 0.05; **P ≤ 0.01; ***P 
≤ 0.001. n=4 mice per group. Data represent one of 2 experiments performed and 
analyzed independently. 
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Supplemental Figure S4.3. Doxorubicin administration increases the effector 
to suppressor ratios in 4T1 tumor bearing mice but does not alter Treg 
numbers. 

Mice bearing 4T1 tumors were treated with doxorubicin (2.5 or 5 mg/kg) on day 7 
and 12 and spleens were analyzed on day 14, 17 and 23 post-tumor cell injection. 
A) Ratio of CD4+ (top panels), CD8+ (middle panels) T lymphocyte, or NK cell 
(lower panels) to MDSC at the indicated time points in mice treated with the 
indicated doses of doxorubicin. B) Expression of perforin or granzyme B by 
CD8+ T and NK cells 17 days post-tumor injection (MFI values).  C) Proportion 
of FoxP3+ Treg in mice treated with the indicated doses of doxorubicin 17 days 
post tumor cell injection (right panel) and a representative dot plot showing CD25 
and FoxP3 expression after gating on CD4+ T cells (left). *P ≤ 0.05; **P ≤ 0.01; 
***P ≤ 0.001. n=4 mice per group. Data represent one of 2 experiments 
performed and analyzed independently. 
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Supplemental Figure S4.4. Doxorubicin is more efficient at selectively eliminating 
MDSC than cyclophosphamide, fludarabine, melphalan, vinblastine or etoposide.   

Mice bearing established 4T1 tumors were treated with doxorubicin (5 mg/kg; i.v.), 
cyclophosphamide (50 mg/kg; i.p.), fludarabine (50 mg/kg; i.p.), melphalan (5 mg/kg; 
i.p.), vincristine (1 mg/kg; i.v.) or etoposide (5 mg/kg; i.p.) on days 7 and 12 post tumor 
cell injections. Tumor volume was measured and spleens were collected and analyzed on 
day 17 post-tumor cell injection.  All drugs reduced tumor volume to a comparable 
manner. A-B) Proportion and absolute number of MDSC (CD11b+Gr-1+) and proportion 
of T cells (CD4+, CD8+) and NK cells (top panels). Effector cells to suppressor MDSC 

C C 
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ratios (bottom panels). C) Mice bearing 4T1 tumors were treated either with doxorubicin 
(5 mg/kg; i.v.) alone, cyclophosphamide (50 mg/kg; i.p.) alone, or doxorubicin (5 mg/kg; 
i.v.) plus cyclophosphamide (50 mg/kg; i.p.), on days 7 and 12 post tumor injections. 
Tumor volume and frequency of MDSC and effector cells were determined (top panels). 
Effector cells to suppressor MDSC ratios (bottom panels). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001. n=4 mice per group. Data represent one of 2 experiments performed and analyzed 
independently. 
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Supplemental Figure S4.5. Doxorubicin eliminates MDSC in mice bearing EMT6 
breast cancer or EL4 thymoma.  

Mice were injected with A) EL4 (1×106; subcutanously) or B) EMT6 (1×106; 
orthotopically) tumor cells and were treated with the indicated doses of doxorubicin (0, 
2.5 or 5 mg/kg; i.v.) on days 7 and 12 post-tumor cell injections. Spleens were collected 
and analyzed on day 17 and the proportion and absolute number of MDSC (CD11b+Gr-
1+), the proportion of T lymphocytes (CD4+, CD8+) and NK cells (top panels), as well as 
the ratio of effector T or NK to suppressor MDSC (bottom panels) were determined. *P ≤ 
0.05; **P ≤ 0.01; ***P ≤ 0.001. n=4 mice per group. Data represent one of 2 experiments 
performed and analyzed independently.  

 

 

B 



 150 

 

 

Supplemental Figure S4.6. Effects of doxorubicin on the suppressive function of 
residual MDSC. 

The immunosuppressive function of MDSC isolated from mice treated with the indicated 
doses of doxorubicin was assessed by determining their ability to impair CD4+ (left 
panels) or CD8+ (right panels) proliferation as explained in materials and methods. 
Representative Modfit analysis is shown. 
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Supplemental Figure S4.7. Effects of doxorubicin on MDSC expression of 
immunosuppressive factors and on MDSC differentiation.  

Tumor-bearing mice were treated with doxorubicin (2.5 and 5 mg/kg) and spleens were 
collected and analyzed on day 17 post-tumor cell injection. A) Representative flow 
cytometry analysis of CD39 and CD73 expression by gated MDSC (CD11b+Gr-1+) in 
mice treated with the indicated doses of doxorubicin. B) Immunoblot analysis of p-Stat3, 
Stat3, S100A9 and S100A9 in MDSC isolated from mice treated with the indicated doses 
of doxorubicin. C) Representative flow cytometry analysis of the expression of CD206 
(Mannose Receptor) and CCR7 by gated MDSC in mice treated with the indicated doses 
of doxorubicin. n=4 mice per group. Three independent experiments were performed. 
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Supplemental Figure S4.8. Characterization of in vitro generated Th1 and Th17 
lymphocytes.  

Th1 and Th17 were generated from naïve CD4+CD25-CD62L+ T cells. A) Real time PCR 
analysis of IFNγ and IL-17 in Th1 or Th17 cells. B) Measurement of IFNγ and IL-17 
production in the culture supernatant of Th1 and Th17 lymphocytes using ELISA. 
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Supplemental Figure S4.9. Combination of doxorubicin plus Th1 or Th17 impairs 
4T1 tumor growth.  

Effects of doxorubicin plus Th1 or Th17 therapy on 4T1 tumor growth. Mice were 
injected orthotopically (mammary fat pad) with 4T1 tumor cells (1×106). Doxorubicin (5 
mg/kg) was injected intravenously on day 7 and 12 post-tumor cell injection. Th1 or 
Th17 lymphocytes were administered on day 9 and 14 post-tumor cell injection, 
intravenously (1×106) and intratumoraly (2×106). Tumors were measured every other day 
and the tumor volume was determined by the formula (V=1/2(L×w2)); L, length (longest 
dimension); w, width (shortest dimension). ***P ≤ 0.001. n=8 mice per group. Data 
represent one of 2 experiments performed and analyzed independently. 
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5. CHAPTER 5- DISCUSSION, IMPACT AND FUTURE CONSIDERATIONS 

 

As outlined in the previous chapters, most immunotherapy strategies have failed 

to significantly impact survival rates in the clinic. These disappointing results may partly 

be explained by the establishment of an immunosuppressive environment created by 

tumors. It is therefore, imperative to take into account these immunosuppressive factors 

when designing future therapeutic options and not solely the direct targeting of cancer 

cells or the promotion of effector immune cells. As one of the main cell types involved in 

cancer-induced immunosuppression, MDSC are expanded both in mouse cancer models 

and in patients with various types of cancers, particularly breast cancer. Several 

approaches have been considered to modulate tumor-induced MDSC. For example, anti-

Gr-1 antibody administration results in a significant decrease of MDSC. However, this 

treatment also targets neutrophils expressing Gr-1. A few studies have reported on the 

elimination or “reprogramming” of MDSC by chemotherapy drugs (347, 348, 370, 372). 

Several of these therapies were reported to enhance the efficacy of immunotherapy 

strategies (347, 370). However, in most of the these studies, although MDSC depletion 

resulted in an overall enhancement of T and NK cell function, some deleterious effects on 

effector cells were observed. Indeed, these treatments not only targeted suppressor 

populations but also affected the effector population resulting in no (or limited) change in 

the ratio of effector to suppressor; therefore, not providing a substantial benefit to 

immunotherapy. Additionally, in most of these studies the mechanisms underlying 
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MDSC elimination was not clearly elucidated. Therefore, there is a need to identify, 

optimize and develop additional approaches to hamper tumor-induced MDSC. 

The objective of the study presented herein was to explore new strategies to 

overcome MDSC-mediated immunosuppression while preserving, or more importantly, 

enhancing the effector mechanisms of anti-tumor immune response. We reasoned that 

this approach could be successfully combined with immunotherapy against established 

tumors.  A second question addressed by our current work focused on deciphering the 

pro- versus anti- tumoral effects of Th17 and the possibility to harness these cells in 

combination therapies. The choice of doxorubicin as an immunomodulatory agent relies 

on the unique characteristics of this chemotherapeutic drug to 1) trigger a mechanism of 

tumor cell death associated with the production of immune-activating factors, namely the 

DAMPs calreticulin, HMGB1 and ATP, and 2) exhibit widely reported immune-

dependent anti-tumoral effects. In addition, doxorubicin is an FDA approved drug, 

largely used clinically for the therapy of breast, stomach, lung, ovarian cancers and some 

types of leukemia. Interestingly, the possibility that doxorubicin impacts 

immunosuppressive cells had not been explored.   

For the first time, we demonstrated that, using the highly metastatic mouse breast 

cancer model 4T1, administration of doxorubicin results in a dramatic reduction of 

MDSC number. This observation by itself would not be therapeutically relevant if 

doxorubicin was also negatively affecting effector cells. Cytotoxic drugs non-selectively 

eliminating both suppressor and effector cells are of very limited interest in 

immunotherapy. We believe that a key finding of our work is demonstrating that 
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doxorubicin treatment completely reverted the effector to suppressor cell ratios in favor 

of effector cells.  Indeed, a substantial increase in the frequency of CD4+ T helper cells 

and CD8+ CTL as well as NK cells was observed in treated animals. Furthermore, the 

cytotoxic function and ability of these cells to produce IFNγ was significantly enhanced. 

Of considerable importance, doxorubicin was significantly (and by far) much better than 

any of the other chemotherapeutic molecules that we tested (and to the best of our 

knowledge to any other reported chemotherapeutic drugs) to augment effector cell 

function and frequency. Substantiating these observations and further strengthening the 

impact and applicability of our approach, identical results were obtained in two different 

preclinical models (the mouse breast cancer EMT6 and the thymoma EL4) (figure S4.2 

and Figure 5.4). 

MDSC depletion resulted from the selective triggering of their apoptotic program 

by doxorubicin. It was initially surprising that a drug like doxorubicin, endowed with 

such a general mechanism of action was capable of inducing predominantly the apoptosis 

of MDSC and not the other immune subsets. However, a major mechanism of 

doxorubicin-mediated induction of apoptosis both in normal and cancer cells relies on 

induction of ROS production. For instance, the basal production of ROS in 

cardiomyocytes is significantly increased by doxorubicin exposure. Since 

cardiomyocytes lack efficient ROS scavenging, enhanced ROS levels after doxorubicin is 

believed to be the main mechanism responsible for the cardiotoxicity of this drug (395, 

400-403). The level of the doxorubicin-induced oxidative stress is 10 times higher in the 

heart compared to other tissues (liver, kidney, spleen). Consistently, substantially lower 
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levels of catalase and of superoxide dismutase are found in cardiomyocytes. The high 

oxidative metabolism and the poor anti-oxidative defense of cardiomyocytes compared to 

other cells, has been proposed as mechanistic basis underlying the selective toxicity of 

doxorubicin against the cardiac tissues (404-407). Based on these observations, we 

reasoned that the differential sensitivity of MDSC and effector cells to doxorubicin may 

be inherent to a differential production (at the basal level and in response to doxorubicin) 

of ROS –by MDSC and CD4+ or CD8+ T lymphocytes. We confirmed this hypothesis by 

clearly demonstrating that the already high basal ROS levels were substantially increased 

in MDSC following doxorubicin treatment. In fact, our analysis of total splenocytes from 

mice bearing 4T1 tumors confirmed that granulocytic MDSC exhibited the highest ROS 

level as compared to other immune cell subsets prior to doxorubicin treatment. MDSC 

analyzed at early time points (3 hours after doxorubicin treatment) showed no signs of 

apoptosis, but ROS levels were substantially increased in these cells (Figure 5.1). This 

correlates with induction of apoptosis at much later time points (5 days after doxorubicin 

treatment) (Figure 4.3.and 4.5). Consistent with these data, ROS were also shown to peak 

at early time points in isolated MDSC treated with doxorubicin in vitro.  Additionally, 

MDSC isolated from tumor-bearing mice lost their sensitivity to doxorubicin in the 

presence of NAC, an ROS scavenger. Effector anti-tumoral T cells and NK did not 

exhibit high basal level of ROS and importantly, ROS production was not enhanced in 

these cells by doxorubicin, which may explain, at least partly, the selective depletion of 

MDSC by doxorubicin.  
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Figure 5.1. MDSC apoptosis and ROS production at early time points following 
doxorubicin treatment. 

Spleens were collected 3 hours after the last doxorubicin administration. A) Splenocytes 
were labeled with anti-CD11b, anti-Gr-1, and Annexin V and PI. Representative flow 
cytometry analysis (gated on CD11b+Gr1+ cells), showing the proportion of apoptotic and 
secondary necrotic MDSC. B) Analysis of ROS production by MDSC isolated from 
tumor-bearing mice and incubated with Dichlorodihydrofluorescein diacetate (DCFDA) 
was performed by flow cytometry. The mean fluorescent intensity is indicative of ROS 
levels in MDSC.  

 
 
 
ROS can be produced in cells by several different mechanisms, one of them being 

NADPH oxidase (NOX2), a multicomponent enzyme consisting of two membrane 

proteins, gp91phox and p22phox and four cytosolic components: p47phox, p67phox, p40phox 

and a small G protein Rac (408). A substantial increase in mRNA and protein (cytosolic 

and membrane fractions) levels of p47phox and gp91phox has been detected in MDSC 

isolated from tumor-bearing mice. Translocation of p47phox to the cell membrane is 

required for NOX2 assembly and thus the detection of p47phox in the plasma membrane is 

indicative of NOX2 activation. Increased ROS levels have been associated with up-
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regulation of NOX2 in MDSC (194). In addition, doxorubicin interaction with NOX2 has 

been proposed as one of the mechanism by which this drug increases cellular ROS. 

Interestingly, gp91phox knockout (gp91-/-) mice, unlike wild-type mice, are resistant to the 

cardiotoxic effects of doxorubicin chronic treatment, confirming that this drug enhances 

ROS through the modulation of NOX2 (409). These considerations prompted us to 

investigate the potential contribution of NOX2 in the over-production of ROS in MDSC 

induced by doxorubicin using gp91-/- mice. Consistent with our hypothesis and the 

results discussed above, doxorubicin-mediated elimination of MDSC was impaired in 

tumor-bearing gp91-/- mice compared to wild-type animals (Figure 5.2). In accordance 

with this result, MDSC isolated from tumor-bearing gp91-/- mice and treated in vitro 

with doxorubicin were significantly less sensitive to the cytotoxic effect of the drug 

compared to their wild type counterparts (Figure 4.3; page 131).   
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Figure 5.2. Tumor volume and proportion of MDSC cells in wild-type (wt) and 
gp91-/- mice treated or not with doxorubicin.  

EL4 tumor-bearing mice were treated with doxorubicin as mentioned above. Tumor 
volume was determined and MDSC frequency was measured with flow cytometry 
analysis. n=4 mice per group. Data is representative of 2 independent experiments.  

 
 
Additional data arguing for the central role of ROS in doxorubicin-mediated 

apoptosis of MDSC came from our analysis of the monocytic versus granulocytic MDSC 

populations. The EL4 tumor model is characterized by an increase in both monocytic and 

granulocytic MDSC (194). Monocytic MDSC are characterized by higher NO and lower 

ROS levels while conversely, granulocytic MDSC exhibit significantly higher ROS and 

lower NO levels (139). Interestingly, when we analyzed MDSC from EL4 tumor-bearing 

doxorubicin-treated mice, only the granulocytic population was affected by the drug, and 

not the monocytic. This further validates the possible role of ROS in doxorubicin-

mediated apoptosis of MDSC.   

In summary, at the doses of doxorubicin used in our study, the selective 

elimination of MDSC likely depends on the high basal levels and possibility of further 

induction of ROS in MDSC by this drug compared to effector immune cell populations. 

More extensive studies are however, required to further identify which ROS species are 

actually involved in this process. In addition, it should be underlined that we view 

doxorubicin only as a tool, and the current study as a framework to identify optimal 

strategies to selectively eliminate MDSC in cancer. More targeted and less cardiotoxic 

approaches should be further explored. 
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In addition to the MDSC-depleting effect of doxorubicin, it should be noted that 

the limited number of residual MDSC that have not been eliminated by doxorubicin 

treatment exhibited decreased immunosuppressive function. From the many factors 

involved in the immunosuppressive activity of MDSC, down-regulation of IDO and 

arginase-1 expression and reduced ROS was observed. Multiple pathways and 

mechanisms involved in MDSC function have been identified by different groups.  A 

positive correlation has been reported between the expression of arginase-1 and the 

activation of Stat3 in human MDSC. Furthermore, Stat3 inhibition resulted in the 

decrease of arginase-mediated suppressive activity of MDSC (410). Similarly, an 

increased frequency of IDO-expressing MDSC in the tumor beds and peripheral blood of 

breast cancer patients has been documented. It has also been reported that IDO 

expression requires the activation of Stat3 (411). In our study, we did not observe any 

change in the status of Stat3 following doxorubicin treatment (Figure S4.7B). This result 

suggests that signaling pathways different than those leading to Stat3 activation may 

regulate the expression of arginase-1 and IDO in MDSC. Such candidates may involve 

Stat1 and Stat6 as well as NF-κB, which are reported to increase arginase-1 and iNOS 

activity (156). Future studies are therefore, required to elucidate the pathways and 

identify the regulatory molecules involved in doxorubicin-mediated down-regulation of 

IDO and arginase-1. We also observed low ROS levels in residual MDSC after 

doxorubicin treatment. This observation raised the possibility that these residual cells 

may consist of a heterogenous population of immature myeloid cells from freshly-derived 

bone marrow not yet impacted by the tumor environment. Additionally, and as mentioned 
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above, doxorubicin targets MDSC by enhancing their already high basal ROS level. It is 

possible that 5 days after doxorubicin treatment, the majority of MDSC characterized by 

a very high ROS content have been already eliminated and only cells with low ROS 

content remain as residual MDSC. Overall, the remaining MDSC, whether freshly-

derived immature myeloid cells or cell variants producing low ROS, exhibit impaired 

immunosuppressive activity.   

It has been postulated that the reduction of tumor burden and/or the reduction of 

growth factors produced by tumor cells may result in the reduction of MDSC number. 

We strongly believe that this explanation is not valid in our study. The following lines of 

evidence argue against this point.  First, MDSC purified from tumor-bearing mice were 

significantly more sensitive to doxorubicin treatment than the MDSC-depleted fraction in 

vitro. Second, no decrease in the level of tumor-induced growth factors (GM-CSF, G-

SCF, M-SCF, and SCF) was detected in the serum of mice treated with doxorubicin 

(Figure 5.3). This suggests that the decrease in MDSC was not due to decrease in tumor-

induced growth factors after doxorubicin treatment. Third, although cyclophosphamide 

induced a reduction of tumor volume similar to that observed following doxorubicin 

administration, no effect of this drug on MDSC was observed. In fact, cyclophosphamide 

primarily targets T lymphocytes, which is exemplified in our study by a dramatic 

decrease in the effector T cell to MDSC ratios. In addition, MDSC isolated from 

cyclophosphamide-treated mice were still very immunosuppressive (Figure 5.4). Finally, 

MDSC isolated from tumor-bearing mice and treated in vitro with non-toxic doses of 

doxorubicin were impaired in their suppressive function.  Altogether these observations 
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strongly argue that doxorubicin exert direct effects on MDSC.  However, the observed 

reduction of tumor volume may result in impaired de novo production of these cells, with 

effects that will likely be detected after longer periods of time.  

 

 

Figure 5.3. Detection of growth factors in the serum of doxorubicin-treated mice.  

The level of the indicated cytokines known to induce MDSC expansion was analyzed by 
ELISA in the serum of tumor-bearing mice treated or not with doxorubicin (0, 2.5 and 5 
mg/kg). Data is representative of two independent experiments. 

 

 

 

Figure 5.4.  The immunosuppressive function of MDSC isolated from EL4 or EMT6 
tumor-bearing mice is impaired by doxorubicin.  

EL4 (C57BL6 background) and EMT6 (Balb/c background) tumor-bearing mice were 
treated as mentioned previously. MDSC were isolated from untreated or doxorubicin 
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treated (2.5 and 5 mg/kg) mice. The ability of purified MDSC to impair the proliferation 
of cell trace violet-labeled naïve CD4+ T cells induced with anti-CD3 and anti-CD28-
coated activation beads was analyzed by flow cytometry. Data represent one out of 2 
experiments performed and analyzed independently. 

 

The choice of optimal chemotherapeutic agents is currently dictated by the type of 

cancer. However, taking into account the immune profile of each patient may also help 

tailor the most appropriate therapy. To this end, identifying the mechanism of tumor-

induced immunosuppression for individual patients may be critical to define the best 

targeting molecule. For instance, in our study, doxorubicin impairs MDSC but not Treg 

(Figure 5.5). But as previously reported, in the case of cancers associated with Treg 

expansion, cyclophosphamide treatment appears as a more adapted approach. Therefore, 

identifying the dominant mechanism of immunosuppression triggered by a given type of 

cancer in a given patient, may be an important step in defining the drug (or the 

combination of drugs) to be administered. 

 

 

 

Figure 5.5.  Doxorubicin does not impact Treg suppressive activity.  

4T1 tumors were established in mice expressing the green fluorescence protein (GFP) 
under the control of the FoxP3 promoter (FoxP3-GFP animals).  Mice were then treated 

PI=1.01 PI=4.76 PI=3.54 PI=3.59 PI=3.50 

Non-stimulated T cells Stimulated T cells Stimulated T cell : 
Treg (Dox0mg/kg)  

Stimulated T cell : 
Treg (Dox2.5mg/kg)  

Stimulated T cell : 
Treg (Dox5mg/kg)  

Cell Trace Violet 



 166 

as mentioned above. GFP positive (FoxP3-expressing) cells were sorted (FacsAria) from 
untreated or doxorubicin-treated (2.5 and 5 mg/kg) mice. The ability of Treg to impair the 
proliferation of cell trace violet-labeled naïve CD4+ T cells induced by anti-CD3 and 
anti-CD28-coated activation beads was evaluated by flow cytometry. Proliferation Index 
(PI) is indicated for each graph. n=4 mice per group. Data represent one of 2 experiments 
performed and analyzed independently. 

 

An additional point to consider is that, at best, most chemotherapeutic drugs 

known to impact the immune function exhibit only transient effects on 

immunosuppressive cells. It is, therefore, imperative to identify the specific period of 

time during which these molecules blunt cancer-induced immunosuppressive 

mechanisms and which immunotherapy can be efficiently performed (ideally when the 

effector to suppressor cell ratios are the highest). A drawback of this concept is that it 

requires determining the immune profile of each patient on a per case basis. For instance, 

in our study, the initial determination of the kinetics of MDSC elimination/reconstitution 

after doxorubicin treatment helped identify when T cell to MDSC ratios were the highest 

and when T lymphocyte and NK cytotoxic activity and proliferation were optimal to 

perform active immunotherapy (Figure 5.6). 
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Figure 5.6. MDSC proliferation status after doxorubicin treatment.  

MDSC from tumor-bearing mice were treated or not with doxorubicin. The proliferation 
status of the cells was analysed (Ki67 expression). Representative results showing the 
MFI associated with Ki67 staining (gated on MDSC). (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 
0.001). 

 

As immunotherapeutic modalities, our selection of T helper lymphocytes (Th1 

and Th17) adoptive transfer has been motivated by several considerations. Th1 has 

previously been shown to exhibit potent anti-tumoral activity (214). On the other hand, 

Th17 is a recently identified Th subset with controversial and yet to be clarified role in 

cancer (see our discussion on the role of Th17 in cancer in chapter 2). Both Th1 and Th17 

generated in vitro were shown to express their lineage-specific cytokine (Th1:IFNγ and 

Th17:IL-17).  In addition, both cell populations produced high levels of TNFα (Figure 

2.3; chapter 2). We demonstrated that the combination of doxorubicin with either Th1 or 

Th17 lymphocytes reduced lung metastases, impaired tumor growth and increased the 

overall survival of mice-bearing advanced breast cancer (Figure 5.7). These results 
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advocate for an anti-tumoral role of Th17 and indicate that these cells can be efficiently 

implemented in anti-cancer therapeutic strategies. With the goal of improving Th17-

based immunotherapies, it would be interesting to further analyze the role of IL-17 and 

TNFα (expressed by Th17) in this process, to track the location, survival and expansion 

of these cells, and to define their differentiation fate (maintenance of their Th17 

phenotype or reprogramming into Th1-like cell) in vivo in tumor bearing mice.  

 

 

 

Figure 5.7. Effects of doxorubicin plus Th lymphocyte therapy on the survival of 
mice bearing established 4T1 tumors.  

Mice were injected orthotopically (mammary fat pad) with 4T1 tumor cells (1×106). 
Doxorubicin (5 mg/kg) was injected intravenously on day 7 and 12 post-tumor cell 
injection. Th1 or Th17 lymphocytes were administered on day 9 and 14 post-tumor cell 
injection, intravenously (1×106) and intratumoraly (2×106). Mice were monitored and the 
endpoint of the experiment was determined based on primary tumor and metastatic 
burden following IACUC guidelines. n=8 mice per group. Data represent one of 2 
experiments performed and analyzed independently. 
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Lastly, we confirmed our seminal observation, which is doxorubicin selectively 

targets MDSC using samples from patients with different types of cancer (lung, ovarian, 

prostate, bladder, colon, stomach, kidney, pancreatic and breast cancer). Isolated human 

MDSC were identified/characterized based on their phenotype and suppressive function. 

These purified tumor-induced human MDSC were significantly more sensitive to 

doxorubicin than the MDSC-depleted fraction (Figure 4.8; chapter 4). Importantly, 

treatment of human MDSC with other drugs such as vincristine and cisplatin showed no 

preferential cytotoxicity when compared to the MDSC-depleted fraction (Figure 5.8). 

These results, therefore indicate that our mouse data can be translated to human. 
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Figure 5.8.  Doxorubicin selectively targets human MDSC in vitro as compared to 
cisplatin and vincristine.  

CD33+ cells were isolated from cancer patient PBMCs by magnetic cell sorting. Purified 
CD33+ MDSC cells were exposed to the indicated concentrations of doxorubicin, 
cisplatin and vincristine for 24 hrs and stained with Annexin V and PI. (% dead cells = % 
of PI+ + % AnnexinV+PI- cells). Proportion of CD33+ dead cells after indicated dosages 
and treatments (Top panel) and a representative dot plot showing Annexin and PI staining 
after gating on CD33+ MDSC (bottom panel). (*P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001). 

 

Our study therefore provides the proof of principle that the anthracycline 

doxorubicin, by its peculiar ability to eliminate MDSC, overcomes one aspect of tumor-

induced immune tolerance, and thereby, allows Th1 or Th17-based immunotherapy to be 

efficient. These observations argue for the careful consideration of combining 

chemotherapeutic agents endowed with immunomodulatory activity with immunotherapy 

strategies, which may be translated to the clinic. 
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