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ABSTRACT 

 Cancer is one of the most pervasive health problems in the world today.  Despite 

major advances in its treatment in recent decades, conventional therapies have seen 

limited success. Aggressive, drug-resistant cancer cells can reemerge after treatment, 

resulting in relapse.  Immunotherapy, a strategy that utilizes a patient’s own immune 

system to specifically destroy cancer cells, is a potential solution to this problem.  

Immunotherapy, however, is limited by multiple mechanisms of cancer-induced 

immunosuppression.  One of the most important of these mechanisms is the induction of 

Treg, which are capable of suppressing multiple arms of the anti-cancer immune response.    

In the current study, we evaluated strategies to hinder the deleterious function of Treg on 

cancer immunotherapy.  First, we determined that imatinib mesylate could inhibit Treg 

function in vivo and in vitro and increase the efficacy of dendritic cell-based 

immunization against an imatinib-resistant lymphoma.  Then, searching for further 

methods to inhibit Treg, we found that Th-1 cells were capable of inhibiting Treg 

function and synergizing with a tumor lysate vaccine to treat leukemia.  This process was 

dependent on IFN-γ secretion by the Th-1 cells.  While investigating the influence of Th-

1 on Treg and the resulting immunomodulatory effects of these cells in vivo, we 

discovered that they were capable of promoting the non-conventional direct tumor killing 

function of DC. We determined that Th-1 induce the cytotoxic function of bone marrow-

derived DC generated with GM-CSF and IL-4 by a mechanism dependent on IFN-γ.  

Finally, because our results indicate that the antigen presenting function of KDC may 

depend upon their cytotoxic ability, and since DC generated with IL-15 have been 
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reported to be more efficient APC than those generated with IL-4, we evaluated their 

ability to also function as direct tumor cell killers. We found that while IL-15 DC can 

indeed kill tumor cells, only LPS and not IFN-γ was capable of inducing this capability.  

These findings contribute to both arms of anti-cancer immunity by impairing 

immunosuppression with imatinib and Th-1, and promoting anti-tumor immunity with 

KDC.  This double-pronged approach may contribute to further strategic advances in the 

field of cancer immunotherapy.     
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CHAPTER 1 

INTRODUCTION 

1-1 Cancer and Conventional Therapies 

 Cancer is a devastating health problem, affecting millions of people each year.  In 

2008, about 12.7 million cancer cases and 7.6 million cancer deaths are estimated to have 

occurred despite extensive financial resources spent on therapeutics (1).  This 

exceptionally broad disease category has both genetic and environmental causes and can 

potentially affect any individual.  At present, the frontline therapies for cancer consist of 

surgery, chemotherapy and radiation therapy.  Surgery entails the removal of a bulk 

tumor mass in cases where the tumor is operable.  Tumor resection is important in many 

tumors due to its efficiency at removal of primary and large secondary tumors.  In many 

cases however, the entire tumor cannot be removed or is not operable.  In these cases, 

addition of radiation therapy or chemotherapy is required.     

Radiation therapy uses high-energy radiation including gamma rays and X-rays to 

kill cancer cells.  Administration of this radiation can come from external-beam radiation 

therapy or from internal radiation therapy where the radioactive material is placed inside 

the body, close to the tumor.  Radiation can damage cellular DNA directly or by 

formation of free radicals, which then damage the DNA indirectly.  This DNA damage 

results in cell cycle arrest or death in cells which are unable to sufficiently repair their 

DNA (2). However, normal cells are susceptible to this same type of damage, resulting in 

side effects which may include secondary tumors.  Another limitation to radiation therapy 
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is the fact that advanced solid tumors which are partially hypoxic are resistant to radiation 

therapy, limiting the scope in which this treatment can be used (3).   

Chemotherapy is a cancer treatment strategy that uses a broad variety of chemical 

agents to treat cancer.  Cells with high proliferation rates are the targets of most 

chemotherapies.  This results in nonspecific targeting of other cells that naturally divide 

quickly, resulting in side effects.  For example, epithelial cells of the intestinal mucosa 

are forced into cell cycle arrest, resulting in chemotherapy-induced diarrhea (4).  Some 

immunotherapeutic agents have been designed with higher degrees of specificity against 

specific oncoproteins.  Imatinib mesylate is one such drug whose tyrosine kinase 

inhibitor activity has a high degree of specificity against the BCR-ABL oncoprotein of 

chronic myelogenous leukemia (CML).  One study showed imatinib to have a 97% 

complete hematologic response against CML (5).  Despite these success rates, even 

focused therapies such as imatinib have considerable cross-reactivity and corresponding 

side effects.   

Substantial progress has been made in recent decades in treating cancer with these 

dominant therapies.  However, disease often recurs months or years following therapy, 

which results from drug-resistant or adapted tumor cell clone outgrowth.  Additionally, 

the effectiveness of these therapies does not last beyond the duration of the treatment.   

Considering these limitations of established cancer therapies, new cutting edge 

therapies are in demand.  The immune system might provide the raw material for some of 

these next-generation treatments given the fact that a healthy immune system is capable 



 18 

of destroying transformed cells before they become clinically apparent tumors (6, 7).  

The immune system has the potential to outperform current therapies in that it has 

immunological memory, which may remain active years after cancer treatment has 

stopped.  Indeed, the immune system may be able to eradicate minimum residual disease 

and prevent outgrowth of metastasis, preventing relapse where the chemotherapy and 

radiation might fail to do so.  The perspective of harnessing the immune system is an 

attractive alternative to current therapies.   

1-2 Cancer and the Immune System 

1-2-a Interactions Between Tumors and the Immune System 

It is currently well accepted that the immune system plays an important role in 

preventing transformed precancerous lesions from developing into clinically detectable 

tumors (6, 7).  Such natural anti-cancer immunity, however, does not always recognize 

and destroy all potential malignancies.  The process by which the immune system 

recognizes and destroys malignancies before they become apparent is called tumor 

immunosurveillance.  In this process, cells of the innate and adaptive immune system 

recognize and destroy developing tumor cells (8).  The idea of cancer 

immunosurveillance in humans is reinforced by the fact that patients with deficiencies in 

various parts of the immune system are predisposed to malignancy (9-12).  This concept 

of immunosurveillance has more recently been refined and expanded into a broader 

concept of how the immune system interacts with and shapes cancer.  This concept, 

called cancer immunoediting, has been reviewed extensively by Dunn et al. (Figure 1) 
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(13-15).  This process can be divided into phases called the three E’s of immunoediting: 

Elimination, Equilibrium and Escape.   

The elimination phase encompasses the original concept of immunosurveillance 

where a developing tumor is destroyed by the immune system.  Initially, cells of the 

innate immune system respond to locally released “danger” signals and are recruited to 

the site of the tumor where they begin to release proinflammatory cytokines such as IFN-

γ (16, 17).  Next, these innate immune cells begin to recognize and destroy cancer cells.  

Natural killer (NK) cells can recognize and destroy tumor cells, which express NKG2D 

ligands.  Macrophages can also destroy tumor cells by a variety of mechanisms.   

This killing by the innate immune system leads to release of tumor antigens, 

which can be taken up by antigen presenting cells (APC) such as dendritic cells (DC), the 

professional antigen presenting cells of the immune system and principal initiators of the 

adaptive immune response (18).  In a cancer setting, the primary role of DC is taking up 

tumor antigens in the tumor microenvironment.  This tumor antigens may be derived 

from basal tumor cell death or by tumor cell killing by cells of the innate immune system 

as discussed above.  Immature DC can then engulf this tumor antigen and process it as 

they take on a mature phenotype, upregulating CCR7, and migrating toward CCL19 and 

CCL21 in the lymph node (19-22).  In addition to activated DC expression of CCR7, they 

also upregulate expression of MHC class II molecules, and the costimulatory molecules 

CD80 and CD86 upon maturation.  Once DC have migrated to the lymph node, they 

closely associate with T cells, due in part to their expression of high levels of CD80 and 
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CD86.  This is one of the features of DC that make them superior APC for T cell 

activation and initiation of an adaptive immune response. Another reason DC are the 

most important and effective APC in cancer is their superior capability to cross-present 

exogenously acquired tumor antigen on MHC class I molecules (23).  

The principal orchestrators and specific tumor killers of the adaptive immune 

response are CD4+ and CD8+ T cells, respectively.  CD4+ T cells recognize antigen in the 

context of major histocompatibility complex (MHC) II and CD8+ in MHC I.  APC such 

as DC present tumor antigen to T cells, which triggers signaling through the T cell 

receptor (TCR).  This TCR signaling can be accompanied by costimulation from CD28 

on the T cell interacting with CD80/86 on the APC.  When both of these signals are 

present, T cell activation ensues.  Activated CD8+ T cells are capable of recognizing 

altered-self tumor peptide expressed on MHC I molecules of the tumor cells themselves.  

When these activated CD8+ cytotoxic T cells see their antigen in this context, they can 

kill the tumor cell through a variety of mechanisms, including but not limited to 

perforin/granzyme, FAS/FASL, TRAIL and others.  CD4+ helper T cells provide help to 

CD8+ T cells, B cells, DC and numerous other immune system cells through the 

cytokines they secrete and through cell contact-dependent stimulatory signals they 

provide, such as CD40L.  When activated, Th cells can differentiate into multiple 

lineages characterized by the transcription factors they express and the cytokines they 

secrete.  Of these lineages, Th-1 cells are the most desirable in an anti-cancer immune 

response.  This is due to their characteristic secretion of proinflammatory type 1 

cytokines including IFN-γ, TNF-α and IL-2 (24).  
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If these immune cells described above succeed in eradication of the tumor, there 

is no progression to subsequent phases of the immunoediting process.  Otherwise, growth 

of tumor precursor cells enters into a dynamic equilibrium with checks placed on their 

growth by the host immune system.   

 In the equilibrium phase, tumor cell variants, which are often antigenically 

distinct from the initial transformed cells, have survived past the elimination phase.   

These tumor cell variants often carry different mutations than the initial neoplasm they 

arose from, which may provide them with increased resistance to targeting by the 

immune system (14).  This phase is characterized by a dynamic equilibrium of immune 

cells killing cancer cells, applying a selective pressure capable of keeping tumor cells in 

check but not completely eliminating them.  Meanwhile the tumor cells continue to 

mutate, producing new tumor variants with decreased immunogenicity (14).   

 After what is often months to years of this dynamic equilibrium, the genetic and 

epigenetic changes that have taken place in remaining tumor cells can become sufficient 

to confer resistance to detection and elimination by the immune system (14, 25).  This is 

known as the escape phase.  At this point, the tumor grows and can become clinically 

apparent.  Additionally, the cancer may be actively suppressing the immune system by 

producing immunosuppressive cytokines or promoting immunosuppressive cells, which 

will be discussed in the following sections. 
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Figure 1.1 The “Three E’s of cancer immunoediting.”  (Gavin P. Dunn, Lloyd J. Old 

and Robert D. Schreiber, 2004) (14).  

 

1-2-b Cancer-Induced Immunosuppression and Evasion of the Immune System 

As discussed above, cancer immunosurveillance leads to cancer immunoediting.  

This process selects for less immunogenic tumor traits, making the tumor cells often 

appear as altered-self cells to the immune system.  This causes more difficulty for the 

immune system to detect and destroy the tumor cells (13, 14, 26-28).  Furthermore, tumor 

cells can evolve mechanisms to resist killing by the immune system even when they are 

detected.  These mechanisms include downregulation of MHC I molecules, diminishing 

recognition by cytotoxic T cells, release of soluble MHC I, modulation of NKG2D 
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activating receptors including MICA and MICB, downregulation of FAS, and 

insensitivity to TRAIL-induced killing (29-31).   

Additionally, tumors may release immunosuppressive factors including TGF-β1 

(refered to simply as TGF-β in this dissertation) (30-32),  IL-10 (33, 34), vascular 

endothelial growth factor (VEGF) (35), and indoleamine 2,3-dioxygenase (IDO) (36, 37). 

Secretion of these molecules aids the creation of a tumor microenvironment rich in 

immunosuppressive cytokines that can recruit, activate or create immunosuppressive cells, 

which can further hamper anti-tumor immunity (38).   

Multiple populations of tolerogenic or immature DC are among types of 

immunosuppressive cells which can be promoted by tumors.  These DC can present 

antigen with little expression of costimulatory molecules leading to anergy and tumor 

specific tolerance (39, 40).  Another population of immunosuppressive cells upregulated 

by tumors is the tumor-associated macrophage (TAM).    Macrophages that have 

infiltrated tumor tissues and exposed to immunosuppressive cytokines there can be 

polarized to an M2 phenotype.  These M2 macrophages can suppress anti-tumor 

immunity and foster tumor growth in part through secretion of TGF-β, VEGF and other 

immunosuppressive cytokines (41).  Myeloid-derived suppressor cells (MDSC) are an 

additional population of suppressor cells promoted by tumors.  They are characterized by 

expression of Gr-1 and CD11b while lacking other macrophage and DC markers.  There 

are two populations of MDSC.  Granulocytic MDSC (G-MDSC), are characterized as 

CD11b+ Ly6G+ Ly6Clow CD115- (42).  They inhibit the immune response largely through 
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secretion of reactive oxygen species (ROS) and are the most expanded type of MDSC in 

most cancers.  Monocytic MDSC (M-MDSC) are CD11b+ Ly6Chigh CD115+.  They 

suppress primarily through NO, arginase and cytokines.  Studies have shown this type of 

MDSC to be the more potent suppressor of the two MDSC types (42).  MDSC are 

difficult to isolate and characterize because neutrophil phenotypes are similar to those of 

G-MDSC while inflammatory monocytes resemble the M-MDSC (42).  Further, MDSC 

are highly diverse and are often thought to be a transient population and not terminally 

differentiated, making them difficult to study.   

Regulatory T cells, (Treg) are an extremely important population of 

immunosuppressive cells upregulated by tumors.  Since they are a core component of this 

project, they are discussed in a separate section below.  

1-2-c Regulatory T Lymphocytes 

 Treg were first identified through their role in prevention of autoimmunity.  These 

cells play a central role in the maintenance of tolerance in the periphery (43-46).  Since 

first being described as a population of suppressive T cells in the 1970s, several types of 

regulatory T cells have been described including IL-10 producing Tr-1, Th3 and CD8+ 

Treg (47-51).  Our group has focused on the CD4+ CD25+ FoxP3+ Treg cells.  These cells 

make up 5-10% of peripheral CD4+ T cells in mice and humans (52). Treg also express 

CTLA-4, GITR and TLRs 4, 5, 7 and 8 (53-55).  However, these markers do not 

distinguish Treg from other activated T cell populations.  The transcription factor FoxP3 

is the most reliable marker of Treg, although it has shown to be transiently expressed 
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upon activation in human T cells (56-61).  Continued expression of FoxP3 is required for 

a sustained immunosuppressive phenotype in Treg (62).  Unlike the majority of activated 

T cells, Treg are anergic and require IL-2 alongside TCR stimulation and CD28 

costimulation for proliferation (63). Finally, Treg have been shown to inhibit most 

immune cell types, most notably T cells and DC.   

Treg are capable of suppressing FoxP3- T cells in many ways.  IL-10 and TGF-β 

have been shown to be important immunosuppressive cytokines secreted by Treg (57, 64-

67).  More recently, IL-35 has been shown to be required for optimal Treg 

immunosuppressive function (68).  However, the role of these cytokines is controversial 

because in many cases, cell-to-cell contact has been shown to be important for the 

suppressive effects of Treg (69, 70).  It has been proposed that this discrepancy could be 

reconciled by membrane bound TGF-β on Treg (71).  In addition to secretion of 

immunosuppressive cytokines, it has been proposed that Treg could also act through IL-2 

consumption (72).  This is highly controversial, and it is more accepted that Treg inhibit 

IL-2 production by effector T cells (69, 70).  In either case, Treg deprive immune cells of 

IL-2.  It has also been reported that Treg can inhibit other T cells by a granzyme-

dependent, perforin-independent mechanism (73).   

Treg also inhibit the function of DC.  First, there are reports of Treg binding co-

stimulatory CD80/86 on the surface of DC, downregulating their expression in a CTLA-4 

dependent manner (74-76).  Further, mechanisms dependent on LAG-3, CD39 and 
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Neuropilin 1 have been described to inhibit DC immune function (76).  Treg inhibition of 

NK cells has also been demonstrated (77). 

1-2-d Treg in Cancer 

Treg numbers have been shown to be increased in tumor-bearing hosts (78-83).  

This expansion correlates with decreased survival in cancer patients (84).  Tumors are 

capable of both recruiting Treg as well as inducing expansion of their overall numbers. 

Some tumor cell types have been shown to recruit Treg in part via CCL22 secretion, 

ensuring Treg are part of the tumor microenvironment (85, 86).  Further, tumors can 

increase overall Treg numbers in their host by two mechanisms.  The first is conversion 

of CD4+ CD25- FoxP3- T cells to CD4+ CD25+ FoxP3+ Treg through a TGF-β-dependent 

mechanism (86-88).  In some cases, tumors are able to convert DC into immature TGF-β-

expressing DC, which may be partly responsible for this process (89).  The second 

mechanism by which Treg can be expanded is tumor-induced proliferation of naturally-

occurring Treg (89).  There is some debate of whether proliferation of nTreg or 

conversion of naive T cells to iTreg is most important to the expansion of Treg in cancer.  

However, both of these mechanisms can play an important role in shaping the immune 

response (or lack thereof) against cancer.   

The question of whether or not antigen-specific Treg activation is necessary for 

their immunosuppressive function is still unresolved (52).  There is evidence that some 

thymic derived nTreg have specificity for self tumor-associated antigen (TAA).  

Presentation of this antigen to Treg may result in their activation and proliferation, 
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causing their induction in a tumor-specific manner (52).  These activated Treg would then 

exert their effects in and around the tumor microenvironment in an antigen-independent 

manner.  However, since Treg are expanded and activated in tumor bearing hosts, there is 

little debate over the importance of Treg-mediated suppression of anti-tumor immunity in 

many cancers (52).  

 

1-3 Cancer Immunotherapy  

 As discussed above, conventional chemotherapy and radiotherapy have many 

shortcomings and do not succeed in adequately treating all cancers.  For this reason, new 

cancer therapies are in demand.  Immunotherapy provides an attractive potential solution 

to this problem.  However, the immune system has already failed to control cancer cell 

proliferation in clinically apparent tumors.  It is therefore necessary to stimulate the 

immune system to respond to cancer cells which may be weakly immunogenic, resistant 

to killing by the immune system or directly or indirectly suppressing antitumor immunity.  

Cancer immunotherapy is a treatment strategy which involves stimulating a patient’s 

immune system to target and destroy cancer.   Immunotherapy methods include treatment 

with drugs, cytokines or antibodies, adoptive transfer of immune system cells, and 

vaccination with tumor antigen.   

Of these treatments, administration of monoclonal antibodies against tumor 

surface markers has been the most effective to date.  Much progress has been made from 

the original non-human monoclonal antibodies in the 1970s to the human chimeric and 
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finally, fully humanized antibodies used today.  Among the first and the most successful 

of these antibodies is Rituximab, an anti-CD20 antibody used against lymphomas and 

leukemias expressing this B cell marker (90, 91). Treatments such as this one, are 

composed of antibodies which attach to their target molecule on the cell surface.  

Subsequently, the immune system destroys the cancer cell by phagocytosis or antibody-

dependent cell-mediated cytotoxicity (ADCC).  It is then possible for DC to prime an 

adaptive immune response against cancer cells by presenting destroyed tumor antigen to 

T cells.  However, monoclonal antibody development is expensive and time consuming, 

and this approach may never be feasible for treating every malignancy that could arise.  

Additionally, under pressure from the immune system, tumor cells that no longer express 

the target of monoclonal antibody therapy may arise and escape immunological targeting.  

Finally, this approach also has limits in its ability to induce a specific immune response 

against cancer.  If the potential of immunotherapy is to be fully realized, techniques 

leveraging cells of the adaptive immune system must be optimized.   

Adoptive cell therapy (ACT) is another method of immune system-based 

treatment where autologous T cells are isolated from a patient.  Those T cells with anti-

tumor activity are expanded in vitro and re-infused into the cancer patient (92).  This 

therapy is currently the most effective available against metastatic melanoma where it can 

mediate an objective tumor regression in up to 50% of patients making it highly effective 

under certain conditions (92).  However, this approach is relatively limited in that it does 

not directly provide immunological memory or a long-term response other than the few 

transferred T cells that survive to differentiate into effector or central memory T cells.  
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Techniques that achieve presentation of tumor antigen to tumor-specific T cells in vivo 

may achieve greater success at meeting this goal. 

1-3-a Cancer Vaccines 

Vaccination partially overcomes this obstacle through use of a source of tumor 

antigens to stimulate immune cells in vivo (93).  There are four main strategies for cancer 

vaccination which are currently in clinical trials (94).   

First, there is the approach using microorganisms such as virus, bacteria or yeast 

as vectors to carry genes coding for tumor-associated antigens.  The idea behind this 

approach is to overcome cancer-induced immune deficiencies by mounting a strong 

immune response against the microorganism, taking up tumor-associated antigens and 

also mounting a response against those antigens in the process.  There are currently phase 

II clinical trials in progress based on this concept (95).     

Vaccines using proteins or peptides make up another category of vaccines.  These 

proteins can include full protein tumor-associated antigens or short peptide sequences 

which are loaded on MHC molecules and presented to T cells.  HLA restriction is a 

problem in peptide vaccines, so peptide sequences of important immunogenic epitopes 

must be carefully chosen and will not work in all individuals (94).  Provenge, a prostate 

cancer vaccine from the company Dendreon, which was recently approved by the FDA, 

falls in this category of vaccines.   
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Another type of vaccine uses RNA or DNA.  This method is based on transient 

transfection of host cells (96).  This vaccine strategy results in protein translation for 

encoded tumor-associated antigens and subsequent presentation on MHC molecules 

ideally for initiation of an adaptive immune response.  There are currently phase I and II 

clinical trials that involve this technique (94).   

Vaccines using tumor cells or tumor cell lysates are the last major category of 

cancer vaccination.  This technique is often advantageous over peptide or individual 

protein vaccines because there is no HLA 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 simple mutation of one antigen 

targeted by the immune system.  Our own chaperone rich cell lysate vaccine (CRCL), a 

tumor cell lysate enriched for chaperone proteins, falls into this category (97-102).  Our 

group has shown that CRCL vaccine elicits specific T cell responses resulting in tumor 

regression (97, 99, 100).  CRCL is currently in clinical trials as part of a broader 

treatment strategy called AlloVax™.   

Despite some success in each of these treatment strategies, limited efficacy is seen 

in the clinic at this time (103). 
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Figure 1.2 Overview of 4 different vaccination strategies employed in clinical trials. 
(94) 

 

1-3-b DC-based Immunotherapy 

As previously reviewed, DC are known as the professional APC of the immune 

system.  These highly specialized cells take up antigen and migrate to the draining lymph 

node where they present the now-processed antigen to CD8+ or CD4+ T cells in the 

context of MHC I or II respectively.  DC also secrete cytokines, which can skew the type 

of immune response elicited against the antigens being expressed.  These properties make 

DC obvious targets for cancer immunotherapy as they simultaneously provide a key to 

initiating an adaptive immune response as well as shaping that response (104-107). 
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Confirming this potential, tumor antigen-loaded DC have been documented to induce 

specific T cell immune responses (108-110).  Many techniques of pulsing DC with cancer 

antigens have been evaluated.  DC-based immunotherapy techniques are used in 

combination with one of the antigen sources described above, for example tumor lysate, 

tumor peptide, apoptotic or necrotic tumor cells or tumor cell components (111-116).  

However, the type of cancer cell death that best stimulates efficient anti-cancer immune 

responses remains contested (109, 117-120).   

Limited success of DC-based clinical trials may stem from failure to activate the 

full therapeutic potential of DC.  One alternative to conventional DC-based therapy may 

be to trigger the non-conventional direct tumor cell killing function of DC.  Indeed, tumor 

cells killed by DC may prove to be an efficient antigen source for priming adaptive 

immune responses against cancer.  As killer DC are a primary focus of investigation in 

this work, an overview of their properties is provided below.   

1-3-c Limitations to Cancer Immunotherapy 

Despite the plethora of conceptually sound methods for cancer immunotherapy 

that exist and their success in controlled rodent models and some clinical trails, these 

techniques have seen limited implementation and a lack of broad success in the clinic.  

Tumors must evade the immune system in order to progress to the point of becoming 

clinically apparent.  It does not therefore seem unlikely that some cancers would be able 

to persist in the face of the stronger immune responses that are bolstered by 

immunotherapy.  This is unfortunately exactly what occurs in many cases.  Cancers 
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evade the immune system by multiple strategies as discussed above, limiting the efficacy 

of tumor immunotherapy strategies (15, 31, 121-123).  It is therefore necessary to directly 

target tumor-induced immunosuppression and bolster the adaptive anti-cancer immune 

response for more effective anti-cancer immunotherapy.  We propose doing exactly this 

though direct inhibition of Treg and through unlocking the potential of DC to directly kill 

cancer cells, as described below.   

1-3-d Treg Depletion and Inhibition 

Treg are potent immunosuppressive cells, and their depletion has been viewed as 

an attractive strategy for removing Treg from the picture as an immunosuppressive 

obstacle in cancer immunotherapy.  Numerous methods have been evaluated which will 

successfully deplete Treg to varyious extents and for varyious amounts of time.  However, 

Treg depletion is particularly difficult as Treg have no known extracellular marker that 

distinguish them from other T cell populations.  As a result, attempts to deplete them with 

antibodies result in significant collateral damage against other effector immune 

populations and therefore these depletion attempts do not always have a net benefit in 

cancer immunotherapy.  FoxP3 remains the most reliable way to identify Treg (56-60).   

  The immunosuppressant and chemotherapeutic cancer drug cyclophosphamide 

has been used to deplete Treg, but this DNA alkylating drug lacks specificity and 

depletes CD8+ T cells among other cell types.  It is not thought to be a well-tolerated, 

effective agent towards this goal (124, 125). 
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Denileukin diftitox (ONTAK) is a fusion protein between the diphtheria toxin and 

IL-2.  ONTAK binds to cells expressing CD25 (the alpha chain of the IL-2 receptor) and 

is internalized so that the diphtheria toxin domain can destroy the cell.  ONTAK has been 

shown to deplete Treg and improve immunity in ovarian cancer (126).   

Anti-CD25 antibody has been among the most utilized Treg depletion agents.  

PC61, the monoclonal antibody used in mice has increased efficacy of some cancer 

immunotherapy (127), while it has actually made outcome worse in others (128).  

Although PC61 does indeed deplete Treg, it also depletes other CD25+ cell types quite 

effectively.  These include activated CD4+ helper T cells and CD8+ T cells, whose 

function is needed for anti-tumor immunity.   

Ultimately, although there are a variety of ways to deplete Treg, each of them also 

depletes other important immune cells.  Depletion then may not be the best strategy to 

overcome Treg induced immunosuppression.  This is because T effector cells will be 

depleted by these techniques, naturally occurring Treg will continue to emerge from the 

thumus and naïve T cells can be converted to iTreg in the presence of TGF-β (87).   

 Functional inactivation provides an additional attractive method of treatment for 

impairing the immunosuppressive potential of Treg.  First, the generation of iTreg can be 

blocked by inhibition of the immunoregulatory enzyme indoleamine 2,3-dioxygenase 

(IDO) or TGF-β signaling (129, 130).  Secondly, nTreg can be functionally inhibited or 

have their proliferation stunted by anti-OX40 agonistic antibodies (131), TLR-2 agonists 

(132) or TLR-8 agonists (133).  Additionally, there are more controversial effects of anti-
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GITR antibodies (76, 131, 134) and anti-CTLA4 antibodies (76, 135, 136) on Treg which 

can possibly be leveraged to directly or indirectly assist in Treg inactivation.  Although 

there has been some success in Treg inactivation, there is no consensus on how best to do 

this.  More efficient methods to functionally inactivate Treg could further push this 

strategy into the mainstream of cancer immunotherapy. 

 1-3-e Harnessing the Non-Conventional Direct Tumor-Killing Function of Dendritic 
Cells.   

As described above, DC are known principally for their capabilities as the 

principal educators of the immune system.  More recently it has been shown that DC can 

be endowed with the capability to kill tumor cells directly (137-145).  Through 

stimulating DC to be able to kill tumor cells directly, their full potential as killers and 

antigen presenters for productive anti-cancer immunity may be unlocked.  These killer 

DC (KDC) are capa                                                                                                                                                                         

ble of inducing tumor cell death by a variety of mechanisms resulting in apoptosis or 

necrosis (146).  KDC have been induced in a variety of ways in mouse, rat and human as 

outlined in Table 1.  Of additional importance is the property of some subsets of human 

KDC to trigger tumor cell death without killing normal cells (147).  KDC may provide 

tremendous advantages when used in cancer immunotherapy as shown in Fig 3.  KDC are 

not dependent on other innate tumor killer cells such as NK cells or macrophages to kill 

tumor cells and release tumor Ag.  They kill tumor cells on their own, releasing their own 

source of tumor Ag.  This is a critically important point for the potential of these cells in 

cancer immunotherapy.  Killing tumor cells ensures that tumor antigen is released in high 
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concentrations in their immediate vicinity.  This means that KDC have excellent access to 

this antigen source before it diffuses out into the tumor microenvironment or is taken up 

by other scavenger cells. After migration to the lymph node these DC can then present 

tumor Ag to tumor specific T cells, initiating an adaptive immune response, effectively 

taking on the role of a conventional DC with tumor antigen derived from their non-

conventional killing activity.  In this way, the KDC is capable of acting at almost all 

levels of the immune response.   
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Table 1.1 Major subsets of KDC 

Mouse 

Subset                  Killing mechanism    Induction Targets             Ref. 

Bone marrow-derived  

                            Fas-L Spontaneous                    Jurkat        (148) 

                            NO Spontaneous             Tumor cells     (148, 149) 

 TRAIL Enhanced by LPS       T cell               (150) 

 TNF-α, TRAIL IL-12, IL-18             Tumor cell       (151) 

 FasL, TNF, TRAIL  Spontaneous             Tumor cell       (152) 

Spleen CD8α+ Fas-L Spontaneous             CD4+ T cell      (153) 

Spleen NKDC ND LCMV+anti-CD40       RMAS, YAC    (154) 
(CD11c+CD49b+)  

Spleen NKDC Perforin/Granzyme   CpG/IL-18              NK-sensitive   (155, 156) 
(CD11c+NK1.1+)           cell line 

IKDC TRAIL Imatinib+IL-2              Tumor cells     (157) 
(CD11c+ NK1.1+B220+)  

IKDC Perforin/Granzyme   CpG, Listeria               YAC         (158)  
(CD11cintCD49+ B220+)  

Langerhans cells Fas-L Anti-CD40               T cells        (159) 

Lymph Node DC Fas-L Influenza virus          T cells        (160) 
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Rat 

Subset Killing mechanism Induction              Targets             Ref. 

Bone marrow-derived  
                               NO NKG2D               Histiocytic      (161) 
  (anti-NKRP2)               tumor 

 NO LPS, IFN-γ               Tumor cells    (141) 

Spleen CD103+  

                               Perforin/Granzyme  Spontaneous                YAC         (142) 

                  Osteosarcoma (162) 

 TNF-α NKG2D                 Tumor Cells  (161, 163) 
  (anti-NKRP2)  

Spleen and Lymph Node  
 ND Spontaneous                 Tumor cells, (138, 164) 
(CD103+CD4+)                   Endothelial cells 

Thymic DC NO Spontaneous                 Thymocytes (165) 
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Human 

Subset Killing mechanism Induction           Targets                   Ref. 

Blood CD11c+ mDC TRAILIFN-α, IFN-γ   Tumor cells         (144) 

                              TNF- α LPS, IFN-γ, IL-15   Tumor cells        (166) 

                              Perforin/Granzyme TLR7/8          K562                    (139) 
                                                              (Imiquimod) 

Blood M-DC8+ mDC TNF-α IFN-γ       Tumor cells           (140) 

Blood TNF-α, TRAIL Spontaneous       Tumor cells,         (167, 168) 
(CD4+HLADR+Lin-) FasL, LTα1β2  Endothelial cells 

Blood pDC TRAIL TLR7/8        Jurkat                   (139) 
                                                              (Imiquimod) 

  Influenza virus         A549, Mel           (169) 
  CpG, R848 

  HIV, IFN          T cells               (170) 
  Imiquimod 

CD34-derived TRAIL IFN-β         Tumor cells        (171) 

Monocyte-derived TRAIL Measles virus         MDA231             (172)  

  CD40-L         Tumor cells         (172) 

  IFN-α, IFN-γ         Tumor cells       (173)  

                                                              LPS, IFN-γ         Tumor cells        (147) 

                                                              IFN-β         Tumor cells        (171) 

                                                              dsRNA         MDA231              (172) 

                                                              Spontaneous         Tumor cells        (174) 

 TNF-α, TRAIL Spontaneous         Tumor cells        (168) 
 FasL, LTα1β2 

 TNF-α LPS, IFN-γ         Tumor cells        (166) 

  CD40L         MDA231              (172) 

Table 1.  Major subsets of KDC. Adapted from Larmonier et al, 2009 (175).   
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Figure 1.3  Role of KDC in immunity against cancer.  Larmonier et al, 2009 (175).   
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1-4 Objectives  

Because no approaches are currently available to specifically target Treg in cancer to 

impede tumor-induced immunosuppression, we sought to evaluate new ways to inhibit 

these suppressive cells. In a concomitant effort to further improve conventional DC-based 

vaccines, we sought to define new strategies to promote the non-conventional tumor 

killing properties of DC. 

The work presented here is divided in the following sections: 

  

Part I: Investigate new approaches to overcome Treg-mediated immunosuppression. 

1) Investigate the effects of imatinib mesylate on Treg. 

Rationale: Imatinib is a tyrosine kinase inhibitor, safely used in clinic as frontline 

therapy for CML and other malignancies.  It has been shown to have cross reactivity 

against tyrosine kinases in immune cells (176-180).  This includes suppression of TCR 

signaling, likely by blocking the tyrosine kinase, LCK (181-185).   

Hypothesis: Considering the broad activity of imatinib against numerous immune 

cell types as well as its demonstrated modulation of important T cell signaling machinery, 

we reasoned that imatinib may be endowed with the capacity to modulate activity of Treg 

and consequently hamper tumor-induced immunosuppression.   
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2) Analyze the effects of allogeneic EmTh-1 cells on Treg and investigate the 

efficacy of combination therapies associating Th-1 lymphocytes and tumor-derived 

vaccines.   

Rationale: Allogeneic emTh1 cells have been shown to secrete type 1 cytokines 

and provide adjuvant effects in cancer immunotherapy (186, 187).  One of these 

cytokines, IFN-γ has been shown to negatively regulate Treg generation (188, 189).     

Hypothesis:  Allogeneic emTh-1 derived IFN-γ may inhibit Treg function as well 

as iTreg conversion from naïve T cell precursors.  This effect may increase the 

effectiveness of cancer vaccines.    

 

Part II: Evaluate new strategies to induce the non-conventional direct tumor killing 

capability of dendritic cells. 

1) Determine the capability of Th cells to induce the non-conventional capability of DC 

to kill tumor cells.  

Rationale: CD4+ helper T cells are among the cells that most closely associate with DC.  

Additionally, cytokines secreted by or molecules expressed on Th cells have been shown 

to induce KDC (140, 141, 144, 171-173).   

Hypothesis:  CD4+ helper T cells may be capable of inducing DC tumor killing 

capabilities. 
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2) Explore the comparative ability of DC generated with IL-4 or IL-15 to kill tumor cells 

when activated with LPS or IFN-γ. 

Rationale:  DC generated with GM-CSF and IL-15 are currently being investigated as an 

alternative to those generated with GM-CSF and IL-4 for cancer immunotherapy (190).  

KDC capabilities in these cells have never been described.  Consequently, molecules that 

may activate DC killing capability or the mechanism(s) that induce killing are unknown. 

Hypothesis:   DC generated with IL-15 may differ from IL-4 DC in their capacity to kill 

tumor cells, the induction of that capacity, and the mechanism by which it occurs.   

Overall Goal 

 To date, cancer immunotherapy has failed to significantly influence clinical 

outcome in most patients.  This is largely because most immunotherapy strategies focus 

on stimulating anti-cancer immunity through vaccination, adoptive cell transfer and other 

means while ignoring the problem of cancer-induced immunosuppression.  This 

dissertation outlines two strategies towards controlling Treg, a key component of cancer-

induced immunosuppression.  It also highlights new strategies in the induction of tumor 

killer DCs.  Taken together, these strategies provide insight into both issues that must be 

considered for cancer immunotherapy:  direct targeting of cancer-induced 

immunosuppression and stimulation of anti-cancer immunity.   
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CHAPTER 2 

IMATINIB MESYLATE INHIBITS CD4+ CD25+ REGULATORY T CELL 

ACTIVITY AND ENHANCES ACTIVE IMMUNOTHERAPY AGAINST BCR-

ABL- TUMORS. 

This work was published in the Journal of Immunology.   
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2-1 Abstract 

Imatinib mesylate (Gleevec, STI571), a selective inhibitor of a restricted number of 

tyrosine kinases, has been effectively used for the treatment of Philadelphia chromosome 

positive leukemias and gastrointestinal stromal tumors.  Imatinib may also directly 

influence immune cells.   Suppressive as well as stimulating effects of this drug on CD4+ 

and CD8+ T lymphocytes or dendritic cells have been reported.  In the current study, we 

have investigated the influence of imatinib mesylate on CD4+CD25+FoxP3+ regulatory T 

cells (Treg), a critical population of lymphocytes that contributes to peripheral tolerance.  

Used at concentrations achieved clinically, imatinib impaired Treg immunosuppressive 

function and FoxP3 expression but not production of IL-10 and TGF-β in vitro.  Imatinib 

significantly reduced the activation of the transcription factors STAT3 and STAT5 in 

Treg.  Analysis of Treg TCR-induced signaling cascade indicated that imatinib inhibited 

phosphorylation of ZAP70 and LAT.  Substantiating these observations, imatinib 

treatment of mice decreased Treg frequency and impaired their immunosuppressive 

function in vivo.  Furthermore, imatinib mesylate significantly enhanced anti-tumor 

immune responses to dendritic cell-based immunization against an imatinib-resistant 

BCR-ABL negative lymphoma.  The clinical applications of imatinib mesylate might 

thus be expanded with its use as a potent immunomodulatory agent targeting Treg in 

cancer immunotherapy. 
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2-2 Introduction 

Imatinib mesylate (GleevecTM) therapy remains the standard of care for patients with 

chronic myelogenous leukemia (CML).  Designed as a selective competitive inhibitor of 

the ABL tyrosine kinases (BCR-ABL, v-ABL, c-ABL), this drug leads to growth arrest or 

apoptosis (191, 192).  Imatinib also displays strong activity against the platelet-derived 

growth factor receptor (PDGF-R), c-Kit, ABL-related gene (ARG) and their fusion 

proteins (191-193) and thus has also been used for the therapy of gastrointestinal stromal 

tumors (GIST) with mutations in c-Kit (192).  

However, the specificity of this molecule may be broader than originally expected, 

and it is becoming increasingly evident that imatinib also inhibits key tyrosine kinases in  

immune cells.  The exact nature of imatinib effects (activation or suppression) on 

lymphocytes or dendritic cells remains controversial.  Inhibition of CD4+ or CD8+ T cell 

proliferation and activation by imatinib has been documented (181-184, 194).  Some 

reports have further highlighted the negative effect of  imatinib on the TCR-induced 

ZAP70 signalling pathway identifying the tyrosine kinase Lck as a potential molecular 

target (181, 185).  Similarly, a negative modulation of dendritic cell (DC) development 

by imatinib and a down-regulation of their antigen presenting function have also been 

described (178-180).  In contrast to these findings, it has been reported that imatinib does 

not impede the immunogenicity of DC (195) and may enhance their antigen-presenting 

function (177).  Additionally, some reports indicate that imatinib may foster DC-NK 

reciprocal activation, thereby promoting the anti-tumoral function of NK cells (176).   
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CD4+CD25+ regulatory T lymphocytes (Treg) critically contribute to the 

maintenance of self-tolerance and to the prevention of autoimmunity in animals and 

humans (66, 196).  These suppressive cells have also been highlighted as major 

contributors in the establishment and persistence of cancer-induced immune tolerance (45, 

197).  Treg expansion detected in the blood, lymph nodes, and spleens of tumor-bearing 

hosts (79-81, 83) may result from the conversion of CD4+CD25- T cells into CD4+CD25+ 

(198) or from the proliferation of naturally occurring Treg (89).  Tumor-induced Treg 

compromise the function of anti-tumor effector CD8+ T cells, curtail CD4+ T cell help, 

impede antigen-presenting cell activity (83, 197, 199) and therefore represent a major 

obstacle for successful cancer immunotherapy.  In support of this concept, studies in 

humans and in animal models have demonstrated that attempts to disrupt Treg 

suppressive activity promote anti-tumoral immunity (79, 200, 201).  Different strategies 

have thus been evaluated to deplete/inactivate Treg and include the use of anti-CD25 

antibodies, the IL-2/diphtheria toxin fusion protein, the immunotoxin LMB-2, OX-40 

antibodies or drugs such as cyclophosphamide (79, 131, 199, 200, 202, 203).  However, 

no consensus has been reached regarding the optimal protocol to be used with 

immunotherapy.   

Considering the broad nature of the tyrosine kinases targeted by imatinib mesylate 

and the prominent role of such proteins in Treg function, we reasoned that imatinib may 

be endowed with the potential to modulate Treg activity.  We have therefore investigated 

the influence of imatinib on Treg in vitro and in vivo.  Our results demonstrate that, in 

vitro, this tyrosine kinase inhibitor curtailed the immunosupressive activity of Treg and 



 48 

restrained FoxP3 expression.  Imatinib mesylate interfered with Treg TCR-signaling 

pathway as it reduced the phosphorylation of ZAP70 and LAT.  The activation of the 

downstream transcription factors STAT3 and STAT5 was impeded by the drug.  The 

physiologic consequences of imatinib treatment on antitumoral immune responses in vivo 

was also examined.  Imatinib reduced the number and impaired the immunosuppressive 

function of Treg in vivo and acted synergistically with dendritic cell-based immunization 

against imatinib-resistant lymphoma.  Taken together these findings support the use of 

this agent as an immunomodulator in cancer immunotherapy.  
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2-3 Material and Methods 

 

Mice 

Mice were housed under specific pathogen-free conditions and cared for according to the 

guidelines of the University of Arizona Institutional Animal Care and Use Committee.  

Six to 8 -week old female BALB/c (H2d), C57BL6 (H2b) and SCID/NCr mice were 

obtained from the National Cancer Institute (Bethesda, MD) and used for the experiments. 

 

Cell lines 

The murine leukemia and lymphoma cell lines 12B1 and A20 were cultured at 37oC and 

in 5% CO2 in RPMI medium (Hyclone, Logan, UT) supplemented with 10% heat-

inactivated fetal bovine serum (Hyclone).  The 12B1 cell line was obtained from Dr. Wei 

Chen (Cleveland Clinic, Cleveland, OH).  Cells were tested routinely and found to be 

free of Mycoplasma contamination. 

 

Imatinib mesylate 

Commercially available 100 mg imatinib capsule content (Gleevec/Glivec, Norvartis 

Pharmaceutical, Basel, Switzerland) was dissolved in sterile distilled water (Sigma, St 

Louis, MO) at desired concentrations, aliquoted and stored at -20°C for further in vitro 
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and in vivo experiments.  The biologic activity of the drug was tested every week on 

imatinib-sensitive 12B1 leukemia (BCR/ABL+) or imatinib-resistant A20 lymphoma 

(BCR/ABL-) using Thiazolyl Blue Tetrazolium Bromide (MTT) assays (Sigma). 

Magnetic cell sorting and cultures 

Spleens and lymph nodes isolated from BALB/c mice (naïve tumor-free or A20 tumor- 

bearing) were dissociated.  CD4+CD25+ and CD4+CD25- T lymphocytes were purified by 

magnetic cell sorting using mouse CD4+CD25+ T regulatory cell isolation kits and an 

autoMACSTM separator according to the manufacturers’ instructions (Miltenyi Biotec, 

Auburn, CA).  Both CD4+ T lymphocyte populations (1 × 105 cells per well) were 

separately activated for 24 hrs in round-bottom 96-well plates coated with anti-CD3e Ab 

(5 µg/ml, clone 145-2C11, BD Biosciences Pharmingen, San Diego, CA) and 5 µg/ml 

soluble anti-CD28 Ab (clone 37.51, BD Biosciences Pharmingen) in the presence of IL-2 

(100 U/ml, R & D, Minneapolis, MN).   

  

Flow cytometry analysis and antibodies 

Cells (~106) were washed in PBS containing 3% heat-inactivated fetal bovine serum and 

0.09% sodium azide (Sigma Chemical) and were first incubated with an Fc receptor-

blocking Ab (BD Biosciences Pharmingen) for 5 min, then with saturating amounts of the 

appropriate combination of fluorochrome-conjugated Ab for 40 min.  Cells were then 

washed and analysed using a FACS calibur (Becton Dickinson Immunocytometry 
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Systems, San Jose, CA).  A minimum of 10,000 events was collected for each sample, 

and data analysis was performed with the CellQwest software (Becton Dickinson 

Immunocytometry Systems).  For FoxP3 detection, CD4+CD25+ or CD4+CD25- T cells 

purified by magnetic cell sorting were fixed, permeabilized, stained using an 

Allophycocyanin (APC) anti-mouse FoxP3 staining set following the provider’s 

instructions (Clone FJK-16, eBioscience, San Diego, CA), and analyzed by flow 

cytometry.  For the monitoring of CD4+CD25+ Treg, cells were first stained with 

fluorescein isothiocyanate (FITC)-conjugated anti-CD4 (rat IgG2b; BD Biosciences 

Pharmingen) and phycoerythrin (PE)-conjugated anti-CD25 (rat IgG1; BD Biosciences 

Pharmingen) antibodies.  Then, cells were stained using eBioscience FoxP3 staining set 

as described above.  Isotype control antibodies were purchased from BD Biosciences 

Pharmingen (PE-conjugated rat IgG1, FITC-conjugated rat IgG2a) or eBioscience (APC-

conjugated rat IgG1). 

 

T cell proliferation and suppression assays 

CD4+CD25- T cells (1 × 105) from naïve BALB/c mice (H2d) were co-cultured for 60 hrs 

in round-bottom 96-well plates with 1 × 105 mitomycin C-treated APC (CD90-depleted 

splenocytes from C57BL/6 mice, H2b) (with or without activated CD4+CD25+ T cells (1 

× 105) from BALB/c mice. [3H]-Thymidine (ICN Pharmaceuticals, Costa Mesa, CA) was 

then added (1 µCi per well) for an additional 12 hrs.  The cells were then harvested using 
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a 96-well cell harvester and the radioactivity measured on a Packard beta counter 

(Packard Biosciences, Meriden, CT).  Cultures were set up in triplicate. 

 

Detection of cytokine production by ELISA 

The concentrations of IFN-γ, IL-10, or TGF-β1 in cell culture supernatants (1 × 105 cells 

in 200 µl/well for 48 hrs) were determined using enzyme-linked immunosorbent assay 

(ELISA) kits according to the manufacturer’s procedures (eBiosciences). 

 

 

Detection of STAT3 and STAT5 phosphorylation by western blotting 

CD4+CD25- or CD4+CD25+ T cells purified as described above were pre-incubated for 2 

hrs with or without imatinib and were then activated for 6 hrs with soluble anti-CD3e (5 

µg/ml), anti-CD28 Ab (5 µg/ml) and IL-2 (100U/ml).  These conditions have been set up 

to allow the detection of STAT3 and STAT5 phosphorylation, an event that occurs within 

few hours following cell stimulation.  Cells were lysed in lysis buffer (1% Nonidet P40, 

50 mM Tris HCl, pH 7.4, 2 mM EDTA, 100mM NaCl, 0.2 mg/mL Aprotinin, 0.2 mg/mL 

Leupeptin, 1 mM PMSF, 10 mM NaF, 30 mM NaPPi, 10 mM Na3VO4) and western blot 

analysis was then performed as described (83), using anti-phospho STAT3 (pTyr705), 

anti-STAT3, anti-phospho STAT5 (pTyr694) or anti-STAT5 antibodies (Cell Signalling, 
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Beverly, MA).  In other experiments, STAT3 activation was detected in Treg by DNA-

binding transcription factor ELISA assay.  Treg nuclear extracts were performed using a 

Nuclear Extract kit (Active Motif, Carlsbad, CA).  Then, STAT3 DNA-binding activity 

was measured with 10 µg nuclear extract using a STAT3 Trans-AMTM kit according to 

the manufacturer’s recommendations (Active Motif). 

 

Analysis of ZAP-70 and LAT phosphorylation 

ZAP-70 and LAT phosphorylation are early events in the transduction of TCR and CD28 

signals in T cells.  Therefore, purified CD4+CD25- or CD4+CD25+ T cells were pre-

incubated for 2 hrs with or without imatinib and were immediately activated for 5 min 

with soluble anti-CD3e (5 µg/ml) and anti-CD28 Ab (5 µg/ml).  Cells were then lysed 

and analyzed by western blot as described above.  Antibodies used were as follows: anti-

phospho ZAP70 (pTyr705), anti-ZAP70, anti-phospho LAT (pTyr694) or anti-LAT 

antibodies (Cell Signalling, Beverly, MA). 

 

Bone marrow-derived DC  

DC were generated from BALB/c bone marrow cells.  Cells were harvested from femurs 

and tibias and filtered through a Falcon 100-µm nylon cell strainer (Becton Dickinson 

Labware, Franklin Lakes, NJ).  Red blood cells were lysed in a hypotonic buffer (150 

mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA), and the marrow was cultured at a 
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density of 5 × 105 cells/ml in complete RPMI medium (Gibco/BRL) containing 10% fetal 

bovine serum (Hyclone).  Murine granulocyte-macrophage colony-stimulating factor 

(GM-CSF; Peprotech, Rocky Hill, NJ) and Interleukine-4 (IL-4; Peprotech) were added 

at a concentration of 10 ng/ml each.  Complete RPMI medium containing GM-CSF and 

IL-4 was added on day 3.  On day 5 medium was replaced and total A20 tumor cell lysate 

was added.  On day 6 cells were activated for 24 hrs with LPS (0.1 µg/ml), and on day 7 

cells were recovered, washed in PBS and used as pulsed DC vaccines in 

chemoimmunotherapy experiments.  A20 tumor cell lysate was prepared by six cycles of 

freezing in liquid nitrogen and thawing in a 37oC water bath, leading to 100% dead cells 

as assessed by trypan blue.  DC cultures were pulsed with 1 equivalent tumor cell/DC. 

 

Immunohistochemical staining 

SCID mice were injected s.c. with 106 A20 cells or 5 × 103 12B1 cells and were treated 

with imatinib (gavage, 300 mg/kg daily for 7 days) when tumor became palpable (tumor 

diameter ~2-3 mm).  Animals were euthanized 2 days after the end of the treatment.  

Tumors were removed, embedded in Tissue-Tek (Sakura Finetek U.S.A., Torrance, CA) 

and snap-frozen in liquid nitrogen.  Caspase 3 cleavage, a marker of apoptosis, was 

detected on methanol-fixed 5 µm cryostat sections after inhibition of endogenous 

peroxidase activity in 3% H2O2 and incubation with goat serum (KPL, Gaithersburg, MA) 

and 1% BSA.  Rabbit anti-mouse Ab recognizing the cleaved (active) form of caspase 3 

(Cell Signalling) and IgG isotype-matched control (Santa Cruz, CA) were used.  Sections 
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were then incubated with biotinylated goat anti-rabbit Ab (KPL), then with streptavidin-

peroxidase (KPL) and were stained with 3,3’-diaminobenzidine (Vector Laboratories, 

Burlingame, CA).  Slide examination of all tumor samples was performed independently 

by two investigators in a double blind manner.  

 

Chemoimmunotherapy of A20 lymphoma with imatinib mesylate and DC vaccines 

Female BALB/c mice (8 mice per group) inoculated at day 0 with A20 cells (5 × 105 cells 

in 0.1 mL PBS, tail vein injection) were treated at day 3 with imatinib mesylate (gavage, 

300 mg/kg, twice daily for 7 days) or control water.  DC vaccines (bone marrow-derived 

DC pulsed with A20 tumor lysate) were injected on days 5 and 9 (s.c., 106 DC per 

mouse).  On day 21 mice were euthanized and the number of liver metastases was 

determined by two investigators.  Spleens and lymph nodes were removed, dissociated 

and Treg frequency was assessed as described above.  Splenocytes (1 × 105) from control, 

imatinib-treated, DC-vaccinated or imatinib plus DC -treated mice were cultured for 48 

hrs in 200 µl of complete medium and IFN-γ secretion in the culture supernatants was 

detected by ELISA.   

Statistical analysis 

Unless specified otherwise, all experiments were reproduced 3 times and performed in 

triplicate. A two-sided student’s t test with paired samples was used to determine 

significant differences (p<0.05) between groups. 
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2-4 Results 

Sensitivity of CD4+CD25+FoxP3+ regulatory T cells to imatinib mesylate in vitro 

The phenotypic characterization of Treg in the mouse is primarily based on the 

expression of the transcription factor FoxP3 involved in their lineage commitment, 

development, and function (58, 204).  The majority of CD4+CD25+ T cells isolated by 

magnetic cell sorting from the lymphoid tissues of BALB/c mice expressed FoxP3 

(Figure 1A).   In addition, purified CD4+CD25+ cells inhibited the proliferation of 

CD4+CD25- cells induced by APC (Figure 1B), further demonstrating the 

immunosuppressive nature of these cells.  

We first evaluated a possible direct cytotoxic effect of imatinib mesylate against 

Treg in vitro.  Splenic and lymph node CD4+CD25+ and CD4+CD25- T lymphocytes 

activated and cultured as described in material and methods were exposed to increasing 

concentrations of imatinib.  The mouse leukemia cell line 12B1 expressing the p210 bcr-

abl protein and sensitive to imatinib (205, 206) was used as positive control.  Only high 

and continuous concentrations of the drug (> 10 µM) affected the viability of 

CD4+CD25+ Treg over an incubation period of 48 hours (Figure 1C).  Of note, patients 

treated with 400 mg of imatinib daily, or mice receiving 200 mg/kg imatinib daily, 

achieve peak plasma concentrations of only 1-10 µM (207, 208).  CD4+CD25+ and 

CD4+CD25- cells did not exhibit differential sensitivity to the drug at these 

concentrations (Figure 1C).  Treg exposure to doses of imatinib achieved clinically for 

more than 48 hours resulted in the reduction of cell viability (Figure 1D).  Concentrations 
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of imatinib of less than 10 µM and exposure time of 48 hours or less were therefore used 

in further in vitro experiments.  Similar results were obtained with Treg isolated from the 

spleen and draining lymph nodes of mice bearing 12B1 leukemia or A20 lymphoma (data 

not shown). 
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Figure 2.1  Sensitivity of Treg to imatinib mesylate. 

(A) CD4+CD25+ but not CD4+CD25- T cells purified from BALB/c mouse spleen and 
lymph nodes by magnetic cell sorting express FoxP3.   Cells were stained with an anti-
FoxP3 antibody (FJK-16S, Ebiosciences) and analyzed by flow cytometry.   
Representative histograms of 9 independent experiments are presented.  FoxP3 was 
expressed consistently by 80-95% of purified CD4+CD25+ T cells.  (B) Inhibition of the 
proliferation of CD4+CD25- cells by CD4+CD25+ T lymphocytes.  Responder BALB/c 
CD4+CD25- T cells were stimulated with APC (CD90-depleted C57BL6 splenocytes) in 
the presence or absence of CD4+CD25+ T cells.  The data are shown as means ± SD of 
triplicate wells of 3H-thymidine incorporation.  Results are representative of three 
independent experiments.  *, Significant difference when compared to the corresponding 
control without CD4+CD25+ cells (p<0.01).  (C) Purified CD4+CD25+ Treg or 
CD4+CD25- T cells were pre-activated with anti-CD3, anti-CD28 and IL-2, and were 
exposed for 48 hrs to the indicated concentrations of imatinib mesylate.  The BCR-ABL+ 

imatinib-sensitive 12B1 leukemia was used as positive control.  Cell viability was 
determined by MTT assays.  (D) Purified CD4+CD25+ Treg were activated with anti-CD3, 
anti-CD28 Ab and IL-2, were then exposed for 72 hrs to the indicated concentration of 
imatinib mesylate, and cell viability was assessed using MTT.  Similar results were 
obtained with resting Treg cultured for 72 hrs with imatinib mesylate in presence of anti-
CD3, anti-CD28 Ab and IL-2. 
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Imatinib mesylate minimally affects Treg proliferation in vitro 

We next investigated the influence of imatinib on Treg proliferation in vitro.  Treg 

anergic state to TCR-mediated stimulation in vitro can be broken with the combination of 

anti-CD3/CD28 antibodies and IL-2 (209).  CD4+CD25+ and CD4+CD25- cells isolated 

from mouse lymphoid tissues were stimulated under these conditions in the presence of 

imatinib mesylate at different concentrations for 48 hours.  Consistent with previous 

studies (181, 194), imatinib at 10 µM slightly but significantly decreased the proliferation 

of non-regulatory T lymphocytes.  However, non-Treg cell proliferation was not 

significantly affected by the drug used at lower concentrations (Figure 2).  Treg 

proliferation was not significantly modified by imatinib treatment of the cells (Figure 2).  

  

Figure 2.2  Effects of imatinib mesylate on Treg proliferation in vitro. 

CD4+CD25+ Treg (CD25+Treg) and CD4+CD25- cells (CD25-) were isolated from 
BALB/c mouse lymphoid tissues and were cultured for a total of 48 hrs with plate-bound 
anti-CD3, soluble anti-CD28 and IL-2 with imatinib mesylate at the indicated 
concentrations.  3[H]-thymidine was added during the last 12 hrs.  Results are 
representative of three independent experiments performed in triplicate.  *, Significant 
difference when compared to the control without imatinib (p<0.05). 



 60 

Imatinib mesylate inhibits Treg immunosuppressive function and FoxP3 expression 

To further document the effects of imatinib mesylate on Treg, imatinib-treated or 

untreated CD4+CD25+ lymphocytes were tested for their immunosuppressive function.  

Treg isolated from BALB/c mouse lymphoid tissues were activated with anti-CD3, anti-

CD28 antibodies and IL-2.  The cells were then exposed to non-toxic concentrations of 

imatinib mesylate (Figure 1C) for 48 hours and then washed.  Their ability to inhibit the 

allo-response of BALB/c CD4+CD25- T lymphocytes to mitomycin C-treated C57BL6 

APC was then evaluated.  The data depicted in Figure 3A indicate that imatinib mesylate 

inhibited the capacity of Treg to suppress CD4+CD25- cell proliferation in a dose-

dependent manner. 

 The transcription factor FoxP3 is required for the induction of Treg suppressive 

function, and its expression in non-regulatory cells converts them into 

immunosuppressive cells (58).  Therefore, based on the results presented in Figure 3A, 

we reasoned that imatinib may negatively modulate FoxP3 expression in Treg.  To test 

this hypothesis, CD4+CD25+ T cells purified from lymphoid tissues and activated as 

previously described, were treated with imatinib mesylate. Flow cytometry analysis 

demonstrated a dose-dependent reduction in the proportion of FoxP3-expressing 

CD4+CD25+ cells (Figure 3 B). 

The influence of imatinib on the production of the immunosuppressive cytokines 

TGF-β and IL-10 reported to be involved in Treg activity was then examined.  Treg or 

CD4+CD25- cells were isolated and activated as previously mentioned and were exposed 
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to imatinib mesylate for 48 hours.  The concentration of TGF-β1 in Treg culture 

supernatants was low and not significantly impaired by imatinib (Figure 3C).  Similarly 

imatinib did not significantly affect IL-10 secretion by Treg (data not shown).  This result 

suggests that imatinib mesylate may reduce Treg activity independently of its effect on 

TGF-β or IL-10.  
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Figure 2.3  Imatinib mesylate hampers Treg suppressive activity and FoxP3 
expression. 

CD4+CD25+ Treg from lymphoid tissues of BALB/c mice were exposed to increasing but 
non-toxic concentrations of imatinib mesylate for 48 hrs, recovered and washed 3 times 
in complete medium to eliminate residual imatinib mesylate.  (A) The effect of treated or 
untreated Treg on the proliferation of responder CD4+CD25- T lymphocytes (CD25-) 
stimulated with mitomycin C-treated allogeneic APC was determined by [3H]-thymidine 
incorporation assays.  *, p<0.02; **, p<0.005.  (B) Expression of FoxP3 in CD4+CD25+ 
Treg treated for 48 hrs with the indicated concentrations of imatinib.  Representative 
results of three independent experiments.  (C) TGF-β1 concentration was assessed by 
ELISA in imatinib mesylate-treated (48 hrs) CD4+CD25+ Treg (CD25+Treg) or 
CD4+CD25- T cell (CD25-) cultures.  No significant difference was found between 
groups.  Representative results of two independent experiments. 
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Imatinib mesylate down-regulates STAT3 and STAT5 phosphorylation in Treg  

We have previously mentioned that the induction and persistence of Treg 

immunosuppressive function is intimately related to FoxP3 expression.  The activation of 

the transcription factor STAT3 following TCR/CD28 costimulation has recently been 

highlighted as a major molecular event required for FoxP3 expression (210).   Indeed, 

activated STAT3 may be necessary for the maintenance of FoxP3 expression in naturally 

occurring Treg and may also play a critical role in the conversion of CD4+CD25- cells 

into CD4+CD25+FoxP3+ Treg (210).  In addition, it has been reported that FoxP3 

upregulation in Treg may involve the binding of the STAT3 and STAT5 proteins to a 

highly conserved STAT-binding site located in the first intron of the FOXP3 gene (211).  

Based on this information and on the results presented in Figure 3, we hypothesized that 

treatment of Treg with this tyrosine kinase inhibitor may result in a negative regulation of 

these two key transcription factors.  Purified CD4+CD25+ or CD4+CD25- pre-exposed to 

imatinib for 2 hours were stimulated with anti-CD3 and anti-CD28 antibodies for 6 hours.  

The phosphorylation of STAT3 and STAT5 was then determined by Western blot.  

Consistent with previous studies, STAT3 was constitutively expressed in both Treg and 

CD4+CD25- T cells (Figure 4A).  STAT3 Tyr705 phosphorylation induced in Treg by 

TCR/CD28 signals was impeded by imatinib treatment (Figure 4A).  A downregulation 

of STAT3 phosphorylation by the tyrosine kinase inhibitor was also observed in 

CD4+CD25- cells (Figure 4A).  Consistent with these results, ELISA transcription factor 

assays demonstrated that imatinib inhibited Treg STAT3 activation (not shown).  STAT5 

Tyr694 phosphorylation was also impaired by imatinib in Treg.  In CD4+CD25- T 
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lymphocytes the level of STAT5 phosphorylation was low and further reduced by 

imatinib treatment (Figure 4A). 

 

Figure 2.4  Imatinib mesylate reduces phosphorylation of key cell signaling 
molecules in Treg. 

CD4+CD25- or CD4+CD25+ T cells isolated from BALB/c mouse lymphoid tissues were 
pre-incubated for 2 hrs with or without the indicated concentration of imatinib.  (A) For 
phospho-STAT3 and Phospho-STAT5 detection, cells were then activated for 6 hrs with 
anti-CD3 and anti-CD28 Ab.  Equivalent amounts of protein from cell lysates were 
separated by SDS-PAGE and western blot analysis was then performed using anti-
phospho STAT3, anti-STAT3, anti-phospho STAT5 or anti-STAT5 Abs.  (B) For the 
analysis of imatinib interference with early TCR signaling events, cells were activated for 
5 min with anti-CD3 and anti-CD28 Abs and blots were probed with anti-phospho 
ZAP70, anti-ZAP70, anti-phospho LAT or anti-LAT antibodies.  Untreated, non-
activated cells were used as controls (NA). 
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Imatinib mesylate impairs TCR-induced ZAP70 and LAT phosphorylation in Treg 

Imatinib mesylate has been designed as a tyrosine kinase inhibitor, selective to a 

restricted number of proteins including the ABL tyrosine kinases.  However, it has also 

been reported that in conventional non-regulatory T lymphocytes imatinib may impede 

TCR-dependent T cell activation by inhibiting the src-family tyrosine kinase Lck 

involved in the recruitment and activation of the protein ZAP70 during the transduction 

of the TCR-CD3 signals (181).  Lck phosphorylates the immunoreceptor tyrosine-based 

activation motifs (ITAMs) on the TCR subunits leading to the recruitment and activation 

of ZAP70.  In turn, activated ZAP70 catalyzes the phosphorylation of the adaptor protein 

linker of activated T cells (LAT), which then initiates a series of downstream intracellular 

signal transduction events.  Treg thymic differentiation or peripheral conversion depends 

on signals relayed by the TCR and CD28 (66, 212), and it has been reported that Lck 

activation is required for STAT3 and FoxP3 induction in Treg (210, 213).  To further 

document the molecular mechanisms underlying Treg inhibition by imatinib, we sought 

to determine whether it may interfere at this level of the cell signaling cascade in Treg.  

Purified Treg or CD4+CD25- T cells were pre-incubated for 2 hours with imatinib 

mesylate, were then stimulated for 5 min with anti-CD3 and anti-CD28 to trigger 

TCR/CD28 signaling and the phosphorylation status of ZAP70 and LAT was examined 

as described (181).  As depicted in Figure 4B, decreased ZAP-70 phosphorylation was 

observed in Treg cells exposed to imatinib.  Consistent with this data, phopho-LAT levels 

were also reduced by imatinib (Figure 4B).  The phosphorylation of these two signaling 



 66 

molecules was also impaired by the drug in CD4+CD25- T lymphocytes, confirming 

published data (181). 

Overall, these results indicate that as in conventional T cells, imatinib negatively 

interferes with the proximal TCR/CD28 signaling events which may account for the 

down-regulation of Treg key transcriptions factors STAT3, STAT5, and FoxP3 and the 

observed inhibition of the suppressive function of these cells. 

 

Imatinib mesylate treatment reduces Treg frequency and immunosuppressive function in 

vivo. 

We next sought to evaluate whether imatinib may compromise immunosuppressive Treg 

in vivo.   Experiments were designed to first determine the influence of this drug on the 

relative frequency of Treg in naïve animals.  BALB/c mice were treated for 7 days with 

imatinib mesylate (gavage, 300 mg/kg daily).  We have documented that this dose is 

well-tolerated in mice with no observed toxicity (205).  In other murine models of CML, 

comparable doses were reported to be well tolerated for as long as 118 days with peak 

plasma concentrations of 6.5 µM (208, 214).  These levels are below the toxic 

concentrations for Treg that we have observed in vitro (Figure 1).  Spleens and draining 

lymph nodes were removed two days following the end of imatinib mesylate treatment 

and the proportion of CD4+CD25+FoxP3+ cells was assessed by flow cytometry.  Our 

results indicate that the percentage of CD4+CD25+ and FoxP3+CD4+ T cells within the 

total CD4+ cell population was significantly reduced in mice treated with imatinib.  The 
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number of CD25+ cells co-expressing FoxP3 was also negatively affected by imatinib 

treatment (Figure 5A). 

To further define whether imatinib may modulate the suppressive activity of Treg 

in vivo, naïve tumor-free BALB/c mice were treated with the tyrosine kinase inhibitor 

(gavage, 300 mg/kg daily), and CD4+CD25+ cells were isolated from the lymphoid 

tissues by magnetic cell sorting.  The cells were tested for their ability to suppress 

proliferation of non-regulatory CD4+CD25- T lymphocytes purified from naïve tumor-

free mice.  Our results indicate that the immunosuppressive activity of Treg from 

imatinib-treated mice was compromised when compared to Treg from mice treated with 

control vehicle (Figure 5B).  Together, these results indicate that a short course of 

imatinib given to mice orally for 7 days not only reduced the relative number of Treg in 

vivo,  but also inhibited their immunosuppressive activity on a per cell basis. 
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Figure 2.5  Imatinib mesylate restrains Treg in vivo. 

 (A) Imatinib mesylate decreases the frequency of Treg in vivo. Spleens and lymph nodes 
from naïve BALB/c mice treated with imatinib (Imat., gavage, 300 mg/kg, twice daily for 
7 days) or with control water (CT), were stained with anti-CD4, anti-CD25 and anti-
FoxP3 Abs, and then analyzed by flow cytometry.  Characteristic dot plots are depicted. 
The indicated cell ratios (Mean +/- SD) were then determined.  A significant reduction of 
CD4+CD25+/CD4+, FoxP3+CD4+/CD4+ and FoxP3+CD4+/CD25+ ratios was detected 
(p<0.005, p<0.002, and p<0.002, respectively).  Representative results of two 
independent experiments, n=8 mice per group.  (B) Imatinib mesylate treatment of naïve 
BALB/c mice reduces Treg immunosuppressive activity.  CD4+CD25+ Treg were isolated 
from lymphoid tissues of BALB/c mice treated with imatinib (Imat., gavage, 300 mg/kg, 
twice daily for 7 days) or with control vehicle only (CT).  Treg ability to suppress the 
proliferation of CD4+CD25- T cells from naïve tumor-free mice was then evaluated as 
previously described.  Representative results of two independent experiments.  *, p<0.01. 
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Imatinib mesylate can be efficiently combined with pulsed dendritic cell vaccine to treat 
established BCR-ABLnegative A20 lymphoma. 

The therapeutic depletion of Treg improves responses to cancer immunotherapy (79, 200).  

Since imatinib impaired Treg activity in vitro and in vivo, we next assessed whether this 

drug may augment the efficiency of cancer vaccination using a mouse model of imatinib-

resistant tumors.  A20 leukemia/lymphoma cells (BCR-ABL-) are not sensitive in vitro to 

concentrations of imatinib that can be achieved in vivo (Figure 6A).  Confirming these 

results imatinib treatment of SCID mice bearing A20 with the tyrosine kinase inhibitor 

(gavage, 300 mg/kg daily for 7 days) did not affect tumor growth compared to untreated 

animals (Figure 6B).  Very few dying cells were detected within A20 tumor nodules in 

mice treated with imatinib, further demonstrating that imatinib does not exert direct 

killing against A20 cells in vivo (Figure 6C). 

 To evaluate the potential synergistic effects of imatinib with tumor immunization, 

BALB/c mice inoculated (i.v.) with A20 cells were treated with imatinib mesylate and 

vaccinated twice with dendritic cells pulsed with A20 lysates as described in Figure 8.  

The number of liver metastases (Figure 7A and Supplemental Figure S1) was 

significantly reduced in mice treated with imatinib plus DC pulsed with tumor lysates 

compared to control mice or to mice receiving imatinib mesylate or vaccination alone.  

Splenocytes from control, imatinib-treated, vaccinated or imatinib plus vaccine-treated 

mice were cultured for 48 hours and IFN-γ concentration was detected by ELISA.  Total 

splenocytes from mice treated with the combination therapy produced significantly 

higher amounts of IFN-γ compared to the other groups (Figure 7B).  Further analysis 
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indicated that IFN-γ was produced by both CD4+ and CD8+ T lymphocytes (data not 

shown).  Interestingly, analysis of each individual mouse in the group treated with the 

combination therapy revealed a negative correlation between the levels of IFN-γ and the 

number of liver metastases (Figure 7C).  Additionally the frequency of Treg was 

significantly decreased following treatment of tumor-bearing mice with imatinib plus DC 

vaccine combination treatment (Figure 8).  These results thus demonstrate that imatinib 

promotes the anti-tumor response to vaccination against cancers that are not sensitive to 

the drug’s direct cytotoxicity. 
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Figure 2.6  The A20 lymphoma is insensitive to the direct cytotoxic effects of 
imatinib mesylate. 

(A) A20 tumor cells (105) were cultured in 96-well plate in complete medium with the 
indicated concentrations of imatinib for 48 hrs.  Cell viability was then evaluated using 
MTT assays.  The BCR-ABL+ leukemia cell line 12B1 was used as positive control. 
Representative results of three experiments are shown.  (B) A20 tumor cells (3 × 106) 
were injected (s.c) in the right groin of SCID mice.  When tumors became palpable, mice 
were treated with imatinib (gavage, 300 mg/kg, twice daily for 7 days) and tumor volume 
was measured every three days.  (C) Detection of dead cells in A20 tumor nodules from 
mice treated or not with imatinib.  Tumors were removed two days after the end of 
imatinib treatment and tumor sections from untreated (Control) or imatinib-treated 
(Imatinib) mice were stained using Abs against the cleaved isoform of caspase 3.  Dead 
cells (positive for cleaved caspase 3) were visualized under microscopy.  A representative 
field is shown  (× 100 magnification).   12B1 tumors from imatinib treated or untreated 
SCID mice were used as controls. 
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Figure 2.7  Imatinib mesylate enhances DC-based immunization. 

Female BALB/c mice (8 mice per group) inoculated at day 0 with A20 cells (5 × 105 cells, 
tail vein injection) were treated with imatinib mesylate (gavage, 300 mg/kg, twice daily 
for 7 days) or control water.  DC vaccination (bone marrow-derived DC pulsed with A20 
tumor lysate) was given at days 5 and 9 (s.c., 106 DC per mouse).  On day 21 mice were 
euthanized and the number of liver metastases was determined by two investigators (A).  
*, p<0.05.  IFN-γ concentration in the supernatants of cultured spleen cells (1 × 105 cells 
in 200 µl medium /well) from each individual mouse was detected by ELISA after 48 hrs 
incubation (B).  *, p<0.05.  In the group of mice treated with the combination therapy a 
negative correlation was found between the levels of IFN-γ produced by splenocytes and 
the number of liver metastases (C).  
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Figure 2.8  Decrease of Treg following imatinib treatment with or without DC 
vaccination of A20 tumor-bearing mice 

A20 tumor-bearing mice were treated with control vehicle, imatinib, DC, or imatinib plus 
DC as described in Figure 7.  The number of Treg in spleens and lymph nodes was then 
determined by flow cytometry.   Representative results of 2 independent experiments.  * 
p<0.001. 
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2-5 Discussion 

 

CD4+CD25+FoxP3+ Treg represent major contributors of tumor-induced tolerance.  The 

benefit of integrating Treg neutralization or elimination in cancer immunotherapy 

strategies has been advocated in several studies (79, 200, 201, 215).  We report here that 

the widely used tyrosine kinase inhibitor imatinib mesylate may represent an additionnal 

approach to suppress Treg and may therefore be efficiently combined with 

immunotherapy against imatinib-resistant tumors.  Treg immunosuppressive function and 

FoxP3 expression are impaired by therapeutic concentrations of imatinib but Treg 

proliferation is not significantly modified by the inhibitor in vitro.  In contrast, a recent 

study reported inhibition of CD4+CD25+ T cell proliferation after treatment for 72 hours 

with imatinib (216).  However, we found that continuous exposure of activated Treg to 

imatinib in vitro for period of time exceeding 48 hours results in a significant loss of cell 

viability, which may explain the reduced BrdU incorporation observed in this report. 

 We attempted to further identify the molecular mechanisms underlying imatinib-

mediated inhibition of Treg activity.  The survival, homeostasis and immunosuppressive 

function of regulatory T cells are dependent on external signals, some of which are 

relayed by the TCR, CD28, the IL-2 receptor, CTLA-4, GITR, or TGF-β receptors and 

other yet to be identified molecules (45, 66), converging towards the regulation of 

specific gene expression such as FoxP3.  Particularly, activated STAT3 and STAT5 are 

required for FoxP3 upregulation in Treg (210, 211).  In line with the observed inhibition 
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of FoxP3 expression, the phosphorylation of both transcription factors STAT3 and 

STAT5 is attenuated by imatinib mesylate.  Previous studies have reported that imatinib 

hinders TCR-dependent activation of conventional T lymphocytes, highlighting the src-

family tyrosine kinase Lck as a possible molecular target of this drug (181).  In Treg, 

CD28-induced Lck activation is critical for STAT3 induction (210).  These data 

prompted us to examine whether imatinib mesylate may interfere with these TCR/CD28 

early cell signaling events in Treg.  The tyrosine kinase inhibitor alters the 

phosphorylation status of ZAP-70 and LAT, located immediately downstream Lck in the 

signal transduction cascade.  These observations thus substantiate and provide a 

molecular basis for the attenuation of Treg suppressive activity by imatinib.  However, if 

the intracellular events leading to conventional T lymphocyte activation are well-

characterized, the signaling pathways and their regulation controlling Treg activity are 

more elusive, and it is thus possible that imatinib suppresses other unidentified key 

tyrosine kinases involved in the immunosuppressive function of these cells.  

Modulation of Treg activity by imatinib mesylate in vivo had not been studied.  In 

line with our in vitro observations, treatment of animals for seven days with imatinib 

reduced Treg number and dampened their suppressive function.  The potential benefit of 

combining imatinib with immunotherapy to treat CML patients has been highlighted in 

different clinical trials (217, 218).  We have previously documented that imatinib 

mesylate can be successfully combined with specific anti-tumor vaccination to treat 

established BCR-ABL+ leukemia in mouse (102).  However, since imatinib directly 

induces BCR-ABL+ leukemia cell death, the observed synergistic effects with tumor 
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vaccination could be related to the extensive release of tumor antigens as well as ‘danger’, 

proinflammatory signals associated with the liberation of the intracellular contents of the 

cells.  The distinction between the killing effects of imatinib and its immunomodulatory 

function was therefore difficult to ascertain.  Thus, although imatinib has been 

successfully combined with tumor vaccines to treat cancers that are sensitive to the 

cytotoxic effects of this drug, the integration of imatinib in chemoimmunotherapeutic 

strategies to treat malignancies that are resistant to direct killing by this molecule had not 

been previously examined.  We therefore sought to further investigate the physiologic 

relevance of Treg inhibition by imatinib using a tumor model, A20 lymphoma, that is 

resistant to the cytotoxic activity of the drug.   Such an approach allowed for the 

evaluation of the synergistic effects of imatinib with immunotherapy separately from its 

direct tumoricidal properties.  The dose of imatinib given to animals lead to plasma levels 

comparable to the concentrations used to treat cells in vitro (208, 214).  Our data 

demonstrate that imatinib significantly enhances the efficacy of DC-based immunization, 

resulting in a reduction of the number of liver metastases that correlates with higher IFN-

γ production by the splenocytes of treated animals.  These results thus provide the proof 

of principle that imatinib can be successfully incorporated in immunotherapy protocols 

against imatinib resistant tumors.  Although humans differ from mice in many different 

aspects (genetic heterogeneity, personal medical history, previous immunosuppressive 

therapies etc.), our data further support previous sudies indicating that imatinib may 

improve responses to tumor-specific vaccination (217-220).  



 77 

Our current findings uncover Treg as novel targets for imatinib mesylate and 

further advocate for the combination of this tyrosine kinase inhibitor with tumor 

vaccination strategies against malignancies that are typically not affected by imatinib 

alone.  The therapeutic applications of this well-tolerated drug may thus be broadened 

with its use as an immunomodulator in cancer chemoimmunotherapy protocols. 
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Figure S2.1  Effects of imatinib in combination with DC chemoimmunotherapy on 
A20 liver metastases. 

A20 tumor-bearing mice were treated as described in Figure 7.  The figure depicts each 
individual liver from the control, imatinib-treated, DC-treated, or imatinib plus DC- 
treated group of mice. 
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The expansion of Treg seen in cancer can be due to nTreg proliferation or 

conversion of iTreg from naïve T cells.  We were interested in the effects of imatinib on 

this iTreg conversion and if the tyrosine kinase inhibitor may be able to suppress this 

method of Treg generation. 
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2-6 Imatinib mesylate inhibits TGF-β-induced naïve T cell conversion to iTreg 

Unpublished results 

Following our study of the effects of imatinib mesylate on nTreg, we sought to determine 

what impact imatinib may have on iTreg generation in the presence of TGF-β.  As we 

had shown, imatinib partially inhibits signaling through the TCR, resulting in reduced 

downstream ZAP-70 and LAT phosphorylation in both CD4+ CD25+ Treg and in CD4+ 

CD25- T cells (221).  This is likely through imatinib’s nonspecific binding with LCK, 

which shares sequence homology with the ATP binding pocket of the BCR-ABL 

oncoprotein, imatinib’s intended target (181, 185).  Despite the fact that imatinib 

universally downregulates TCR signaling, we also showed that imatinib plus pulsed DC 

treatment in tumor bearing mice resulted in fewer liver metastasis as well as increased 

IFN-γ production by splenocytes isolated from these animals.  This shows a net benefit to 

imatinib treatment in this particular vaccination setting.  Further, this IFN-γ production as 

well as the anti-cancer immunity responsible for the reduction in liver metastasis may be 

partially T cell-derived.  Therefore, it may be possible for T cells from imatinib-treated 

mice to respond to TCR and costimulatory signals despite their TCR signaling machinery 

being compromised.  This phenomenon may allow naïve T cells to be activated in the 

presence of imatinib while conversion to iTreg in the presence of TGF-β may be 

inhibited, in much the same way FoxP3 expression is inhibited by imatinib in nTreg.  

 We sought to determine what effects imatinib may have on naïve T cell 

conversion to iTreg in vitro.  Naïve T cells were isolated from Balb/c mouse spleens 
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using a CD4+ CD62L+ T cell isolation kit from Miltenyi.  These cells were cultured for 

three days in the presence of TGF-β and anti-CD3/CD28 microbeads as previously 

described (222).  Imatinib was added to these cocultures at 1, 5 and 10 µM.  Conversion 

from these naïve T cells to iTreg was measured by FoxP3 expression assessed by flow 

cytometry as previously described (221).  Imatinib decreased FoxP3 expression in a dose-

dependent manner.  Additionally, there was a corresponding increase in the numbers of 

FoxP3- activated T cells with increasing dosage of imatinib.  This importantly 

demonstrates imatinib’s ability to suppress TGF-β induced iTreg conversion without 

prohibiting T cell activation.  
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Figure 2.9  Imatinib mesylate inhibits TGF-β  induced naïve T cell conversion to 
CD4+ CD25+FoxP3+ iTreg.  Naive T cells were cultured with anti CD3/CD28 antibody 
coated beads and TGF-β1 (5 ng/ml) with or without imatinib mesylate at the indicated 
concentrations.  After 3 days, cells were harvested stained for CD4, CD25 and FoxP3 and 
analyzed by flow cytometry. 
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 These findings demonstrate that imatinib inhibits conversion of naïve T cells to 

iTreg in the presence of TGF-β.  Importantly, this inhibition does not inhibit T cell 

activation.  Indeed, the majority of the naïve T cells cultured with imatinib were activated 

and upregulated CD25, thus demonstrating an incomplete blockade of the TCR signaling 

which is sufficient to block iTreg induction without blocking T cell activation.  This 

finding combined with the finding that imatinib also impairs nTreg makes imatinib an 

attractive candidate for combination with immunotherapy to counter cancer-induced 

immunosuppression.   

 There are several directions that will be further pursued with this finding.  First, 

we will determine to which Th cell lineage the CD25+ FoxP3- T cells generated with 

TGF-β and imatinib may belong.  This will be accomplished by intracellular staining for 

Tbet, GATA3 and RORγt, indicative of the Th-1, Th-2 and Th-17 lineages, respectively.  

Further, we would determine the functional capabilities of these cells in terms of their 

cytokine production.  IFN-γ, IL-10 and IL-17 would be among the cytokines assessed by 

ELISA.  Further, the immunosuppressive function of the cells which have converted to 

iTreg will be assessed as previously described (222).  Finally, TGF-β secreting tumor 

induced iTreg conversion should be assessed in vivo.   

In an effort to further identify strategies to negatively modulate Treg in cancer 

immunotherapy, we turned to emTh-1 cells, which are currently being used as an 

adjuvant with our CRCL vaccine in the clinic.  The pro-inflammatory cytokines secreted 
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by these cells may able to skew the immune response towards a favorable anti-cancer 

immune response.  We reasoned that they may also be capable of directly inhibiting Treg.   
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CHAPTER 3 

ALLOGENEIC EFFECTOR/MEMORY TH-1 CELLS IMPAIR FOXP3+ 

REGULATORY T LYMPHOCYTES AND SYNERGIZE WITH CHAPERONE-

RICH CELL LYSATE VACCINE TO TREAT LEUKEMIA.   
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3-1 Abstract 

 Therapeutic strategies combining the induction of effective antitumor immunity 

with the inhibition of the mechanisms of tumor-induced immunosuppression represent a 

key objective in cancer immunotherapy.  Herein we demonstrate that effector/memory 

CD4+ T helper-1 (Th-1) lymphocytes, in addition to polarizing type-1 anti-tumor immune 

responses, impair tumor-induced CD4+CD25+FoxP3+ Treg immunosuppressive function 

in vitro and in vivo.  Th-1 cells also inhibit the generation of FoxP3+ Treg from naïve 

CD4+CD25-FoxP3- T cells by an IFN-γ-dependent mechanism.  In addition, in an 

aggressive mouse leukemia model (12B1), Th-1 lymphocytes act synergistically with a 

chaperone-rich cell lysate (CRCL) vaccine, leading to improved survival and long lasting 

protection against leukemia.  The combination of CRCL, as a source of tumor-specific 

antigens, and Th-1 lymphocytes, as an adjuvant, has the potential to stimulate efficient 

specific antitumor immunity while restraining Treg induced-suppression.  
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3-2 Introduction 

The primary objective of cancer immunotherapy is to promote tumor elimination 

through the activation of innate and adaptive immune responses. Successful 

immunotherapy relies on vaccination strategies endowed with the dual capability of 

inducing tumor-specific lymphocytes while overcoming the mechanisms of immune 

tolerance.  CD4+CD25+FoxP3+ regulatory T lymphocytes (Treg) critically contribute to 

the occurrence and persistence of tumor-induced tolerance (45).  An increase in the 

frequency of these immunosuppressive cells in cancer patients has been widely reported.  

Treg expansion observed during tumor progression may result from the proliferation of 

naturally occurring Treg (nTreg) or from the conversion of CD4+CD25-FoxP3- T cells 

into CD4+CD25+FoxP3+ Treg (iTreg) (85, 198).  Treg dampen immune responses by 

suppressing the function of effectors CD4+, CD8+ and NK cells (82, 197, 223, 224) and 

by inhibiting dendritic cell (DC) activation (74, 83, 199).  As Treg are one of the main 

barriers for the eradication of tumors by immune cells, their therapeutic depletion or their 

functional inactivation using drugs or antibodies improves responses to cancer 

immunotherapy such as DC-based vaccines (79, 175, 200, 221, 225, 226).  However, the 

selective elimination or inactivation of Treg constitutes a major challenge since these 

cells share the same surface markers as activated conventional non-suppressive T cells.  

Indeed, antibody-based approaches indistinguishably target both Treg and activated 

effector T lymphocytes.  Likewise, chemotherapeutic agents used to eliminate Treg such 

as cyclophosphamide do not target these cells selectively.    
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Several reports have indicated that the adoptive transfer of allogeneic T cells may 

increase the efficacy of tumor immunotherapy by providing adjuvant/“danger” signals to 

the host immune cells (227, 228).  A method has been optimized allowing for efficient 

generation in vitro of a large number of allogeneic CD3/CD28 cross-linked Th-1 memory 

T cells (229).  Adoptive transfer of these Th-1 lymphocytes stimulates anti-cancer 

immunity and significantly improves the survival of mice lethally injected with BCL1 

leukemia cells (229, 230).  This effect partly stems from cytokine production by activated 

T lymphocytes, which foster the establishment of protective type-1 immune responses 

(228).  However, the effects of type I cytokines, including IFN-γ, on Treg have been 

discrepant in previous studies.  As an essential effector cytokine for cell-mediated 

immunity, exogenous or autocrine IFN-γ has been reported to negatively regulate Treg 

generation (188, 189).  Other studies have found that IFN-γ enhances activation-induced 

cell death and that it thereby may regulate the expansion and persistence of effector T 

cells by promoting apoptosis (231, 232).  

In the present study we report that effector-memory CD4+ Th-1 cells (emTh-1) are 

not only capable of fostering the establishment of type-1 immune responses, but also 

critically impair tumor-induced immunosuppressive Treg in vitro and in vivo.   These Th-

1 cells inhibit the conversion of naive CD4+CD25-FoxP3- T lymphocytes into 

CD4+CD25+FoxP3+ Treg and skew their differentiation towards a Tbet+GATA-3- Th-1 

profile.  IFN-γ has been identified as primarily responsible for impairing 

immunosuppressive Treg.  Importantly, unlike conventional approaches aimed at 

inactivating/depleting Treg, emTh-1 do not hinder effector T lymphocytes but rather 
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promote their anti-tumor function.  Furthermore, allogeneic emTh-1 are potent adjuvants 

capable of enhancing the in vivo therapeutic efficiency of a tumor-derived chaperone rich 

cell lysate (CRCL) vaccine developed in our laboratory. 
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3-3 Materials and methods 

 

Mice 

Mice were housed under specific pathogen-free conditions and cared for according to the 

guidelines of the University of Arizona Institutional Animal Care and Use Committee.  

Female BALB/c (H2d), C57BL6 (H2b), SCID (H2d) and Nude (H2d) mice were obtained 

from the National Cancer Institute (Bethesda, MD).  IFN-γ-Receptor-/- (H2d) mice were 

purchased from the Jackson Laboratories (Sacramento, CA).  FoxP3EGFP mice that co-

express the fluorescent protein GFP and FoxP3 under the control of the endogenous 

promoter were obtained from the Jackson Laboratories (C.Cg-Foxp3tm2Tch/J).  GFP 

expression allows the accurate identification and isolation of FoxP3+ Treg.  Congenic 

Thy1.1 mice (CBy.PL(B6)-Thy1a/ScrJ) were obtained from the Jackson Laboratories.  

These animals carry the T lymphocyte specific Thy1.1 allele.  Donor T cells from Thy1.2 

mice can be distinguished from recipient Thy1.1 mouse T cells using anti-Thy1.2 

antibodies.  Mice were used at the age of 6-8 weeks. 

 

Preparation of allogeneic effector-memory Th-1 cells (emTh-1) 

EmTh-1 lymphocytes were generated and activated in vitro as described by Har-Noy et al. 

(229, 230)  Spleen cells from C57BL/6 mice were harvested and treated with a hypotonic 

buffer (150 mM NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA) for lysis of red blood cells.  
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CD4+ T cells were then isolated using CD4+ microbeads and an autoMACSTM separator 

device (Miltenyi Biotec, Auburn, CA).  Positively and negatively selected cells were 

routinely analyzed by flow cytometry to assess the purity of each fraction.  The 

percentage of CD4+ cells in the positive fraction was >95%.  These CD4+ T lymphocytes 

were expanded in RPMI medium (Hyclone, Logan, UT) supplemented with 10% heat-

inactivated fetal bovine serum (Hyclone), with anti-CD3 and anti-CD28-coated 

paramagnetic beads (CD3/CD28 T-cell expander beads, Dynabeads, Invitrogen, Carslbad, 

CA) at an initial bead:CD4+ cell ratio of 3:1, and in presence of 20 IU/ml recombinant 

mouse rmIL-2, 20 ng/ml rmIL-7, 10 ng/ml rmIL-12 (Peprotech, New Jersey) and 10 

µg/ml anti-mouse IL-4 mAb (Becton Dickenson).  Additional complete media containing 

rmIL-2, rmIL-7, anti-IL-4 mAb and T-cell expander beads was added to the culture daily 

from day 3 to day 6 to maintain constant cell density (0.5-1 × 106 cells/ml).  The amount 

of beads added was calculated to maintain a 1:1 bead:cell ratio as the cells expanded.  

After 6 days in culture, the expansion of CD4+ T cells was approximately 60 to 100-fold 

the initial number of plated cells at day 0.  Cells were harvested on day 6 and de-beaded 

by physical disruption and passage over a magnet.  These cells were either used fresh or 

stored in liquid nitrogen for future use.  A similar protocol was followed to generate 

emTh-1 cells from C57BL/6 mice. 

Human emTh-1 cells were generated from healthy donor peripheral blood 

lymphocytes isolated by density centrifugation with Lymphocyte Separation Medium 

1.077 (Eurobio).  CD4+ T cells were then isolated using human CD4+ microbeads 

(Miltenyi Biotec) and cultured with human T-cell expander beads (Dynabeads, 
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Invitrogen) in presence of 20 IU/ml recombinant human rhIL-2, 20 ng/ml rhIL-7, 10 

ng/ml rhIL-12 (Peprotech) and 10 µg/ml anti-human IL-4 mAb (BD).  Human CD4+ T 

cell cultures were maintained as described above for mouse.  Human studies were 

approved by an Institutional Review Board (IRB00005448; FWA00004218). 

 

Magnetic cell sorting 

Spleens isolated from BALB/c or C57BL6 mice were harvested and dissociated.  

CD4+CD62L+, CD4+CD25+ and CD4+CD25- T lymphocytes were purified by magnetic 

cell sorting using mouse CD4+CD62L+ naïve T cell or CD4+CD25+ T regulatory cell 

isolation kits and an autoMACSTM separator according to the manufacturer’s instructions 

(Miltenyi Biotec).  We have previously reported that CD4+CD25+ T lymphocytes isolated 

by this technique express high levels of the transcription factor FoxP3 and are endowed 

with immunosuppressive properties (83, 199, 221).  

 

Conversion of CD4+CD62L+ T cells into CD4+CD25+FoxP3+ Treg 

CD4+CD25-CD62L+ naïve T cells were isolated from Balb/c mouse splenocytes as 

described above, were cultured in complete medium in 96-well plate (1 X 105 cells per 

well) and were activated with T cell expander beads (T lymphocyte:bead ratio of 1:1) in 

presence of TGF-β1 (5 ng/ml) for 72 hrs at 37oC.  Some wells were treated with the 

supernatant of emTh-1.  Percentage of CD4+CD25+FoxP3+ and CD4+CD25+FoxP3- cells 
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was determined by flow cytometry analysis.  Blocking antibodies against IFN-γ or TNF-α 

were added in the corresponding samples at the concentrations of 1 µg/ml. 

 

Flow cytometry analysis and antibodies 

Cells (~106) were washed in PBS containing 3% heat-inactivated fetal bovine serum and 

0.09% sodium azide (Sigma Chemical, St. Louis, MO) and were first incubated with an 

Fc receptor-blocking Ab (BD Biosciences Pharmingen, San Diego, CA) for 5 min, then 

with saturating amounts of the appropriate combination of fluorochrome-conjugated Ab 

for 40 min.  Cells were then washed and analyzed using a FACS Calibur (Becton 

Dickinson Immunocytometry Systems, San Jose, CA).  A minimum of 10,000 events was 

collected for each sample, and data analysis was performed with the CellQwest Pro 

software (Becton Dickinson Immunocytometry Systems).  For FoxP3 detection, 

CD4+CD25+ or CD4+CD25- T cells purified by magnetic cell sorting or converted 

CD4+CD25+ Treg generated in vitro were fixed, permeabilized, stained using an 

Allophycocyanin (APC) anti-mouse FoxP3 staining set following the provider’s 

instructions (Clone FJK-16, eBioscience, San Diego, CA), and analyzed by flow 

cytometry.  For the monitoring of CD4+CD25+ Treg, cells were first stained with 

fluorescein isothiocyanate (FITC)-conjugated anti-CD4 (rat IgG2b; BD Biosciences 

Pharmingen) and phycoerythrin (PE)-conjugated anti-CD25 (rat IgG1; BD Biosciences 

Pharmingen) antibodies.  Then, cells were stained using eBioscience FoxP3 staining set 

as described above.  The expression of the transcription factors T-bet and GATA-3 
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(expressed by Th-1 and Th-2 cells, respectively) was evaluated by intracellular staining 

using anti-mouse T-bet-PE and anti-mouse GATA-3-PE monoclonal antibodies (BD 

Biosciences Pharmingen).  Isotype control antibodies were purchased from BD 

Biosciences Pharmingen (PE-conjugated rat IgG1, FITC-conjugated rat IgG2a) or 

eBioscience (APC-conjugated rat IgG1). 

 

T cell proliferation and suppression assays 

CD4+CD25+ and CD4+CD25- T cells were purified from splenocytes and lymph node 

cells using Miltenyi isolation kits.  The cells were cultured for 48 hrs in 96-well plates at 

37oC either in complete medium or with emTh-1 supernatant and activated with plate-

bound anti-CD3 (5 ng/ml), soluble anti-CD28 (5 ng/ml) and IL-2 (20 IU/ml).   

In other experiments, untreated CD4+CD25- T cells, or emTh-1 supernatant-

pretreated CD4+CD25- T cells or freshly isolated CD4+CD25- T cells (1 × 105) were co-

cultured for 48 hrs in round-bottom 96-well plates with CD4+CD25+ T cells (1 × 105) 

exposed or not to Th-1 cell supernatant.  Anti-CD3/CD28 T cell expander beads - 

Dynabeads were added in all co-cultures (cell:bead ratio=1:1).  BrdU (Millipore) was 

then added for an additional 12 hrs.  The cells were then fixed and the incorporation of 

BrdU detected by enzyme-linked immunosorbent assay (ELISA) according to the 

manufacturers’ procedures (Millipore).  Cultures were set up in sixplicates. 
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Similar experiments were performed using human peripheral blood lymphocytes 

isolated by density centrifugation with Lymphocyte Separation Medium 1.077 (Eurobio).  

CD4+CD25+ and CD4+CD25- T cells were purified from total PBMCs using human 

regulatory T cell isolation kit (Miltenyi).  Cells were cultured for 24 hrs in 96-well plates 

at 37oC either in complete medium or with human emTh-1 supernatant and activated with 

plate-bound anti-CD3 (5 ng/ml), soluble anti-CD28 (5 ng/ml) and IL-2 (20 IU/ml).  

CD4+CD25- responder T cells were then stained using Cell Trace Violet cell proliferation 

kit according to manufacturer’s procedure (Cell TraceTM, Carlsbad, CA).  Labeled cells 

were co-cultured with CD4+CD25+ T cells (1 × 105) with human anti-CD3/CD28 T cell 

expander beads (cell:bead ratio=1:1) and cell division was analyzed by Flow Cytometry 

after 72 hrs as indicated by the manufacturer (Cell TraceTM).   

 

 

Detection of cytokine production by ELISA  

The concentrations of IFN-γ and TNF-α in cell culture supernatants were determined 

using enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s 

procedures (eBiosciences). 
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12B1 leukemia cells and tumor generation 

The murine leukemia cell line 12B1 was obtained by retroviral transformation of BALB/c 

bone marrow cells with the human bcr-abl (b3a2) fusion gene.  These cells express the 

p210 bcr-abl protein.  This is an aggressive leukemia, with the 100% lethal dose (LD100)  

being 100 cells after tail vein injection.(233)  The cells were cultured (37oC, 5% CO2) in 

RPMI medium (Gibco/BRL, Gaithersburg, MD) supplemented with 10% heat-inactivated 

fetal bovine serum (Hyclone).  12B1 cells, obtained from Dr Wei Chen (Cleveland Clinic, 

Cleveland, OH), were tested routinely and found to be free of Mycoplasma contamination. 

For tumor generation, 12B1 cells were first washed 3 times in PBS (Gibco/BRL), 

then counted and adjusted to a concentration of 5 × 104 cells/mL.  Female BALB/c mice 

were injected with 0.1 mL (5 × 103 cells) subcutaneously in the right groin and were 

monitored for tumor development.  

 

CRCL preparation 

12B1 tumor-derived CRCL vaccines were prepared as described previously (97, 100-102, 

234).  Briefly, tumor tissues were homogenized in detergent-containing buffers and the 

obtained high-speed supernatants were subjected to FS-IEF in a Rotofor device (Bio-

Rad) at 15W constant power.  Fractions were harvested and analyzed for chaperone 

protein content.  Fractions of interest were pooled and prepared as vaccines by dialysis, 

detergent removal, and centrifugal concentration as previously described (97, 99-102, 
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205, 234-236).  The endotoxin level contained in the CRCL preparation was determined 

using the Limulus Amebocyte Lysate (LAL) assay kit (Cambrex Bio Science, 

Walkersville, MD) according to the manufacturer's instructions.  The level of endotoxin 

in CRCL was lower than that in media control (<0.01 EU/µg).  12B1 CRCL was used for 

in vivo vaccination of mice. 

 

Tumor growth in vivo and combination immunotherapy 

BALB/c mice were injected with 5 × 103 viable 12B1 cells in the right groin on day 0.  

Allogeneic (C57BL6) emTh-1 lymphocytes (105 cells/mouse) or 12B1-derived CRCL 

vaccine (25 µg/mouse) or cells plus CRCL were administered (footpad, in a total volume 

of 100 µl) on day +3, +7 and +14.  Tumor growth was monitored every other day and 

mice were euthanized when tumor volume reached 4000 mm3.  Tumor-free survival was 

compared between the different treatment groups.  

 

Depletion of immune cells in vivo  

Mice were depleted of NK cells by intraperitoneal injections with anti-asialo GM1 

antibodies (25 µl/mouse, 1/8 diluted with PBS; Wako Chemicals, Osaka, Japan) on day -

1, +3 and +5.   
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Statistics 

Kaplan-Meier curves were generated and analyzed by log-rank statistics to determine 

survival percentages and differences between the treatment groups.  In other experiments, 

Student’s t tests were used to determine significant differences (p<0.05) between groups.  
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3-4 Results 

EmTh-1 supernatants impair the generation of iTreg induced by tumor cells or TGF-β in 
vitro 

Treg expansion may result from the conversion of CD4+CD25-FoxP3- T cells into 

CD4+CD25+FoxP3+ or from the proliferation of naturally occurring Treg.  The 

transcription factor FoxP3 is required for the induction of Treg suppressive function, and 

its expression in non-regulatory cells converts them into immunosuppressive cells.  TGF-

β1 has been shown to promote the polarization of naïve CD4+ T lymphocytes into 

Treg.(237) We first examined whether soluble factors produced by emTh-1 may 

negatively regulate the generation of Treg from naïve T cells induced by different TGF-

β-secreting tumors in vitro.  12B1 leukemia, B16 melanoma and 4T1 breast cancer cells 

secrete TGF-β1 in culture (not shown).  The culture of naïve CD4+CD62L+ T cells with 

either of these 3 tumor cell lines triggered their differentiation into FoxP3+ T cells (Figure 

1A) endowed with immunosuppressive activity (not shown).  The presence of the 

supernatant of emTh-1 during the differentiation process significantly dampened tumor-

induced FoxP3 (Figure 1 A,B).   

    In line with these results, the data depicted in Figure 2 indicate that emTh-1 

supernatant significantly inhibited TGF-β-induced conversion of naive T cells into 

FoxP3+ T lymphocytes (Figure 2 A,B).  Furthermore, the number of activated effector 

CD25+FoxP3- was significantly augmented by allogeneic emTh-1 supernatant (Figure 

2C).  This effect was observed in a dose dependent manner (supplemental Figure S1).   

To further evaluate whether the suppressive function of residual FoxP3-expressing cells 
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was affected by emTh-1 supernatant, TGF-β-induced conversion of naïve CD4+CD25-

FoxP3- T cells isolated from FoxP3EGFP transgenic mice was performed in presence or 

absence of emTh-1 supernatant.  GFP positive (FoxP3-expressing) cells were then sorted 

and their suppressive activity was evaluated.  Our results demonstrate that the function of 

these residual FoxP3-expressing iTreg was impaired (supplemental Figure S2).  In 

addition, emTh-1 supernatant added to FoxP3+ iTreg which had been previously 

converted significantly impaired their immunosuppressive function (supplemental Figure 

S3).   

We then evaluated whether emTh-1 supernatants may skew TGF-β-induced 

Foxp3+ T cell differentiation towards another T lymphocyte lineage.  The transcription 

factors T-bet and GATA-3 are predominantly expressed by Th-1 or Th-2 cells, 

respectively (238).  These transcription factors not only play a critical role in promoting 

the permissive lineage fate but additionally actively repress the opposite lineage 

commitment (238).  Flow cytometry analysis indicated that the majority of CD4+ T cells 

obtained after 72 hrs of culture in presence of TGF-β plus emTh-1 supernatants 

expressed low level of GATA-3 and FoxP3 while displaying a T-bet-positive phenotype 

consistent with a Th-1 polarization (Figure 2D).  These results thus indicate that emTh-1 

produce soluble factors capable of switching TGF-β-dependent polarization of naïve T 

cells from FoxP3+ Treg to the pro-inflammatory Th-1 lineage.    
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Figure 3.1  EmTh-1 impair tumor-induced iTreg generation.  CD4+CD25-CD62L+ 
naïve T cells were isolated from mouse spleens using magnetic activated cell sorting.  
The cells were activated using T-cell expander beads (cell:bead ratio 1:1), re-suspended 
in the culture medium from different tumor cell lines (12B1, B16, 4T1) and treated with 
the supernatants of emTh-1 cells.  (A) FoxP3 expression was determined by flow 
cytometry.  (B) Pooled data from three independent experiments are depicted. Student’s t 
tests were used to analyze the diagrams.  (*, a significant difference compared to the 
corresponding group without emTh-1 supernatant, p <0.001). 
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Figure 3.2  EmTh-1 supernatant impairs TGF-β-induced iTreg generation and 
promote Tbet+ T lymphocyte differentiation.  CD4+CD25-CD62L+ naïve T cells were 
cultured for 72 hrs with T-cell expander beads (cell:bead ratio 1:1), with or without TGF-
β1  (5ng/ml), and in presence or absence of the supernatant of emTh-1 cells (emTh-1 sup).  
Cells were then analyzed by flow cytometry.  (A, B) Representative dot plots or 
histogram plots from 10 independent experiments.  (C) Percentage of CD4+CD25+FoxP3- 
activated T cells in total CD4+ T lymphocytes (*, a significant difference compared to 
cells cultured without emTh-1 supernatant, p<0.01).  (D) The expression of the 
transcription factors FoxP3, T-bet and GATA-3 was determined in CD4+CD25-CD62L+ 
T cells cultured for 72 hrs with T cell expander beads, with or without TGF-β1, and 
treated or not with emTh-1 cell supernatants.  Representative results of three independent 
experiments. 
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The inhibition of iTreg generation by emTh-1 depends on IFN-γ 

To address the mechanism by which emTh-1 suppress Treg generation from naïve 

CD4+ T cells, we examined the role of key cytokines produced by Th-1 cells.  Consistent 

with previous studies (229, 230), high levels of IFN-γ and TNF-α were detected in the 

supernatants from emTh-1 culture (not shown).  Neutralization of IFN-γ but not of TNF-

α using blocking antibodies abrogated the effects of emTh-1 supernatant in restoring 

TGF-β-induced conversion of naïve cells into FoxP3-expressing T cells (Figure 3 .A,B).  

Consistent with these data, recombinant IFN-γ but not recombinant TNF-α impaired the 

negative modulation of TGF-β-induced generation of FoxP3+ T cells (Figure 3 A,B and 

data not shown).  These results were confirmed using IFN-γR-/- mice.  The data depicted 

in Figure 3C and 3D indicate that the conversion of CD4+ naïve T cells isolated from 

IFN-γR-/- mice into FoxP3+ T cells was not modified by emTh-1 supernatants (Figure 3 

C,D).  Therefore, IFN-γ produced by Th-1 lymphocytes is primarily responsible for 

inhibition of FoxP3+ T cell generation. 
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Figure 3.3  EmTh-1-mediated inhibition of TGF-β-induced iTreg generation 
depends on IFN-γ .  CD4+CD25-CD62L+ naïve T cells were cultured for 72 hrs with T-
cell expander beads, with or without TGF-β1, in presence or absence of emTh-1 
supernatant, and with or without blocking antibodies against (A) mouse IFN-γ (*, a 
significant difference compared to the TGF-β + emTh-1 group, p<0.05), or (B) mouse 
TNF-α.  (C, D) CD4+CD25-CD62L+ naïve T lymphocytes were isolated from mouse 
spleens (IFN-γR-/-) and cultured for 72 hrs with T-cell expander beads, with or without 
TGF-β1 and in presence or absence of emTh-1 supernatants.  Percentage of FoxP3-
expressing cells was determined by flow cytometry.   Combined results of 3 independent 
experiments (*, a significant difference compared to cells from wild-type (IFN-γR+/+) 
mice cultured in the same conditions, p<0.01). 
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EmTh-1 cells minimally affect nTreg phenotype, but significantly diminish their 
immunosuppressive function and promote effector T cell resistance to Treg-mediated 
suppression  

Since emTh-1 supernatants impair the generation of FoxP3+ T lymphocytes from 

non-Treg precursors, we next sought to evaluate their influence on pre-existing naturally 

occurring nTreg.  CD4+CD25+FoxP3+ cells were isolated from spleens and lymph nodes 

and incubated for 24, 48 or 72 hrs with supernatants from emTh-1.  Our results 

demonstrated that FoxP3 expression in nTreg was not impaired by emTh-1 supernatants 

(Figure 4A).  

We next investigated the influence of emTh-1 supernatant on Treg 

immunosuppressive function in vitro.   nTreg isolated from mouse lymphoid tissues were 

activated with anti-CD3, anti-CD28 antibodies and IL-2.  The cells were cultured in 

either complete medium or emTh-1 supernatants for 48 hrs and then washed before being 

co-cultured with freshly isolated CD4+CD25- cells for an additional 48 hrs.  The ability of 

emTh-1 supernatant-treated or untreated nTreg to inhibit the proliferation of CD4+CD25- 

cells was then analyzed using BrdU incorporation assays.   Our data indicate that emTh-1 

supernatant (Figure 4B) or IFN-γ (not shown) significantly inhibited the capacity of Treg 

to suppress CD4+CD25- conventional T cell proliferation.   Similar results were obtained 

using human CD4+CD25+ Treg and CD4+CD25- responder T cells isolated from 

peripheral blood lymphocytes (supplemental Figure S4A). 

To further define whether emTh-1 may modulate the sensitivity of CD4+CD25- T 

lymphocytes to Treg, CD4+CD25- T cells were incubated for 48 hrs with emTh-1 

supernatant and then co-cultured with freshly isolated CD4+CD25+FoxP3+ nTreg.  
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Importantly, neither the proliferation (Figure 4C) nor the production of IFN-γ (Figure 

4D) of CD4+CD25- T cells pretreated with emTh-1 supernatant was suppressed by Treg.  

Similar results were obtained when human CD4+CD25- responder T cells pre-incubated 

with emTh-1 supernatant were exposed to human CD4+CD25+ Treg (supplemental Figure 

S4B).   

These data therefore indicate that emTh-1 not only impair the inhibitory function 

of Treg but additionally induce resistance of effector T cells to Treg-mediated inhibition.
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Figure 3.4  EmTh-1 supernatant inhibits nTreg immunosuppressive function.  (A) 
CD4+CD25+ nTreg (nTreg) were isolated from BALB/c mouse lymphoid tissues and 
were cultured for the indicated periods of time with plate-bound anti-CD3 (5 ng/ml), 
soluble anti-CD28 (5 ng/ml) and IL-2 (20 IU/ml), with or without emTh-1 cell 
supernatants.  FoxP3 expression was then determined using flow cytometry.  (B) 
CD4+CD25+ nTreg were cultured for 48 hrs with plate-bound anti-CD3, soluble anti-
CD28 and IL-2, and with or without emTh-1 cell supernatants.  Cells were then washed 
extensively with complete medium.   Responder CD4+CD25- T lymphocytes were 
stimulated with anti-CD3/anti-CD28 T cell expander beads, in absence (CD25-) or 
presence of untreated nTreg (CD25- + untreated nTreg) or in presence of emTh-1 
supernatant-treated nTreg (CD25- + [nTreg]emTh-1 sup).  Responder CD4+CD25- T 
lymphocyte proliferation was determined after 48 hrs using BrdU incorporation assays.  
NS, non-significant; *, a significant difference compared to responder CD25- T cells 
cultured with untreated Treg (p<0.001).  (C) CD4+CD25- T lymphocytes were first 
treated ([CD25-]emTh-1 sup) or not (untreated CD25-) for 48 hrs with emTh-1 supernatant, 
washed extensively with complete medium and co-cultured for 48 hrs with freshly 
isolated CD4+CD25+ nTreg (+ nTreg).  Proliferation of responder CD25- T cells was then 
determined using BrdU incorporation assays.  *, (p<0.001).  (D) IFN-γ concentration was 
assessed in the co-cultures described in C.  *, (p<0.001); **, (p<0.0001).   
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EmTh-1 cells can be efficiently combined with a tumor-derived CRCL vaccine to treat 
mice with 12B1 leukemia 

We have previously reported on the immune stimulatory and protecting effects of 

the CRCL vaccine against multiple types of cancers including the 12B1 leukemia (100-

102, 199, 234, 239) and have documented that tumor-derived CRCL vaccination can be 

efficiently combined with Treg elimination to treat established tumors (199).  Herein we 

evaluated whether emTh-1 cell-based immunotherapy can improve CRCL vaccination.   

Using a therapeutic approach of established 12B1 tumors in naïve Balb/c mice, 

we confirmed that allogeneic emTh-1-based immunotherapy is safe and can be efficiently 

combined with CRCL immunization resulting in a significant tumor-free survival of 

treated animals (Figure 5A).   Similar results were obtained with a B16 melanoma model 

which consisted of B16 tumor-bearing C57BL/6 mice treated with B16-derived CRCL 

plus emTh-1 cells generated from Balb/c mice (supplemental Figure S5). 
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Figure 3.5  The combination of emTh-1 and CRCL vaccine improves the survival of 
mice with 12B1 leukemia.  (A) Naïve BALB/c mice were injected (s.c., right groin) with 
5 × 103 12B1 cells on day 0.  Animals (8 mice per group) were then administered 
(footpad) on day 3, 7 and 14 with PBS (Control), 12B1-derived CRCL (CRCL, 25 
µg/mouse), emTh-1 lymphocytes (emTh-1, 1 x 105 cells/ mouse) or the combination of 
CRCL plus emTh-1 (emTh-1 + CRCL).  **, (p<0.0001). (B) SCID mice were injected 
(s.c., right groin) with 5 × 103 12B1 cells on day 0 and were treated (footpad) on day 3, 7 
and 14 with PBS (control), emTh-1 cells (emTh-1) or the combination of emTh-1 plus 
CRCL (emTh-1 + CRCL).  NS, non-significant.  (C) Immunocompetent Balb/c mice were 
injected with tumor cells and treated with PBS (PBS) or with the combination of emTh-1 
plus CRCL (emTh-1 + CRCL) on days 3, 7 and 14.  In some groups of mice NK cells 
were depleted using anti-asialo GM1 antibodies (+anti-asialo GM1, i.p., 25 µg/mouse) on 
days -1, +3 and +5 as described in “Materials and methods”.  In all the experiments, 
survival of mice was monitored every other day and is depicted using the Kaplan-Meyer 
analysis. NS, non-significant; **, (p<0.0001).   
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The protective effects of emTh-1 cells combined with CRCL vaccine is mediated by host 
T lymphocytes 

We next sought to define the role of T lymphocytes in the anti-tumor responses 

induced by CRCL plus allogeneic emTh-1 cells.  12B1 tumor-bearing SCID mice were 

treated with CRCL plus allogeneic emTh-1 cells on days 3, 7 and 14 after tumor cell 

inoculation as described above.  CRCL plus allogeneic emTh-1 cells did not improve 

survival of 12B1 tumor-bearing SCID mice (Figure 5B).  Similar results were obtained 

using Nude mice (data not shown).  These data therefore indicate that the protective 

effects of adoptively transferred allogeneic emTh-1 with CRCL immunization are host T 

lymphocyte dependent.  Consistent with these results, anti-asialo-GM1 did not 

significantly impair the therapeutic efficacy of allogeneic emTh-1/CRCL vaccine, 

indicating that NK cells do not play a major role in the anti-tumor immune responses 

induced by this combination immunotherapy (Figure 5C).   

Surviving mice treated with CRCL plus allogeneic emTh-1 cells were re-

challenged with the parental 12B1 tumor cells in the right groin and with an unrelated B 

cell leukemia (A20, H-2d) in the opposite groin.  A20 tumors developed in all 8 mice in 

both treated and control groups (Figure 6 A,B) while 5 of 8 mice were protected against 

12B1 tumor re-challenge in the CRCL plus allogeneic emTh-1 cell group. Two additional 

mice demonstrated significant tumor growth delay, while all control mice developed 

12B1 tumors (Figure 6 C,D).  Therefore combination immunotherapy consisting of 

CRCL plus allogeneic emTh-1 cells can induce long lasting tumor-specific immunity.  



 111 

We further analyzed the anti-tumoral function of T cells isolated from CRCL plus 

emTh-1 treated mice.  Lymphocytes purified from the spleen of animals receiving the 

combination therapy were capable of specifically killing parental tumor cells but not 

irrelevant target cancer cells (Figure 7A).   

Importantly, emTh-1 cells were able to skew the differentiation of transferred 

naïve Thy1.2+CD4+CD25-FoxP3- T lymphocytes, transferred to 12B1 tumor-bearing  

congenic Thy1.1+ mice, towards Thy1.2+CD4+CD25+FoxP3- effector T cells rather than 

Thy1.2+CD4+CD25+FoxP3+ Treg (Figure 7B).  In addition, the suppressive function of 

Treg isolated from tumor-bearing animals treated with emTh-1 was significantly reduced 

(Figure 7C).  This confirms that the effects of emTh-1 on Treg observed in vitro also 

occur in vivo, and importantly demonstrates that a mechanism by which emTh-1 

augments the efficacy of CRCL vaccination involves the inhibition of tumor-induced 

Treg. 
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Figure 3.6  EmTh-1 plus CRCL immunotherapy induces tumor specific immunity.  
Naïve BALB/c mice were injected with 5 × 103 12B1 cells (s.c., right groin) on day 0 and 
were vaccinated as described in figure 5.  Surviving tumor-free mice were then re-
challenged with 5 × 103 12B1 cells (s.c., right groin) and 1 × 106 A20 cells (s.c., left 
groin) on day 45.  Tumor volume was determined every other day.  (A) A20 tumor 
volume monitored in control mice; (B) A20 tumor volume monitored in emTh-1 plus 
CRCL -treated mice; (C) 12B1 volume monitored in control group; (D) 12B1 tumor 
volume monitored in emTh-1 plus CRCL -treated animals.  Representative results of two 
independent experiments.  
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Figure 3.7  Effects of emTh-1 cells on antitumoral T lymphocytes and Treg in vivo.  
(A) EmTh-1 plus CRCL immunotherapy induces tumor-specific killer T lymphocytes.  
B16 tumor-bearing mice were injected with control PBS or were treated with B16-
derived CRCL and allogeneic emTh-1 cells as indicated in materials and methods.  Seven 
days after the last vaccination, splenocytes were harvested and incubated for 3 days with 
CRCL (25 µg/ml) and 50 U/ml IL-2.  T lymphocytes were then purified on a nylon wool 
column and incubated for 36 hrs with either B16 tumor cells or irrelevant 4T1 breast 
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cancer cell targets as indicated (effector T cells to target tumor cells ratio = 20:1).  
Cytotoxicity was determined as previously reported (102, 240).  + Control T:  tumor cells 
cultured with T lymphocytes from mice injected with PBS; +T [emTh-1]: tumor cells 
cultured with T lymphocytes from mice treated with CRCL plus emTh-1.  *, a significant 
difference compared to control T cells culture with B16 melanoma cells (p< 0.005).  (B) 
EmTh-1 cells skew the differentiation of CD4+CD25-FoxP3- naïve T lymphocytes toward 
CD4+CD25+FoxP3- effector T cells rather than Treg in vivo.  CD4+CD25-FoxP3- naïve T 
lymphocytes isolated from Thy1.2 FoxP3EGFP transgenic BALB/c mice were 
transferred (107 cells) to 12B1 tumor-bearing congenic Thy1.1 BALB/c mice.   Animals 
were treated with emTh-1 cells (+emTh-1 cells) or with control PBS (No emTh-1 cells).  
Endogenous T cells of recipient Thy1.1 mice express the Thy1.1 but not the Thy1.2 
antigen, which allows the specific tracking and identification of Thy1.2 T lymphocytes in 
Thy1.1 mice.  Spleens were harvested, dissociated and conversion of transferred naïve 
Thy1.2 CD4+CD25-FoxP3- T cells into GFP+ (FoxP3-expressing) Treg in vivo was 
determined by evaluating the frequency of Thy1.2+GFP+ cells after gating on the CD4+ T 
cell population using flow cytometry.  (C) EmTh-1 impair Treg suppressive function in 
vivo.  Responder CD4+CD25- T lymphocytes were stimulated with anti-CD3/anti-CD28 
T cell expander beads, in absence (CD25-) or presence of Treg isolated from the draining 
lymph nodes of untreated tumor-bearing mice (CD25- + [Treg]untreated) or of tumor-bearing 
mice treated with  emTh-1 (CD25- + [Treg]emTh-1).  Responder CD4+CD25- T lymphocyte 
proliferation was determined after 48 hrs using BrdU incorporation assays.  NS, non-
significant; *, p<0.02; **, p<0.001.  
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3-5 Discussion 

Advantages of active immunotherapy include its relative lack of side effects, its 

specificity against target tumor cells, and the generation of memory responses against 

tumor-specific antigens.  However, even if proven clinically safe, immunotherapy has 

only sparked moderate enthusiasm because of the relatively limited objective clinical 

responses that have been observed in cancer patients.  This modest therapeutic success 

stems in part from the immunosuppressive environment created by tumors, with 

CD4+CD25+FoxP3+ Treg as prominent contributors.  The efficacy of current strategies to 

eliminate/inactivate Treg such as antibodies targeting CD25, CTLA-4, or GITR, or the 

immunotoxin LMB-2, OX-40 antibodies, alkylating agents such as cyclophosphamide or 

tyrosine kinase inhibitors (79, 83, 131, 185, 201, 221, 241, 242) remain limited insofar as 

they non-specifically target both Treg and conventional effector lymphocytes.  Our 

current findings uncovered emTh-1 cell administration as a novel approach to inhibit the 

suppressive activity of Treg while simultaneously promoting the function of conventional 

effector T cells.  Our data demonstrate that emTh-1 cells significantly impair the 

conversion of naïve T cells into FoxP3+ iTreg induced by either tumor cells or 

recombinant TGF-β1, switching their differentiation towards CD4+CD25+Tbet+ activated 

T lymphocytes.  In addition, emTh-1 cells were capable of inhibiting the 

immunosuppressive function of naturally occurring nTreg.  Previous studies have 

reported opposite effects of IFN-γ on Treg.(231, 232)  We provide evidence, using anti-

IFN-γ blocking Ab and IFN-gR-/- mice, that Treg inhibition by these emTh-1 cells is 
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dependent on IFN-γ.  Moreover, IFN-γ is responsible for the skewing of iTreg 

differentiation towards activated effector T-bet+ T cells. 

Multiple strategies harnessing the adjuvant effect of allogeneic T cell transfer 

have been optimized with the goal of skewing the host’s immune responses towards the 

induction of a “graft”-versus-tumor effect (228, 243-248).  Recent studies have 

demonstrated that in vitro generated allogeneic emTh-1 cells can serve as a potent 

adjuvant for stimulating type-1 anti-tumor immunity when used together with a source of 

tumor antigen (229, 249).  However, significant tumor free survival of tumor-bearing 

mice was difficult to achieve with allogeneic emTh-1 cells in association with tumor cell 

lysate or irradiated cancer cell vaccines.  In this current study we demonstrate that the 

combination of allogeneic emTh-1 cells with our chaperone rich cell lysate vaccine 

significantly increased the survival of mice bearing established leukemia or melanoma.  

The demonstrated advantages in efficacy of CRCL over more common vaccine strategies 

such as individual tumor-derived chaperone proteins HSP70, gp96, and tumor lysates 

have been extensively published by our group (99-102, 205, 234).  The combination of 

tumor-derived CRCL plus allogeneic emTh-1 cells demonstrated a superior therapeutic 

outcome compared to monotherapy.  In addition, CRCL plus allogeneic emTh-1 cells 

combination immunotherapy promoted durable tumor-specific T cell-dependent adaptive 

immunity. 

We have previously documented that the efficacy of tumor-derived CRCL 

vaccination can be enhanced by Treg elimination (199).  The selective negative 

modulation of Treg by emTh-1 cells represents an effective mechanism by which these 
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transferred cells improve the therapeutic efficacy of the CRCL vaccine.  Allogeneic 

emTh-1 cells thus represent a powerful adjuvant capable of enhancing the therapeutic 

potential of the CRCL vaccine and therefore represent a promising translational approach 

in cancer immunotherapy clinical trials.   

 

Figure S3.1 Inhibition of iTreg generation depends on the concentration of emTh-1 
supernatant. CD4+CD25-CD62L+ naïve T cells were cultured for 72 hrs with T cell 
expander beads, as described in materials and methods, with (TGF-b1) or without ( no 
TGF-b1) TGF-ba, and in presence of the indicated concentration of emTh-1 supernatant 
( from 12% to 100%). The percentage of CD4+CD25+FoxP3+ cells in total CD4+ t cells 
was determined by flow cytometry. 
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Figure S3.2 Immunosuppressive activity of residual FoxP3-expressing cells 
generated in presence of emTh-1 supernatant. iTreg were generated with TGF-b1from 
FoxP3EGFP mouse naïve T cells, with or without the supernatant of emTh-1 cells. GFP 
positive cells  (selectively FoxP3-expressing iTreg) were sorted using a BD FACAria cell 
sorter. Responder CD4+CD25- T lymphocytes were stimulated with anti-CD3/anti-CD28 
T cell expander beads, in absence (CD25-) or presence of sorted GFP+FoxP3+ iTreg 
generated with TGF-β1 only (CD25- + GFP+ iTreg) or in presence of sorted GFP+FoxP3+ 
iTreg which had been generated with TGF-b1 and with emTh-1 supernatant (CD25- + 
[GFP+iTreg iTreg]emTh1 sup). Responder CD4+CD25- T lymphocyte proliferation was 
determined after 48hrs using BrdU incorporation assays. N.S., non-significant;*, p<0.005. 
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Figure S3.3 EmTh-1 supernatant inhibits the suppressive activity of converted iTreg. 
iTreg were first generated in presence of TGF-b1. These converted FoxP3-expressing 
iTreg were then exposed to emTh-1 supernatant for 48 hrs. Responder CD4+CD25- T 
lymphocytes were stimulated with anti-CD3/anti-CD28 T cell expander beads, in absence 
(CD25-) or presence of untreated iTreg (CD25- + untreated iTreg) or in the presence of 
emTh-1 supernatant-treated iTreg (CD25- + [iTreg] emTh1 sup). Responder CD4+CD25- T 
lymphocyte proliferation was determined after 48 hrs using BrdU incorporation assays. *, 
p<0.05; **, p<0.0001. 
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Figure S3.4 Human emth-1 supernant reduces human Treg suppressive function 
and promotes effector T cell resistance to Treg-mediated inhibition. (A)  CD4+CD25+ 
Treg (Treg) were isolated from human PBMC and were exposed to human emth-1 cell 
supernatant for 24 hrs. Cell Trace Violet-labeled CD25-  responder T cells were then 
added to untreated Treg (CD25- + untreated Treg) or emTh-1 pre-treated Treg (CD25- + 
[Treg] emTh1 sup). (B) Human CD4+CD25-  T lymphocytes were first treated ([CD25-] emTh1 

sup) or not (untreated CD25-) with emTh-1 supernatant, then labeled with Cell Trace 
Violet and co-cultured with freshly isolated CD4+CD25+ Treg (+ Treg). Responder CD25- 
T cell proliferation was determined using flow cytometry analysis as described in 
material and methods. 
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Figure S3.5  The combination of emTh-1 cells and CRCL vaccine improves the 
survival of mice with B16 melanoma.  C57BL/6 mice were injected with 5 x 105 B16 
cells on day 0. Animals were then treated (day 3, 5 and 7) with B16-derived CRCl plus 
emTh-1 (emTh-1 + B16 CRCL). Tumor volume was monitored every other day as 
described in materials and methods. Animal survival is depicted using Kaplan-Meyer 
analysis. *, (p<0.001). 

 

While investigating the effects of Th-1 lymphocytes on Treg and the 

immunomodulatory effects of these cells, we discovered that these helper lymphocytes 

were capable of triggering the nonconventional cytotoxic function of dendritic cells. This 

is an important finding insofar as inducing the killing activity of DC may allow DC to 

independently acquire their own antigen for subsequent presentation to T cells.  This may 

make these DC more effective APC and a better vaccine component.  We therefore 

sought to further analyze this Th cell induction of DC tumor killer properties in the 

following study.   
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4-1 Abstract 

Dendritic cells (DC) encompass a heterogeneous population of cells capable of 

orchestrating innate and adaptive immune responses.  The ability of DC to act as 

professional antigen presenting cells has been the foundation for the development and 

utilization of these cells as vaccines in cancer immunotherapy.  DC are also endowed 

with the non-conventional property of directly killing cancer cells.   The current study 

investigates the regulation of DC cytotoxic function by T lymphocytes.   We provide 

evidence that only CD4+ Th-1, but not Th-2, Th-17 cells or Treg are capable of inducing 

DC cytotoxic activity.  IFN-γ was identified as the major factor responsible for Th-1-

induced DC tumoricidal activity.  Tumor cell killing mediated by Th-1-activated killer 

DC (Th-1 KDC) was dependent on inducible nitric oxide synthase (iNOS) expression and 

nitric oxide (NO) production.  Importantly, Th-1 KDC were capable of presenting the 

acquired tumor antigens from the killed tumor cells to T lymphocytes in vitro or in vivo.  

These observations open new possibilities for the application of KDC in cancer 

immunotherapy.   
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4-2 Introduction 

The unique property of dendritic cells (DC) to function as professional antigen presenting 

cells (APCs) capable of orchestrating adaptive and innate immunity has been the basis for 

their implementation in vaccination strategies against cancer (250-252).  However, to 

date, the limited success of DC-based clinical trials has failed to spark significant 

enthusiasm as the rate of objective responses in cancer patients remains undeniably low.  

One possible limitation of current DC-based immunotherapies may result from the failure 

to fully exploit the anti-tumoral potential of these cells.  Most approaches have indeed 

only focused on harnessing the APC function of DC with limited consideration given to 

their relatively recently described potential as direct tumor cell killers.  

 Multiple lines of evidence have indicated that DC, when appropriately stimulated, 

can acquire cytotoxic properties against tumor but not normal cells in mouse, rat and 

human (141, 146, 147, 175, 253-255). The effector mechanisms underlying DC-mediated 

tumoricidal function are still being explored and may differ depending on the DC subtype.  

They may include the perforin/granzyme system (139), FasL (148, 152, 153, 159, 160), 

TNF-family members (TNF-α, TRAIL) (139, 147, 151, 152, 161, 163, 166-174), reactive 

oxygen species (ROS) and/or NO (141, 148, 149, 165, 175, 253). Similarly, multiple 

modalities for the induction of DC cytotoxic function have been described, including 

CD40L, interferons, LPS and other TLR agonists refs.  We have previously documented 

in the mouse (253), rat (141), and human (256) that ex-vivo generated DC activated with 

LPS are capable of killing tumor cells by NO, peroxinitrites, or ROS-dependent 
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mechanisms.  However, whether DC killing function may be regulated by other immune 

cells had not been investigated.  

In the current study, we demonstrate that in mouse bone marrow-derived DC, 

tumoricidal activity can be induced by CD4+ T helper-1 (Th-1) lymphocytes.  The 

mechanism of induction of KDC cytotoxic activity was not dependent on cell-to-cell 

contact.  Using DC generated from IFN-γ receptor knock-out mice and IFN-γ blocking 

antibodies we identified IFN-γ as the primary factor responsible for Th-1-mediated 

induction of DC cytotoxic activity.  Killing of tumor cells by Th-1-activated cytotoxic 

DC (Th-1 KDC) required NO production but not perforin/granzyme or members of the 

death receptor ligand family.  Importantly, Th-1 KDC, injected intratumorally were 

capable of migrating to the draining lymph nodes and of presenting tumor antigens to T 

cells.   Thus, IFN-γ-secreting Th-1 lymphocytes promote the non-conventional cytotoxic 

activity of DC which exhibit efficient antigen processing and presenting function after 

killing of tumor cells in vitro and in vivo.  
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4-3 Materials and Methods  

 

Animals 

Mice were housed under specific pathogen-free conditions and cared for according to the 

guidelines of the University of Arizona Institutional Animal Care and Use Committee.  

Six- to 8-wk-old BALB/c (H2d) and C57BL6 (H2b) mice were obtained from the 

National Cancer Institute. iNOS-/- (C57Bl6-Nos2tm1lau), FasL-/- (B6Smn.C3- Faslgld/J), 

IFNRγ-/- (B6.129S7-Ifngr1tm1Agt/J) and CD11cDTRGFP (B6.FVB-Tg(Itgax-

DTR/EGFP)57Lan/J) mice were obtained from the Jackson Laboratory (Bar Harbor, 

ME).  

 

Cell lines 

The mouse melanoma cell line B16 was obtained from the American Tissue and Cell 

Collection (ATCC).  OVA-expressing B16 (B16-OVA) were obtained as reported (253).  

Mammary carcinoma tumor 4T1 were obtained from the ATCC.  Cells were cultured at 

37°C and 10% CO2 in RPMI media (Thermo Fisher Scientific) containing 10% heat-

inactivated fetal bovine serum (Thermo Fisher Scientific) and supplemented with 2 mM 

glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin sulfate, 0.025 µg/ml 

amphotericin B, 0.5× MEM nonessential amino acids and 1 mM sodium pyruvate 

(complete media, CM).  Cells were tested routinely and found to be free of Mycoplasma 

contamination.   
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Reagents 

NG-methyl-L-arginine (NMMA), LPS, and crystal violet were purchased from Sigma-

Aldrich (St. Louis, MO).  Murine IL-2, IL-4, IL-6, IL-12, TGF-β were obtained from 

(Peprotech, Rocky Hill, NJ).  Anti-IFN-γ, anti-IL-4 and isotype control antibody were 

obtained from eBioscience (San Diego, CA).   

 

Generation of bone marrow-derived DC 

DC were generated from mouse bone marrow according to our previously reported 

procedures (141, 175, 253, 257).  Briefly, total bone marrow cells were isolated from 

mouse femurs and tibias. Red cells were lysed in Pharm Lyse (BD Biosciences), and the 

cell suspension was passed through a 100-µm filter.  Cells (5×105/ml) were seeded in six-

well plates (3 ml/well) in RPMI 1640 medium (Thermo Fisher Scientific, Waltham MA) 

supplemented with 10% heat-inactivated FBS (Thermo Fisher Scientific) and GM-CSF 

and IL-4 (Peprotech) (10 ng/ml each) and were incubated in 5% CO2 at 37 ̊C.  Three and 

5 days after the beginning of the culture, the medium was replaced.  At day 6, CD11c+ 

cells were selected from the culture using anti-CD11c microbeads (Miltenyi Biotec, 

Auburn, CA) and cultured for an additional 2 days with GM-CSF and IL-4.  The 

phenotypical characteristics of the obtained cells post CD11c+ selection after 6 days of 

culture is depicted in supplemental Figure 1. DC cultures did not contain conventional 
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cytotoxic immune cells (supplemental Figure. 1). 

 

Cytotoxic Assays 

DC cytotoxic function was assessed as we previously reported (141, 253).  Purified 

CD11c+ DC were pre-treated or not with IFN-γ (5 ng/ml) or with T lymphocyte culture 

supernatant, from day 6 to day 8 or as indicated.   DC were then washed and plated with 

B16 melanoma or 4T1 carcinoma cells (tumor cells:DC ratio=1:5).  LPS (1µg/ml) -

activated DC were used as a positive control.  Tumor cell killing was then evaluated as 

previously described (79, 141, 253, 258, 259). 

 

Flow Cytometry analysis and Abs 

Cells (~106) were washed in PBS and were first incubated with an Fc receptor blocking 

Ab (BD Pharmingen, San Diego, CA) for 10 minutes and subsequently stained with 

saturating amounts of the appropriate fluorochrome-conjugated antibodies for 30 minutes.  

For intracellular staining, cells were fixed and permeabilized according to the  

manufacturers’ instructions (eBioscience) and stained with the indicated antibodies for 

transcription factor expression detection.  Cells were then washed and analyzed using a 

FACS Calibur (Becton Dickinson Immunocytometry Systems, San Jose, CA).  A 

minimum of 10,000 events was collected for each sample, and data analysis was 

performed using FlowJo software (Treestar Inc., Ashland, OR).  The following antibodies 

were purchased from eBiosciences (San Diego, CA): anti-CD4 FITC, anti-Tbet PE 
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(eBio4B10), anti-GATA3 PE (TWAJ), anti-RORγt PE (AFKJS-9), anti-FoxP3 APC 

(FJK-16S). 

 

Generation of T lymphocyte lineages 

To generate Th lineages, CD4+CD25-CD62L+ naïve T cells were isolated from mouse 

spleens using a CD4+CD62L+ T cell isolation kit (Miltenyi Biotech, Auburn, CA).   The 

purified cells were then incubated for 3 days in 5% CO2 at 37 ̊C in RPMI 1640 medium 

(Thermo Fisher Scientific) supplemented with 10% heat-inactivated FBS (Thermo Fisher 

Scientific) with anti-CD3 anti-CD28 coated T cell expander beads (1:1 bead to cell ratio) 

(Invitrogen, Carlsbad, CA) and with the following specific cytokines and blocking Abs: 

For Th-1 generation, cells were cultured with IL-2 (20 IU/ml), IL-12 (10 ng/ml) and anti-

IL-4 blocking antibody (5 µg/ml).  For Th-2 differentiation, cells were incubated with IL-

2 (20 IU/ml), IL-4 (30 ng/ml) and anti-IFNγ blocking antibody (5µg/ml).  Th-17 

lymphocytes were generated with TGF-β1 (5 ng/ml), IL-6 (50 ng/ml), anti-IFN-γ and 

anti-IL-4 blocking antibodies (5µg/mL each).  Treg were generated by culturing isolated 

naïve T cells in presence of IL-2 (20 IU/ml) and TGF-β1 (5 ng/ml).  All cytokines were 

purchased from Peprotech and blocking antibodies from eBioscience.  T lymphocytes 

were washed and re-stimulated with anti CD3 anti CD28 coated T cell expander beads for 

8 hours and their supernatants were collected to activate DC as described above.     
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Real time PCR 

Real-time RT-PCR was used to evaluate expression of different cytokines, 

transcription factors or chemokine receptors in different T cell lineage and in dendritic 

cells treated with LPS or IFNγ. Total RNA was isolated using TRIzol reagent (Invitrogen, 

Carlsbad, CA) and its integrity was confirmed by denaturing agarose gel electrophoresis 

and calculated densitometric 28S/18S ratio. 250 ng of total RNA was reverse-transcribed 

using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Subsequently, 20 µL of the 

PCR reactions were set up in 96-well plates containing 10 µl 2X IQ Supermix (Bio-Rad), 

1 µL 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. Cycling parameters 

were determined and resulting data were analyzed by using the comparative Ct method as 

means of relative quantification, normalized to an endogenous reference (TATA Box 

Binding Protein, TBP) and relative to a calibrator (normalized Ct value obtained from 

control mice) and expressed as 2-
ΔΔ

Ct (Applied Biosystems User Bulletin #2: Rev B 

“Relative Quantification of Gene Expression”).  Statistical significance was determined 

by the analysis of variance (ANOVA) followed by Fisher protected least significant 

difference (PLSD) post-hoc test with StatView software package v.4.53 (SAS Institute, 

Cary, NC).  Data are expressed as mean ± standard error of mean. 
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Detection of cytokine production by ELISA 

The concentrations of IFN-γ, IL-10, IL-17 in T lymphocyte culture supernatants and of  

TNF-α and IL-12p70 in DC culture supernatants were determined using ELISA kits 

according to the manufacturer’s procedures (eBiosciences, San Diego, CA). 

 

Antigen presentation assay in vitro 

DC were activated or not with the supernatant of Th-1 lymphocytes, washed and co-

cultured for 48 hours with B16 or B16-OVA tumor cells.  The positive control consisted 

of LPS-activated KDC.  At the end of the culture DC were selected using anti-CD11c-

microbeads and were co-cultured with B3Z cells (DC:B3Z ratio=1:10).  B3Z is a mouse 

CD8+ T-cell hybridoma which contains an Escherichia coli lacZ reporter gene driven by 

nuclear factor of activated T cell (NF-AT) elements from the IL-2 promoter.  The specific 

recognition of the SIINFEKL peptide of ovalbumin (OVA257-264) in the context of MHC 

class I by the TCR of B3Z results in the expression of the enzyme β-galactosidase.  The 

activity of this enzyme is detected by evaluating the subsequent conversion of a 

chemoluminescent substrate measured by luminometry (Novagen kit, Madison, WI, 

USA) as previously documented (253). 
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KDC administration to B16-OVA tumor-bearing CD11c-DTR mice and antigen 

presentation assays 

CD11c-DTR mice (H2b) (B6.FVB-Tg(Itgax-DTR/EGFP)57Lan/J) were injected with 

1×106 B16 or B16-OVA tumor cells subcutaneously on both flanks.  When tumors were 

palpable, diphtheria toxin (DT, 5 ng/g body weight) was administered (intraperitoneal 

injection) on 2 consecutive days (Sigma, St. Louis, MO).  On the day of the second DT 

injection, 20×106 day 8 DC, previously activated with LPS, IFN-γ or Th-1 supernatant 

were injected intratumorally.  Thirty six hours later, mice were euthanized and CD11c+ 

cells were re-isolated using CD11c microbeads (Miltenyi).  The ability of these re-

isolated DC to induce B3Z activation was assessed as explained in the previous section.   

 

Statistical analysis 

Unless specified otherwise, all experiments were reproduced 3 times and performed in 

triplicate. A two-sided student’s t test with paired samples was used to determine 

significant differences (p<0.05) between groups.  
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4-4 Results 

Activated T lymphocytes induce DC tumor killing function 

We and others have previously reported on the induction of the tumoricidal activity of ex-

vivo generated DC by the TLR-4 ligand, LPS (141, 146, 175, 253, 256).  However, the 

possible modulation of DC killing potential by T lymphocytes has not been elucidated.  

To assess whether DC cytotoxic function may be influenced by activated helper T cells, 

day 6 CD11c+ bone marrow-derived DC were incubated for 48 hours with CD4+ T 

lymphocytes that had been activated for three days with anti-CD3 and anti-CD28-coated 

beads.  DC were then separated from T cells using CD11c microbeads and their ability to 

kill tumor cells was determined as reported (141, 253).  The results depicted in Figure 1A 

indicate that CD4+ T cells triggered the ability of DC to kill 4T1 mammary carcinoma 

cells.  Similar results were obtained using B16 melanoma cells (Figure. 1B).  Induction of 

DC killing function was dependent on the DC:T lymphocyte ratio, with a significant 

cytotoxic activity obtained at 1:5 ratios (Figure. 1A).  Similar to our previous reports 

(253) DC-mediated tumor cell killing depended on the effector DC: target tumor cell 

ratio and was prominent at 5:1 effector-to-target ratios (data not shown).  In addition, the 

induction of DC cytotoxic activity did not require direct cell-to-cell contact but involved 

soluble factor(s) produced by activated CD4+ T lymphocytes (Figure 1C).  
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Figure 4.1  Activated CD4+ T cells induce DC tumoricidal activity.  (A, B)  Day 6 
CD11c+ DC were cultured for 48 hours with activated CD4+ T lymphocytes at the 
indicated ratios.  CD11c+ DC were then separated from T cells and subsequently 
incubated for an additional 48 hours with 4T1 (A) or B16 (B) tumor cells.  Tumor cell 
survival was determined using a crystal violet assay.    LPS-activated DC ([DC]LPS) 
were used as positive controls and untreated DC (Untreated DC) as negative controls.  
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The data represent the mean +/- SD from triplicate wells. *, A significant difference when 
compared with tumor cells cultured with control untreated DC (p<0.001).  (C) B16 tumor 
cells were cultured for 48 hours with untreated DC (Untreated DC), with LPS-activated 
KDC ([DC]LPS), or with DC that had first been co-cultured for 48 hours separated from 
activated CD4+ T cells by a micro-porous membrane ([DC]CD4 (TW)), or with DC that 
had first been exposed for 48 hours to the supernatant of activated T cells ([DC]CD4) as 
described in material and methods. Tumor cell viability was determined as described 
above. Mean +/- SD of triplicate cultures. (*p<0.001).  

 

Th-1 lymphocytes trigger DC cytotoxic activity  

CD4+ T lymphocytes represent a heterogenous cell population comprised of functionally 

and phenotypically distinct subsets primarily characterized as T helper 1 (Th-1), T helper 

2 (Th-2), IL-17-producing T helper cells (Th-17) and immunosuppressive FoxP3+ 

regulatory T cells (Treg) (260).  We further evaluated the respective contribution of these 

CD4+ T cell lineages in the induction of DC tumoricidal function.  Naïve T cells were 

cultured for 3 days in different polarization conditions to generate Th-1, Th-2, Th-17 and 

Treg lymphocytes as described in materials and methods.  Cell lineage identity was 

confirmed by flow cytometry analysis of specific transcription factor expression (Tbet, 

Th-1; GATA3, Th-2; RORγt, Th-17 and FoxP3, Treg) (Figure 2A), and by ELISA to 

detect specific cytokine production (IFN-γ, IL-10, IL-17) (Figure 2B). 

Day 6 CD11c+ DC generated from BALB/c mice were exposed for 48 hours to 

the supernatant of Th-1, Th-2, Th-17 or Treg cultures and their ability to kill 4T1 tumor 

cells was evaluated.  Our results indicate that only Th-1-derived factor(s) were capable of 

inducing DC cytotoxic function (Figure 3A).  Similar results were obtained when B16 

melanoma cells were used as targets (Figure 3B), indicating that Th-1 KDC are capable 
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of equivalently killing both syngeneic and allogeneic tumor cells.  Identical data were 

obtained with DC and T cells generated from C57BL/6 mice (not shown).  Tumor cell 

death was confirmed by the inability of the cells to form colonies when sub-cultured in 

complete medium for a week (not shown).  These Th-1 KDC expressed CD11c, and 

upregulated CD40 and CD86 expression (Figure 3C).  

 
Figure 4.2  Generation and characterization of T-helper lymphocyte lineages.  
Splenic CD4+ CD25-CD62L+ T cells were isolated by magnetic cell sorting and cultured 
for 3 days in different polarization conditions as described in materials and methods to 
generate Th-1, Th-2, Th-17 and Treg cells.  (A) Phenotypical analysis of the obtained T 
lymphocytes.  Cells were stained with the indicated Ab and were analyzed by flow 
cytometry.  (B) On day 3, cells were re-stimulated with anti-CD3/CD28 antibody coated 
beads and the culture supernatants were collected and analyzed by ELISA. 
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Figure 4.3  Th-1- but not Th-2-, Th-17- or Treg- derived factors are capable of 
inducing DC tumoricidal activity.  Day 6 CD11c+ DC were first exposed for 48 hours 
to the supernatants from Th-1, Th-2, Th-17 and Treg cultures.  DC were then washed 
extensively and incubated for 48 hours with 4T1 (A) or B16 (B) tumor cells. LPS-
activated KDC were used as positive controls Tumor cell killing was then evaluated.  
Mean +/- SD from triplicate cultures. *p < 0.001).  (C) Phenotype of DC obtained after 
48 hours of culture with the culture supernatant from Th-1 cells, or IFN-γ or 24 hours 
with LPS.  Cells were stained with the indicated Ab and analyzed by flow cytometry. (A-
C) Untreated DC were used as negative control and LPS-treated DC constituted the 
positive controls.  (*p<0.001) 
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Th-1 mediated induction of DC cytotoxic function depends on IFN-γ 

We next sought to determine the mechanism(s) underlying Th-1-mediated induction of 

DC killing activity.  Since the data depicted in Figure 1C and 1D indicate that induction 

of DC killing activity required soluble factor(s) produced by activated CD4+ T 

lymphocytes, and since IFN-γ is a primary cytokine produced by Th-1 lymphocytes (261) 

(Figure 2B), we investigated the role of this molecule in the triggering of DC cytotoxic 

function by Th-1 cells.  CD11c+ DC were exposed to Th-1 supernatant for 48 hours in the 

presence of anti-IFN-γ blocking Ab.  DC were then washed and co-cultured for another 

48 hours with tumor cells.  As illustrated in Figure 4A and 4B, IFN-γ neutralization 

prevented Th-1 lymphocyte-mediated induction of DC cytotoxic activity.  Consistent 

with this result, recombinant IFN-γ triggered DC killing activity.  (Figure 4 A,B).  We 

further confirmed the central role of IFN-γ by demonstrating that Th-1 cell supernatant 

failed to trigger tumor killing activity of DC generated from IFN-γ receptor knock-out 

mice (Figure 4C).  
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Figure 4.4  The induction of DC killing activity by Th-1 lymphocytes depends on 
IFN-γ . 
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Day 6 DC were treated with Th-1 supernatant with or without anti-IFN-γ blocking 
antibody or isotype control antibody or were treated with recombinant IFN-γ (5 ng/ml) 
for 48 hours.  These DC were then washed extensively and plated at 5:1 DC: tumor cell 
ratio with 4T1 (A) or B16 (B).  4T1 tumor cells were cultured with DC generated from 
wild-type or from IFN-γ receptor -/- mice and treated with Th-1 culture supernatant or 
IFN-γ (C).  (A-C) Tumor cell killing was then evaluated.  Mean +/- standard deviation 
from triplicate cultures.  Untreated DC and DC treated with LPS during their incubation 
with tumor cells were used as negative and positive controls respectively.  (*p<0.001) 

 

Th-1 KDC cytotoxic activity depends on Nitric Oxide, but not on perforin/granzyme or 

on dead receptor ligands 

We next investigated the mechanisms underlying Th-1 KDC cytotoxic function.   Th-1 

KDC killing activity was dependant on a direct cell-cell contact as separation of target 

and effector cells by a microporous membrane prevented cancer cell death (Figure 5A).  

Fas-L and perforin and granzyme have been described as effector molecules responsible 

for DC cytotoxic activity (137, 139, 167-169, 172, 262-266).  We therefore evaluated 

whether Th-1 KDC tumoricidal function was mediated by any of these molecules. Using 

knock-out mice, we confirmed that Fas-L (Figure 5B) did not participate in Th-1 KDC 

killing activity.  Interestingly, Fas-L knock-out DC killed tumor cells slightly better than 

wild type DC.  Similarly, Th-1-activated KDC from perforin knock-out mice were not 

impaired in their capability to induce tumor cell death (Figure 5C).   

We and others have previously reported that nitric oxide (NO) or peroxynitrites 

are essential effector molecules required for the tumoricidal activity of rat, mouse and 

human DC (141, 149, 253, 267, 268).  We therefore assessed whether these cytotoxic 

products may also be involved in Th-1 KDC-mediated killing of tumor cells.  The results 
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depicted in Figure 6A indicate that the concentration of nitrites (the main metabolites of 

NO) was significantly increased in the cultures of DC pre-incubated with Th-1 

supernatant.  In line with this result, iNOS expression was significantly increased in DC 

treated with Th-1 supernatant (Figure 6B).  Moreover, NMMA, an inhibitor or iNOS, 

abrogated Th-1 KDC-mediated tumor killing ability (Figure 6C). Further confirming 

these data, the cytotoxic potential of Th-1 supernatant-activated DC generated from 

iNOS-/- mice was significantly impaired (Figure 6D).  Similar results were reproduced in 

the B16 model (not shown).  Taken together these results thus indicate that NO is 

essential for Th-1 KDC-mediated tumor cell killing. 
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Figure 4.5  Th-1-induced KDC tumoricidal activity requires a direct cell-cell contact 
but does not depend on death receptor ligands.  4T1 or B16 tumor cells were cultured 
separated or not by a transwell insert (TW)  with untreated DC, or DC treated with IFN-γ 
or Th-1 supernatant- treated DC (A). DC generated from FasL-/-  (B) Perforin-/- (C) or 
wild type mice were treated with IFN-γ or Th-1 supernatant and cultured for 48 hours 
with 4T1 tumor cells (B,C).  (A-C) Tumor cell killing was determined after 48 hours.  
Mean +/- standard deviation from triplicate cultures. Untreated DC and DC treated with 
LPS during their incubation with tumor cells were used as negative and positive controls 
respectively. (A) *p<0.0001 (B) *p<0.01.  
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.   
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Figure 4.6  Th-1 KDC cytotoxic activity depends on Nitric Oxide.  (A) Detection of 
nitrites in the supernatants of DC treated for 48 hours with the supernatants of Th-1, Th-2, 
Th-17 and Treg cultures.  (B) iNOS expression was determined by Western blot and RT-
PCR in day 8 DC treated for 24 hours with LPS, IFN-γ or Th-1 supernatant.  (C) DC 
activated with LPS, IFN-γ or Th-1 culture supernatant were incubated for 48 hrs with 4T1 
tumor cells with or without the iNOS inhibitor NMMA (1mM). (D) DC generated from 
iNOS -/- or wild type mice were treated with IFN-γ or Th-1 supernatant and cultured for 
48 hours with 4T1 tumor cells.  (C,D) Tumor cell killing was determined after 48 hours.  
Mean +/- standard deviation from triplicate cultures. Untreated DC and DC treated with 
LPS during their incubation with tumor cells were used as negative and positive controls 
respectively. ((A,C,D) *p< 0.001, (B) *p<0.05).    

Th-1 KDC process and present tumor antigens from the cancer cells they kill to specific 

T lymphocytes in vitro  

To investigate the ability of Th-1 KDC to process and present tumor antigens from the 

tumor cells they had killed, Th-1-activated DC were co-cultured for 48 hours with B16 

melanoma cells expressing the model antigen ovalbumin (B16-OVA).  DC were then re-

isolated using CD11c microbeads and cultured for 24 hours with B3Z (a CD8+ T cell line 

expressing a TCR which specifically recognizes the SIINFEKL peptide of OVA in the 

context of MHC Class I molecules) as we previously reported (253).  Th-1 DC that had 

killed OVA-expressing B16 cells were capable of activating B3Z cells, providing 

evidence of their capability to present tumor-derived antigens to specific T lymphocytes 

(Figure 7A).   
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Figure 4.7 Th-1 KDC are capable of presenting tumor antigens from the tumor cells 
they have killed to tumor-specific T cells.  CD11c+ DC were treated with LPS or IFN-γ 
or Th-1 supernatant for 48 hours.  (A) DC were then washed and cultured for 24 hours 
with B16 or B16-OVA melanoma cells.  DC were selected from the culture using CD11c 
microbeads and incubated for an additional 24 hours with B3Z cells (DC:B3Z ratio = 
1:10) as outlined in material and methods.   The activity of β-galactosidase was measured 
by evaluating the conversion of its substrate into a chemoluminescent product (RLU, 
Relative Luminescence Units) .  (B) CD11c-DTR mice were injected with B16 or B16-
OVA melanoma cells.  When tumors become palpable, diphtheria toxin (DT) was 
administered to deplete host CD11c+ cells.  CD11c+ DC generated in vitro and treated 
with LPS or IFN-γ or Th-1 supernatant were then injected intratumorally (1x106/tumor).  
After 36 hours, draining lymph nodes were harvested and CD11c+ cells were isolated 
using CD11c microbeads.  These DC were then cultured with the OVA-specific T cell 
line B3Z.  Specific recognition of OVA was measured as outlined above.  (*p<0.001)   
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Th-1 KDC injected into established tumors are capable of acquiring, processing and 

presenting tumor specific antigens in vivo 

We next assessed the anti-tumoral potential of Th-1 KDC in vivo.  B16-OVA tumors 

were established in CD11c-GFP-DTR mice.  Animals were then treated with diphtheria 

toxin (DT) to eliminate host CD11c+ DC when tumor became palpable.  This approach 

prevented possible interference by endogenous DC.  Th-1 activated killer DC were then 

injected into the tumor beds and CD11c+ cells were isolated from the tumor draining 

lymph nodes after 36 hours.  These purified CD11c+ DC were GFP negative and 

therefore entirely made up of the transferred DC (data not shown).  Their ability to 

activate the OVA-specific B3Z hybridoma was then evaluated.  Our results indicate that 

only LPS- and Th-1 KDC (e.g. killer DC), but not untreated non-killer DC were capable 

of inducing B3Z activation (Figure. 7B).  These results therefore demonstrate that Th-1-

activated killer DC are capable of acquiring tumor antigens from the tumor site, 

migrating to the lymph nodes, and of processing and presenting these antigens to tumor 

specific T cells.   
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4-5 Discussion 

DC play an essential role in the initiation and regulation of tumor-specific immune 

responses, as they are endowed with the unique potential to activate anti-cancer effector 

cells such as T helper and cytotoxic T cells (250).  These capacities have been 

extensively exploited in recent decades, leading to the development of DC-based cancer 

immunotherapies.   However, the initial evidence that protective anti-tumor immunity can 

be successfully obtained by vaccination with tumor antigen-loaded DC has been 

undermined by the limited clinical responses observed in cancer patients.  Therefore, the 

possibility to harness the non-conventional direct tumor killing function of DC represents 

an attractive step forward towards a necessary improvement of these cells for cancer 

therapy.  KDC may indeed not only be endowed with the capability to directly kill tumor 

cells and thus participate as effectors of the immune response, but may also generate their 

own source of released tumor antigens immediately available for uptake, processing and 

presentation to specific T lymphocytes (253, 268).  

Several agents have been described for their ability to trigger DC killing potential  

including cytokines such as IFNs, TNF-α, IL-12, IL-18, IL-2, and IL-15 (140, 151, 157, 

166, 171, 173) or TLR ligands (139, 150, 172) such as the TLR4 ligand LPS as we and 

others have previously reported (141, 253).  However, the optimal mode of activation of 

DC cytotoxic activity remains to be determined.   DC-T helper lymphocyte cross-talk 

critically contributes to the regulation of conventional DC function (269), but the putative 

effects exerted by T cells on the cytotoxic activity of DC had not been previously 
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delineated.  In the current report, we provide evidence that only activated pro-

inflammatory Th-1 lymphocytes can drive the activation of bone-marrow derived DC 

into potent tumor killer cells. 

The mechanism of induction of DC killing activity by these Tbet+ Th-1 cells does 

not depend on direct cell contact but requires the Th-1-related cytokine IFN-γ.  The 

possibility that IFN-γ may induce DC cytotoxic activity remains controversial and has 

been documented only in rat and human and importantly, only when very high and less  

physiologic concentrations of this cytokine were used (140, 141, 144, 147, 166, 173). In 

addition, only recombinant IFN-γ has been tested in these studies.  We provide evidence 

for the first time that IFN-γ produced by Th-1 at concentrations achievable 

physiologically can activate DC tumoricidal potential.  In our study, the concentration of 

IFN-γ detected in Th-1 supernatants capable of inducing DC killing activity was 

significantly lower than that tested in previous reports (140, 141, 144, 147, 166, 173). 

Additionally, in most of these studies cytotoxic effects were detected only when 

significantly higher effector KDC to target tumor cell ratio were used (140, 141, 144, 147, 

166, 173). 

The mode of tumor cell killing by DC may involve the death receptor family and 

their ligands (139, 147, 148, 150, 153, 157, 159, 160, 169-174), perforin and granzyme 

(139, 142, 155, 156, 158), or as we previously reported, NO or peroxynitrites (141, 148, 

149, 161, 165).  We demonstrated that iNOS expression is significantly increased in Th-1 
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KDC and identified NO as the primary cytotoxic effector molecule implicated in Th-1 

KDC-mediated tumor cell elimination.   

 Typically, only immature but not mature DC are efficient at taking-up antigens 

(270).  The observation that activated mature Th-1 KDC, following killing of cancer cells, 

are still capable to capture tumor antigens is therefore of importance.  This property 

indeed allows them to subsequently process and present the derived antigenic peptides to 

specific T cells in vitro.  Importantly, we further demonstrate that this capability was 

retained in vivo.  Th-1 KDC injected into the tumor beds and that migrated to the draining 

lymph nodes were capable of activating specific T lymphocytes indicating that they are 

endowed with the ability to process and present tumor antigens.  This capability of Th-1 

DC to efficiently present antigens is contingent upon induction of their killing function, 

as non-killer DC were significantly less potent APCs.  These important findings 

demonstrate the capability of Th-1 KDC to behave as potent multitasking cells, taking 

part in multiple core roles in anti-tumor immunity, from independent tumor cell killing to 

antigen uptake, processing and activation of tumor specific T cells.     

The potential for DC to act not only as antigen presenting cells but also as tumor 

cell killers has revitalized their appeal in cancer therapy in recent years.  Our results 

further advocate for the implementation of KDC in immunotherapy strategies and 

highlight new possibilities related to the mode of induction of their killing potential that 

may effectively be harnessed against cancer.   
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S4.1  Phenotypical analysis of DC generated from mouse bone marrow.  Bone 
marrow cells were cultured for 6 days in the presence of GMCSF and IL-4 
(concentration), CD11c+ cells were isolated using magnetic cell sorting and flow 
cytometry analysis for the expression of the indicated specific markers was performed.  
The DC culture did not contain any markers of conventional cytotoxic immune cells such 
as DX5 (NK), F4/80 (macrophages), CD3 (T lymphocytes).   

 

The group of Palucka and Banchereau have demonstrated that DC generated with 

IL-15 and GM-CSF present antigen better than those generated with IL-4 and GM-CSF.  

In light of this work, we were interested to see if DC generated with IL-15 were capable 

of killing tumor cells and if so, how that killing might be induced.  Studies exploring this 

possibility are presented in Chapter 5.   
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CHAPTER 5 

IFN-γ  DIFFERENTIALLY REGULATES THE iNOS-DEPENDENT 

CYTOTOXIC ACTIVITY OF IL-4 AND IL-15 DC. 

*Collin J. LaCasse / *Neale T. Hanke, Nona Janikashvilli, Jessica Kartchner, Amanda 

Herrell, Claire Larmonier, Malika Trad, Bernard Bonnotte, Emmanuel Katsanis and 

Nicolas Larmonier  

*Co-first authors. Article In Preparation 

NL and EK: equal contribution. 

The purpose of this study was to investigate the differential cytotoxic capability of 

DC generated in two different conditions (GM-CSF plus IL-4 and GM-CSF plus IL-15) 

and to determine the underlying molecular mechanism controlling DC killing activity.   

In this section we will restrict our discussion to the immunological aspects of IL-15 or 

IL-4 KDC cytotoxic function. 

 

5-1 Rationale 

 A decade ago the group of Palucka and Banchereau demonstrated that DC could 

be generated from monocyte precursors using IL-15 and GM-CSF.  These DC bore some 

degree of similarity to Langerhans cells.  Like conventionally-derived IL-4 and GM-CSF 

generated DC, IL-15 DC were able to be activated through signaling with LPS, CD40L or 

TNF-α.  Unlike IL-4 DC, however, they were able to migrate toward macrophage 
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inflammatory protein MIP-3α/CCL20 (271).   More recently, the same group showed that 

human IL-15 DC were capable of priming naïve CD8+ T cells into cancer antigen-

specific CTLs.  Additionally, IL-15 DC were more efficient and primed more effective 

CTLs than IL-4 DC (190).  These findings help generate considerable interest in IL-15 

DC in cancer immunotherapy.  Further, the tumor killing function of DC has not been 

assessed.  Herein we analyze the tumor killing capability of IL-15 generated DC and 

observe the mechanisms of induction of this capability as well as the mechanisms of 

tumor cell killing compared to IL-4 DC. 

 

5-2 Results 

IFN-γ induces tumor killing capability in DC generated with IL-4 but not IL-15 

DC were generated from the bone marrow of Balb/c or C57BL/6 mice as described in the 

previous chapter with GM-CSF and IL-4 or GM-CSF and IL-15.  These DC were 

selected based on CD11c expression and pretreated with IFN-γ or left untreated for 

another 48 hours.  They were then cultured with tumor cells for 48 hours and with LPS as 

a positive control to induce DC cytotoxicity.  DC killing was determined using crystal 

violet assay (Figure 1).   IL-4 DC treated with IFN-γ killed tumor cells but IL-15 cells 

treated with IFN-γ did not.  Importantly, LPS-induced DC from both groups killed tumor 

cells.  These data show that IL-15 DC are capable of direct tumor killing however, IFN-γ 

signaling does not lead to induction of this property.   
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Figure 5.1 IL-15 DC kill tumor cells when stimulated with LPS but not IFN-γ .  Day 
6 IL-4 or IL-15 DC were isolated and pretreated with IFN-γ for 48 hours.  DC were then 
harvested and plated with tumor cells, and LPS as a positive control to induce killing.  
After 48 hours percent tumor cell killing was assessed by crystal violet.   

 

iNOS expression and NO production are differentially regulated by IFN-γ in IL4 and IL-
15 DC 

Supernatants were harvested from the tumor cell/DC cocultures and analyzed for nitrites, 

the primary metabolites of NO using a Greiss assay.   Nitrite levels correlated with DC 

killing ability.  Accordingly IFN-γ treated IL-4 DC produced nitrites while the IFN-γ 

treated IL-15 DC produced levels similar to the untreated DC (Figure 2A).  We next 

looked for the presence of iNOS, one enzyme responsible for NO production.  IL-4 and 

IL-15 DC were treated with LPS or IFN-γ for 24 hours and analyzed for iNOS with 

Western blot.  iNOS was expressed in both DC subsets treated with LPS but only the IL-

4 DC treated with IFN-γ (Figure 2B).   
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Figure 5.2  DC killing correlates with nitrite concentration.  Day 6 IL-4 or IL-15 DC 
were isolated and pretreated with IFN-γ for 48 hours.  DC were then harvested and plated 
with tumor cells, and LPS as a positive control to induce killing.  A) Nitrite concentration 
was tested using a Griess assay.  B) Day 7 DC were treated with IFN-γ or LPS for 24 
hours.  iNOS was probed for with Western blot. 

 

 

 

B 



 155 

 

IL-4 and IL-15 generated KDC can present Ag from tumor they have killed in vitro and 
in vivo to tumor-specific T cells  

To investigate the ability of IL-4 and IL-15 KDC to process and present tumor 

antigens from the tumor cells they had killed, activated DC were co-cultured for 48 hours 

with B16 melanoma cells expressing the model antigen ovalbumin (B16-OVA).  DC 

were then re-isolated using CD11c microbeads and cultured for 24 hours with B3Z (a 

CD8+ T cell line expressing a TCR which specifically recognizes the SIINFEKL peptide 

of OVA in the context of MHC Class I molecules) as we previously reported (253).  IL-4 

DC treated with LPS or IFN-γ  and IL-15-treated DC treated with LPS that had killed 

OVA-expressing B16 cells were capable of activating B3Z cells, providing evidence of 

their capability to present tumor-derived antigens to specific T lymphocytes (Figure 3A). 

 We next assessed the anti-tumoral potential of IL-15 vs IL-4 KDC in vivo.  B16-

OVA tumors were established in CD11c-GFP-DTR mice.  Animals were then treated 

with diphtheria toxin (DT) to eliminate endogenous host CD11c+ DC when tumors 

became palpable.  This approach prevented possible interference by endogenous DC.  

LPS- or IFN-γ-activated killer DC from WT or iNOS-/- mice were then injected into the 

tumor beds and CD11c+ cells were isolated from the tumor draining lymph nodes after 36 

hours.  These purified CD11c+ DC were GFP negative and therefore entirely made up of 

the transferred DC (data not shown).  Their ability to activate B3Z cells was then 

evaluated.  Our results indicate that only IL-4 DC treated with IFN-γ  and LPS and IL-15 



 156 

DC treated with LPS (e.g. killer DC), but not untreated non-killer DC, or IL-15 IFN-γ DC 

were capable of inducing B3Z activation (Figure 3B).  
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Figure 5.3 IFN-γ  treated IL-4 DC but not IL-15 DC are capable of presenting tumor 
antigens from the tumor cells they have killed to tumor-specific T cells.  CD11c+ DC 
were treated with LPS or IFN-γ supernatant for 48 hours.  (A) DC were then washed and 
cultured for 24 hours with B16 or B16-OVA melanoma cells.  DC were selected from the 
culture using CD11c microbeads and incubated for an additional 24 hours with B3Z cells 
(DC:B3Z ratio = 1:10) as outlined in material and methods.   The activity of β-
galactosidase was measured by evaluating the conversion of its substrate into a 
chemoluminescent product (RLU, Relative Luminescence Unit).  (B) CD11c-DTR mice 
were injected with B16 or B16OVA melanoma cells.  When tumors become palpable, 
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diphtheria toxin (DT) was administered to deplete host CD11c+ cells.  CD11c+ DC 
generated in vitro from WT or iNOS-/- mice and treated with LPS or IFN-γ were then 
injected intratumorally.  After 36 hours, draining lymph nodes were harvested and 
CD11c+ cells were isolated using CD11c microbeads.  These DC were then cultured with 
the OVA-specific T cell line B3Z.  Specific recognition of OVA was measured as 
outlined above.    

 

5-3 Discussion  

 In this study, we determined that DC generated from IL-15 and GM-CSF can kill 

tumor cells by the same NO-dependent mechanism as IL-4 DC can when stimulated by 

LPS.  However, IFN-γ does not induce iNOS expression or NO production in IL-15 DC 

and consequently, these DC do not kill tumor cells.  IFN-γ does, however, activate IL-15 

DC, demonstrating a signaling difference with IL-4 DC, which is more confined to iNOS 

(data not shown).  This dissertation covers only the immunological aspects of this study.   

The identification of the modulation of specific cell signaling in IL-4 and IL-15 DC is 

part of another student’s project not presented in this dissertation.  The findings in this 

study have particular relevance in cancer immunotherapy with DC.  The effectiveness of 

IL-15 DC may be limited to use as conventional APCs.  If KDC properties are desired in 

IL-15 DC, LPS must be used to initiate that killing potential.  If IFN-γ or Th-1 cells are 

the desired activators of DC killing potential, then IL-4 DC must be used.  
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CHAPTER 6 

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

6-1 Conclusions 

The scope of the four studies presented herein is broad and yet, each facet of this 

dissertation is fundamentally linked.  Most immunotherapy strategies have failed to have 

a significant impact in the clinic.  This is due in part to the single focus of most of these 

strategies.  This focus is to stimulate an adaptive immune response against cancer.  

However, this approach often ignores the fact that the tumor microenvironment is 

inundated with immunosuppressive cells and cytokines.  This makes it difficult to 

establish strong anti-tumor immunity without the direct targeting of this cancer-induced 

immunosuppression.  Here we present two studies focused on breaking tumor-induced 

immunosuppression through inhibition of Treg and two studies focused on KDC as 

initiators of the adaptive immune response in cancer.  Combining approaches such as 

these can potentially lead to more effective immunotherapy.   

 As one of the principal cell types involved in cancer-induced immunosuppression, 

Treg may need to be inhibited for effective anti-tumor immunity to commence.  Current 

strategies in Treg depletion are non-specific and target other cells besides Treg.  Anti-

CD25 antibody, for example, also depletes activated T cells.  The effect of this treatment 

is so nonspecific that one study demonstrated slower tumor growth when depleting all 

helper T lymphocytes rather than CD25+ cells (272).  Clearly, methods such as these to 

target Treg need to be replaced with therapies to more specifically target Treg.  
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Theoretically, this could best be done with a drug to directly bind and inhibit FoxP3, the 

characteristic transcription factor of Treg, which is required for Treg function.  Until such 

a drug is developed however, alternative methods must be utilized.  While imatinib does 

partially inhibit TCR signaling in all T cells, the strength of that signaling required by 

different T cell types may not be the same.  A dampening of TCR signaling may be 

sufficient to inhibit nTreg activation or iTreg generation while being insufficient to 

inhibit naïve or effector T cell activation.  This might explain our observation that 

imatinib was able to synergize with a DC-based cancer vaccine to decrease liver 

metastases of a tumor cell type that is otherwise insensitive to imatinib.  This reduction in 

cancer progression was accompanied in these mice by an increased capacity for IFN-γ 

production by splenocytes, stimulated in vitro with anti-CD3 and anti-CD28.  This 

demonstrates that T cells from mice treated with imatinib were still capable of being 

activated and secreting an important pro-inflammatory cytokine.  IFN-γ is a favorable 

type-1 cytokine, which can promote anti-tumor immunity.  However, as mentioned above, 

its effects directly on Treg remain controversial.  For this reason, we sought to determine 

the effects of an IFN-γ secreting cell type directly on Treg.   

Our group developed the CRCL vaccine over a decade ago.  Since that time, a 

startup company Immunovative Therapies LTD, Shoham, Israel has acquired the rights to 

use CRCL alongside its established adjuvant of allogeneic emTh-1 cells called 

AlloStim™.  These two components when used together are called AlloVax™.  These 

emTh-1 have intentionally mismatched MHC types so that a portion of them will be 

allogeneically activated frequently by host antigen presented in the context of non-self 
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host MHC.  This ensures a high level of activation of these cells and consequently, a high, 

but physiologically tolerable level of IFN-γ secretion.  We found that these cells do in 

fact inhibit nTreg function and iTreg generation in vitro and in vivo.  This inhibition was 

dependent on IFN-γ secretion by the em-Th1 cells (Figure 1).  This finding is valuable for 

AlloVax™ and potentially other cancer vaccines going forward.  Allogeneic emTh-1 

cells could be of great value as a delivery system for type-1 cytokines into patients.  The 

levels of cytokine production should be much greater than what host Th-1 cells are able 

to achieve because of MHC mismatch in the emTh-1 cells which should keep a large 

percentage of them constitutively activated and secreting cytokines.  However, the levels 

of cytokines secreted by these cells should be more consistent and more diffuse than 

cytokines delivered by injection, potentially decreasing side effects.  Additionally, our 

findings mean that emTh-1 in this context serve two purposes.  First, they fulfill their 

intended purpose as an adjuvant to directly bolster the anti-cancer immune response by 

secreting type-1 cytokines.  While this promotes a proinflammatory environment for an 

anti-cancer immune response, it only indirectly suppresses cancer-induced 

immunosuppression.  However, our finding that emTh-1 directly inhibit Treg directly 

contributes to breaking cancer-induced immunosuppression and therefore will indirectly 

but critically help to strengthen the anti-cancer immune response set in motion by the 

vaccine of choice, in this case, CRCL.    

At this point, our group had an ongoing interest and had coauthored multiple 

papers on the non-conventional tumor killer function of DC.  This KDC function had 

been shown to be inducible by many factors including type-1 cytokines in high doses.  
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Because DC associate closely with Th cells, we hypothesized that T cells may be capable 

of inducing the tumor killer capability of DC.  Indeed, Th-1 cells were able to induce 

KDC by an IFN-γ-dependent mechanism (Figure 2).  Importantly, the levels of IFN-γ 

secreted by Th-1 cells in our hands were lower than IFN-γ levels previously used to 

induce DC killing, opening the door to induce KDC in vivo with Th-1 cells.  This 

possibility is further discussed in the Future Directions section below.  Additionally, this 

finding that Th-1 cells induce DC killing is interesting on a purely basic science level in 

that it opens the possibility that KDC can be induced under physiological conditions and 

might therefore be a natural tumor killer cell type under certain circumstances.  The DC 

we used in this study were generated with GM-CSF and IL-4.  The groups of Palucka and 

Banchereau have pioneered the use of IL-15 and GM-CSF to generate DC.  They have 

shown that these DC are better at presenting antigen than DC generated with IL-4 (190).  

The prospect of using IL-15 DC as KDC is attractive for this reason.  We found that DC 

generated with IL-15 can indeed be stimulated to kill tumor cells but only with LPS.  

IFN-γ is able to activate these DC but cannot initiate their killing capability due to a lack 

of IFN-γ induced iNOS and therefore NO, the molecule responsible for DC killing.  This 

leads to an important distinction in that IFN-γ or Th-1 cells may not be able to be used to 

induce KDC function in IL-15 DC.  Our preliminary data in human cells (below) show 

that the case may differ in human cells but at this time no firm conclusions can be made. 

The success of DC based immunotherapy in clinical trials has been limited.  This 

may be in part due to the possibility that to exploit the full anti-tumor potential of DC, 



 163 

their capacity to directly kill cancer cells must be harnessed.  KDC are capable of 

deriving their own source of tumor antigen by directly killing cancer cells in their 

immediate vicinity.  They are then free to take up this tumor antigen and present it to 

tumor-specific T cells in the lymph node, initiating an anticancer immune response.  In 

this way, KDC are able to play the role of innate tumor killer such as an NK cell or 

macrophages and subsequently take up the tumor antigen from dead tumor cells and take 

on the role of conventional APC.  This dual role may more fully exploit the full antitumor 

potential of KDC, expanding their capacity to act as part of an efficient cancer vaccine 

strategy. 

Taken together, these findings highlight new ways to inhibit Treg and induce 

KDC (Fig 3).  It is our future goal to combine strategies such as those described here to 

go on the offensive against cancer with new weapons against cancer such as KDC, while 

simultaneously destroying cancer’s defenses by directly targeting immunosuppressive 

cell types such as Treg.  Only in such a strategy will we see more reliable and consistent 

clinical responses to cancer immunotherapy.   
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Figure 6.1 EmTh-1 cells inhibit Treg and bolster anti-tumor immunity. 
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Figure 6.2 Th-1 cell derived IFN-γ  is necessary and sufficient to induce tumor killer 
functions in DC.  
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Figure 6.3 Summary of the main results of this work. 

 

6-2 Perspectives and Future Directions 

Inhibition of Treg by imatinib mesylate 

We have provided evidence that the FDA-approved drug imatinib mesylate 

impairs tumor-induced Treg in vitro and in vivo.  This Treg inhibition resulted in fewer 

A20 lymphoma liver metastases when combined with a tumor-pulsed DC vaccine.  

Imatinib is already used as frontline therapy for CML patients and has shown great 

efficacy in this setting.  Patients being treated with 400 mg of imatinib daily achieve a 

blood plasma level of imatinib in the range of 1-10 µM, the same concentrations we 
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found to inhibit mouse Treg(207, 208).  Existing data in humans is insufficient to 

determine whether or not the imatinib may have a similar effect in cancer patients being 

treated with imatinib.  We are therefore interested in initiating a pilot study to determine 

whether key findings in our study would also be apparent in CML patients being treated 

with imatinib.  First, we would determine the influence of imatinib on Treg number and 

function in CML patients.  Alongside these data, we would also observe differences in 

number and function of other T cell lineages.   This would be accomplished using similar 

flow cytometry and suppression assay techniques as we used in our initial paper.  Thymic 

derived nTreg may be distinguished from peripherally converted iTreg by evaluating 

helios expression as described since our study was published (273, 274).  Further, we 

would evaluate the effects of imatinib on human Treg in vitro as described with mouse 

cells in our initial study.   

 A recently published study by Bachy et al. describes a possible Treg expansion, 

with no Treg functional impairment in CML patients treated with imatinib (275).  This 

result is the opposite of what we would expect given the effects of imatinib on Treg that 

we have shown.  This study, however, compares Treg numbers of healthy donors or CML 

patients at diagnosis to Treg numbers after a period of treatment with imatinib.   The 

scope of our study however, will extend past the clinical observations done in this study.  

We propose to study on the effects of imatinib on Treg in vitro to demonstrate the direct 

effects of imatinib on Treg.  If our findings in humans mirror those in the mouse, we can 

safely conclude that the results in Bachy et al represent an indirect effect of imatinib on 

Treg which may only exist in vivo.  A variety of intermediate effects of imatinib may 
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cause the effects they observed on Treg.  For example, imatinib-induced death of CML 

cells may lead to unusual amounts of self-antigen release.  This antigen could be taken up 

by APCs and expressed on MHC II molecules to T cells.  Since autoreactivity in Treg is 

much more common than it is in the overall CD4+ T cell pool, this might lead to a period 

where Treg proliferation outpaces that of effector T cells.  This period would likely be 

transient and would be dependent on imatinib-induced tumor cell killing.  In cases such 

as our study, where imatinib is being used as an immunomodulatory agent with no tumor 

cell specificity, this massive release of self-antigen would not occur in the same way and 

may lead to differences in Treg expansion.   

If imatinib is combined with a proinflammatory vaccine possibly with an adjuvant, 

such as what we have done with CRCL and emTh-1 cells, this may sufficiently skew T 

cells away from a tolerogenic, Treg influenced population, and toward a population 

dominated by Th-1 cells and proinflammatory cytokines.   An alternative explanation for 

expanded Treg in imatinib-treated Treg patients in this study would also stem from 

imatinib’s ability to kill massive numbers of CML cells, leading to release of danger 

signals and inflammation.  This inflammation will no doubt lead to an effector T cell 

response and may subsequently be countered with an appropriate Treg expansion to bring 

this inflammation back under control.  This transient Treg expansion could be what has 

been observed in the Bachy et al. study.  The initial inflammation would likely have been 

mediated with an expansion of Th-1 cells and other effector T cells.  The Bachy study 

does not examine other T cell lineages, so it is possible that the Treg expansion 

accompanies an expansion of Th-1 and other lineages.  This scenario would not 
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necessarily lead to a more immunosuppressive environment in the CML patient.  Only an 

evaluation of other T cell phenotypes present would lead to a complete picture of what 

impact imatinib has on the overall T cell population in CML patients.   For these reasons, 

the Treg expansion observed in the Bachy et al. paper may not necessarily lead to 

increased immunosuppression in imatinib treated patients.  Further, the results of this 

study may not be able to be taken at face value as they may not necessarily apply when 

imatinib is used as an immunomodulatory agent against imatinib resistant cancers.  More 

studies would be necessary to determine the effects of imatinib on Treg and other T cells 

in imatinib-treated patients.   

 Finally, in both human and mouse, we would like to further examine the effect of 

imatinib on conversion of naïve T cells to iTreg.  As we have shown in mouse, imatinib 

causes a drop in TGF-β-induced FoxP3+ expression in previously naïve T cells in vitro.  

Despite this inhibition of conversion to iTreg, these T cells are activated and express 

CD25.  These activated FoxP3- T cells likely belong to another Th cell lineage.  We will 

analyze these cells for the Tbet, GATA3 and RORγt transcription factors with flow 

cytometry and assess cytokine production using ELISA.  When activating naïve T cells 

without TGF-β most of these cells express Tbet, indicating a Th-1 lineage commitment.  

If imatinib skews naïve T cells towards Th-1 in the presence of TGF-β, this would be a 

an important finding as Th-1 cells are often favorable in an anti-cancer immune response.   
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Killer Dendritic Cells 

Our findings that KDC are able to directly kill tumors, take up tumor antigen, 

migrate to the lymph node and present antigen to tumor specific T cells are significant.  

However, our data thus far does not address the question of how KDC compare to 

conventional DC in their ability to uptake antigen, migrate and present antigen.  To 

answer this question we would stimulate CD11c DTR GFP DC with LPS or IFN-γ to 

induce their killing function and culture them with identically stimulated DC from iNOS 

KO mice.  Both of these cell types would then be cultured together with B16OVA tumor.  

We would then FACS sort these CD11c+ GFP- cells from the CD11c+ GFP+ cells.  The 

GFP+ cells, capable of killing, would kill tumor cells when properly induced.  The GFP- 

cells would be identically activated but unable to kill tumor cells since they cannot 

produce NO, the molecule we have shown to be principally responsible for tumor cell 

killing by KDC.  Both populations’ ability to activate B3Z cells or induce proliferation in 

OT I or OTII T cells would be evaluated.  Both of these DC populations would have the 

same opportunity to uptake and present the same antigen.  Only one of these populations 

however, would have created this pool of tumor antigen through its tumor killing 

capability.  These experiments will show if KDC have an advantage or disadvantage 

versus identically activated non-killer DC in tumor antigen uptake and presentation in 

vitro.  The same evaluation could be performed by injecting both of these DC populations 

into B16OVA-bearing C57BL/6 mice.  Another graduate student in the lab will take over 

this arm of our ongoing study of the potential of KDC in tumor immunotherapy.    
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 The capability of IFN-γ to induce DC killing potential has advantages over other 

methods of induction such as LPS, because LPS is unsafe for use in patients and causes 

septic shock.  Induction of KDC via Th-1-secreted IFN-γ is particularly attractive because 

it opens the door for induction of KDC in vivo.  Direct IFN-γ administration to patients 

can also be dangerous because of the high concentrations that must inevitably be 

administered to a relatively localized injection site.  Th-1 cells, on the other hand, are 

capable of secreting high but physiologically appropriate levels of IFN-γ in vivo, which 

may represent an appropriate method for induction of KDC in vivo.  We intend to inject 

Th-1 cells into mice and isolate CD11c+ cells from the spleen, tumor or DLN and test the 

tumor cell killing capability of these cells.  To test whether in vivo induced Th-1 KDC 

can slow tumor growth is more difficult.  It is nearly impossible at this time to distinguish 

any effects of KDC on tumor volume from any other beneficial effects Th-1 cells may 

have.  It would be more feasible to answer this question with a CD11c conditional iNOS 

knockout utilizing Cre-Lox technology.  This would result in a iNOS knockout only in 

CD11c+ cells where the killing ability of DC could be separated from other anti-tumor 

effects Th-1 cells may have.    

 We show in both of our publications involving KDC that these cells are capable 

of presenting tumor Ag to specific T cells in vitro and in vivo.  However, the intratumoral 

administration of KDC exposes the DC to an immunosuppressive tumor 

microenvironment, which has been shown to be capable of creating tolerogenic DC 

which can suppress the anti-cancer immune response (276).  Our KDC are preactivated 

with proinflammatory molecules and exposed to the tumor microenvironment for a 
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relatively short period of time compared to the most described tolerogenic DC.  Despite 

this, we must eventually determine the immunogenicity of the T cells activated by KDC 

both in vitro and in vivo.  To do this, DC that had previously been treated with LPS, IFN-

γ or Th-1 supernatant and given the opportunity to kill B16OVA tumor cells in vitro or in 

vivo would be cultured with naïve OTII T cells.  We would then determine the 

functionality and phenotype of these T cells by evaluating their lineage by flow 

cytometry for transcription factors as well as their cytokine secretion by ELISA.  This 

would determine if T cells activated by KDC are of the favorable immunogenic Th-1 

lineage or possibly iTreg, which may inhibit anti-tumor immunity.   

 Our studies on KDC in mice are promising but in order to lay the groundwork for 

possible application of these findings in the clinic, we must see if the same principles 

apply in human cells.  At the time of writing, we had performed several experiments 

inducing human blood-derived CD14+ monocytes to differentiate into DC, and like we 

had done with mouse cells, stimulating these DC to kill tumor cells.  These experiments 

have thus far been inconsistent, although some level of tumor cell killing has been 

observed in preliminary studies (Figure 4).  We will further pursue this approach in 

humans in the future.   
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Figure 6.4  Human DC are capable of killing human tumor cells in vitro  

 

Combination therapy 

At the core of my dissertation is the idea that conventional tumor immunotherapy 

has not shown great efficacy in the clinic and that we must work to improve this through 

direct targeting of cancer-induced immunosuppression in conjunction with methods to 

initiate and sustain a strong anti-cancer immune response.  We have made progress 

toward achieving each of these aims individually using imatinib or emTh-1 cells to target 

regulatory T cells and using KDC to diversify and bolster anti-cancer immune responses.  

These two elements must be combined in vivo into a strong two-pronged approach to 

maximize their efficacy for eventual use in the clinic.  As discussed above, 

Immunovative Therapies LTD, an Israel-based startup specializing in cancer 
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as AlloStim™ comprise a vaccine known as AlloVax™.  AlloVax™ was given to 

patients for the first time in March 2011 in Thailand.  Clinical trials should soon be 

extended to more locations including some in the U.S.  AlloVax™ provides a tumor 

antigen source, the CRCL vaccine.  It also utilizes emTh-1 cells which simultaneously act 

as an adjuvant, generally boosting Th-1 cytokines in the patient.  These emTh-1 cells also 

act as a direct inhibitor of nTreg and iTreg as we have demonstrated (222).  Combination 

of AlloVax™ with imatinib may further suppress Treg in patients.  Allovax™, however, 

is not used exclusively, but is used in combination with other chemotherapeutic agents 

specific for a patient’s cancer.  As such, doctors and patients may be reluctant to 

subsequently treat with an additional chemotherapeutic agent with no direct anti-cancer 

properties.  Therefore it may be more intriguing to combine AlloVax™ with KDC.  

Autologous KDC may be generated from a patient’s blood monocytes relatively easily 

while he or she is waiting for AlloVax™ treatment to commence.  These KDC can then 

be injected into the patient’s tumor prior to its removal and subsequent CRCL vaccine 

generation from the resected bulk tumor mass.  These KDC would theoretically kill 

tumor cells, migrate to the lymph node and present a tumor antigen profile potentially 

broader than what might be included in the CRCL vaccine preparation.   Additionally, 

this strategy virtually guarantees that KDC will take up antigen in their immediate 

vicinity from tumor cells they had just killed.  There is no such guarantee with the CRCL 

vaccine whose tumor antigen may be taken up my macrophages and other scavenger cells 

which do not activate T cells or cross present antigen as efficiently as DC do.  

Additionally, DC, which take up antigen from the CRCL vaccine are not artificially 
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activated with LPS, IFN-γ or Th-1.  These DC would therefore be less controlled and 

may be at greater risk for being rendered tolerogenic by their host environment.  

Combining AlloVax™ with intratumoral KDC injection would provide two tumor 

antigen sources for the immune system to work with along with an additional population 

of DC, which can present tumor antigen.  This approach has the potential to broaden the 

scope of AlloVax™ and potentially increase the efficacy of this and other cancer 

immunotherapy strategies.   We would like to eventually try this KDC/AlloVax™ 

combination treatment in mice, potentially opening the door for strengthening and 

broadening the reach of the AlloVax™ treatment strategy in the clinic in years to come.   
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